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Abstract The photorespiratory pathway was shown to be
essential for organisms performing oxygenic photosynthe-
sis, cyanobacteria, algae, and plants, in the present day O,-
containing atmosphere. The identification of a plant-like
2-phosphoglycolate cycle in cyanobacteria indicated that
not only genes of oxygenic photosynthesis but also genes
encoding photorespiratory enzymes were endosymbioti-
cally conveyed from ancient cyanobacteria to eukaryotic
oxygenic phototrophs. Here, we investigated the origin of
the photorespiratory pathway in photosynthetic eukaryotes
by phylogenetic analysis. We found that a mixture of
photorespiratory enzymes of either cyanobacterial or o-
proteobacterial origin is present in algae and higher plants.
Three enzymes in eukaryotic phototrophs clustered closely
with cyanobacterial homologs: glycolate oxidase, glycerate
kinase, and hydroxypyruvate reductase. On the other hand,
the mitochondrial enzymes of the photorespiratory cycle in
algae and plants, glycine decarboxylase subunits and serine
hydroxymethyltransferase, evolved from proteobacteria.
Other than most genes for proteins of the photosynthetic
machinery, nearly all enzymes involved in the 2-phos-
phogylcolate metabolism coexist in the genomes of cya-
nobacteria and heterotrophic bacteria.
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Abbreviations

2PG 2-Phosphoglycolate
3PGA 3-Phosphoglycerate
BS Bootstrap value

CCM Inorganic carbon concentrating mechanism
GDC Glycine decarboxylase
GGT Glutamate:glyoxylate aminotransferase

GK Bacterial-type glycerate kinase

GLYK  Plant-type glycerate kinase

GOX Glycolate oxidase

HPR Hydroxypyruvate reductase

PDC Pyruvate dehydrogenase

PGP 2-Phosphoglycolate phosphatase

Rubisco Ribulose 1,5-bisphosphate carboxylase/
oxygenase

SGT Serine:glyoxylate aminotransferase

SHMT  Serine hydroxymethyltransferase

Introduction

The present day O,-containing atmosphere was mainly
generated via the biological activity of oxygenic photo-
synthesis. Organisms performing this type of photosyn-
thesis use light as energy source to split water for the gain
of energy-rich reductants for CO, assimilation. Oxygenic
photosynthesis evolved about 2.5 billion years ago among
cyanobacteria. During their long evolution, cyanobacteria
developed a remarkable diversity regarding morphology
and physiology that is reflected in a broad range of
genome sizes, ranging from 1.6 to 9.7 Mbp (http://genome.
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kazusa.or.jp/cyanobase/). The analysis of the about 50
presently available genome sequences allowed the dis-
tinction of four main cyanobacterial clades (Gupta and
Mathews 2010). Among them, the two subtypes of o- and
p-cyanobacteria can be distinguished, which were initially
identified by their distinct CO, assimilation proteins
(Badger et al. 2002). Beside genome duplication, extensive
lateral gene transfer was involved in the evolution of the
different cyanobacterial genome organizations. According
to the endosymbiotic theory (Mereschkowsky 1905), an
ancient cyanobacterium was stably engulfed as ancestor for
the chloroplasts in all eukaryotic photosynthetic organisms.
The primary appearance of plastids occurred about 1.5
billion years ago and gave rise to the development of the
glaucophyte, red and green algae and later on higher plants
(Yoon et al. 2004). Recent genome comparisons indicate
that the ancient cyanobacterium, which provided the
starting point for the evolution of chloroplasts, contained
a relatively large genome comparable to filamentous,
N,-fixing strains such as Nostoc (Anabaena) sp. PCC 7120
(Deusch et al. 2008). Subsequently, green and mainly red
algal secondary endosymbiosis occurred resulting in the
diversity of extant algae groups (for reviews, see Keeling
2010; Parker et al. 2008).

Obviously, the invention of oxygenic photosynthesis
allowed for the universal distribution of cyanobacteria in all
light-exposed habitats; however, the generation of O, and
later the O,-rich atmosphere introduced problems for the
coupled process of CO, fixation. All oxygenic phototrophs
use ribulose 1,5-bisphosphate carboxylase/oxygenase (Ru-
bisco) as the main carboxylating enzyme. Rubisco is a very
ancient enzyme, which evolved from enolases involved in
the methionine salvage cycle of bacteria (Ashida et al.
2003). While in the ancient, CO,-rich and O,-free atmo-
sphere, the rather low affinity and specificity of Rubisco for
CO, was sufficient, in the present day atmosphere with low
CO,/0, ratio, the carboxylating activity of Rubisco is often
limiting the photosynthetic rate in oxygenic phototrophs. In
order to adapt to the increasingly unfavorable CO, condi-
tions, many organisms evolved an efficient inorganic carbon
concentrating mechanism (CCM). Among cyanobacteria,
the CCM employs high-affinity uptake systems for CO, and
bicarbonate, while Rubisco is concentrated inside carboxy-
somes where carbonic anhydrase converts the intracellular
bicarbonate back into CO, (Badger et al. 2006; Kaplan and
Reinhold 1999). A different mode of CO, enrichment
evolved in C4 plants, which use phosphoenolpyruvate-
carboxylase as primary carboxylating enzyme in the leaf
mesophyll. The produced C, acids are subsequently trans-
ported and decarboxylated within the Rubisco-containing
cells of the bundle sheath. Many eukaryotic algae show also
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clear CCM activity, but the underlying mechanisms are less
well investigated (Giordano et al. 2005; Raven et al. 2008).

In addition to these effects caused by limiting CO,,
elevated O, levels resulted in the production of 2-phos-
phoglycolate (2PG) by the oxygenase activity of Rubisco.
In plants, this toxic compound is converted into the
Calvin—Benson cycle intermediate 3-phosphoglycerate
(3PGA) via the photorespiratory 2PG cycle, which requires
a number of enzymes localized in different subcellular
compartments, the chloroplast, the peroxisome, the mito-
chondrion, and the cytosol (Fig. 1; Bauwe et al. 2010;
Tolbert 1997). The cycle starts in the chloroplast, in which
2PG is hydrolyzed to glycolate. In the peroxisome, gly-
colate is then oxidized by glycolate oxidase (GOX) to
glyoxylate, which is subsequently aminated to glycine.
Next, two molecules of glycine are converted into serine,
CO,, and NH," by the concerted action of glycine decar-
boxylase (GDC), composed of the four subunits P-, H-,
T-, and L-protein, and serine hydroxymethyltransferase
(SHMT) in the mitochondrion. Again in the peroxisome,
serine is deaminated to hydroxypyruvate, which is subse-
quently reduced to glycerate by hydroxypyruvate reductase
(HPR1). Finally, glycerate is phosphorylated in the chlo-
roplast to 3PGA by glycerate 3-kinase (GLYK). Plant
mutants with defects in this pathway show a typical
“photorespiratory phenotype,” i.e., they can only grow at
enhanced CO, concentration suppressing Rubisco oxy-
genase reaction and bleach under ambient conditions
(Bauwe et al. 2010; Somerville 2001). It is hence well
accepted that the operation of the photorespiratory cycle is
essential for the survival of plants in air. While it was
initially believed that, due to the evolution of efficient
CCMs, cyanobacteria and C,4 plants do not require a pho-
torespiratory 2PG cycle, recent results clearly demon-
strated that it is essential for these organisms as well
(Eisenhut et al. 2008; Zelitch et al. 2009).

In evolutionary terms, the occurrence of a plant-like
photorespiratory 2PG cycle among cyanobacteria gave rise
to the hypothesis that not only oxygenic photosynthesis but
also the photorespiratory 2PG cycle was endosymbiotically
conveyed from ancient cyanobacteria into eukaryotic
oxygenic phototrophs (Eisenhut et al. 2008). In this article,
we report on a systematic phylogenetic analysis of the
enzymes composing the plant-like photorespiratory 2PG
cycle. To bridge the evolutionary gap between cyanobac-
teria and streptophytes, we included putative photorespi-
ratory enzymes from different eukaryotic algae into the
study. Our analysis of 11 photorespiratory proteins in
cyanobacteria, algae and plants revealed their almost even
divergence from cyanobacteria (ancestor of chloroplasts)
and proteobacteria (ancestor of mitochondria).
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Fig. 1 Schematic display of the 2-phosphoglycolate metabolism in
cyanobacteria, algae, and plants summarizing major results of our
analyses. Encircled enzyme names represent plant and algal proteins
most closely related to their «-proteobacterial homologs, while
[framed enzyme names are most closely related to their cyanobacterial
counterpart. The dashed frames indicate plant and algal proteins for
which the phylogeny could not resolved

Materials and methods
Sequence information

The sequences of the proteins involved in the 2PG-metab-
olism in Arabidopsis thaliana (Bauwe et al. 2010; Foyer
et al. 2009) and Nostoc (Anabaena) sp. PCC 7120 (Eisenhut
et al. 2008) were extracted from the databases TAIR (http://
www.arabidopsis.org/) and CyanoBase (http://genome.kazusa.
or.jp/cyanobase/), respectively, and were subsequently used
to identify similar proteins in the completely sequenced
genomes of 11 streptophytes or eukaryotic algae as well as
12 cyanobacteria using the BlastP algorithm (Altschul et al.
1990). Furthermore, the incomplete genomes of Nodularia
spumigena CCY9414 and Emiliania huxleyi were included
in this study. Homologous proteins of Escherichia coli K12

and Rhodopseudomonas palustris HaA2 and CGA009 were
used as representatives of y- and «-proteobacteria, respec-
tively. These sequences were retrieved from the following
databases: (1) GenBank (http://www.ncbi.nlm.nih.gov/gen
bank/) for Populus trichocarpa, Zea mays, Physcomitrella
patens, Oryza sativa, Sorghum bicolor, Ostreococcus tauri,
Chlamydomonas reinhardtii, Micromonas sp. RCC299,
Phaeodactylum tricornutum, Thalassiosira pseudonana,
Nodularia spumigena CCY9414, Escherichia coli K12,
Rhodpseudomonas palustris HaA2, and CGA009; (2) JGI
(http://www jgi.doe.gov/) for Sorghum bicolor and Emiliania
huxleyi; (3) Cyanidioschyzon merolae genome browser
(http://merolae.biol.s.u-tokyo.ac.jp/) (Matsuzaki et al. 2004);
(4) CyanoBase for all cyanobacteria except N. spumigena.
The accession numbers or ORF names and the E-values of
similar proteins are listed in the Supplementary Tables S1 and
S2. Additional, 16S rRNA gene sequences from cyanobac-
teria or chloroplasts of eukaryotic phototrophs were retrieved
from GenBank or CyanoBase.

Phylogenetic analysis

For phylogenetic analyses, homologous nucleotide and
amino acid sequences were aligned using the ClustalW
algorithm (Thompson et al. 1994) integrated in the BioEdit
Sequence alignment editor (Hall 1999). The alignment was
checked manually, and clearly non-conserved regions of
the alignment were removed using GBlocks (Castresana
2000). Maximum likelihood tree of 16S rRNA and pho-
torespiratory proteins were inferred using PhyML (Guin-
don and Gascuel 2003) performed through the phylogeny.fr
web service (Dereeper et al. 2008). For the 16S rRNA tree,
the Generalised Time Reversible (GTR) substitution model
was selected assuming an estimated proportion of invariant
sites and four gamma-distributed rate categories to account
for rate heterogeneity across sites. Reliability for internal
branch was assessed using the bootstrapping method (400
bootstrap replicates). The Le and Gascuel evolutionary
model (Le and Gascuel 2008) was selected for the protein
phylogenies assuming an estimated proportion of invariant
sites and a gamma correction (four categories). Bootstrap
values (BS) were inferred from 400 replicates. Graphical
representation and edition of the phylogenetic tree were
performed with TreeDyn (v198.3) (Chevenet et al. 2006).

Results and discussion
Organism phylogeny based on 16S rRNA sequences
A phylogenetic tree of oxygenic photosynthetic organisms

was derived from 16S rRNA sequences of cyanobacteria
and from chloroplasts of eukaryotic phototrophs. The
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Fig. 2 Maximum likelihood
tree of 16S rRNA genes based
on 30 organisms. Numbers at
the node indicated bootstrap
values (%) for 400 replicates.
The distance scale (substitutions
per site) is shown in the bottom
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phylogeny presented here (Fig. 2) corresponds well with
current models of the evolution of photosynthetic organ-
isms (e.g., Le Corguille et al. 2009; Nelissen et al. 1995;
Worden et al. 2009). Two major clades were observed
comprising cyanobacteria and all eukaryotic phototrophs as
sister groups. Eukaryotic organisms are clustered into one
group of red algae and Chromalveolates, which arose from
a secondary endosymbiotic event engulfing a red alga.
Green algae and land plants (Streptophyta) comprise the
second group of eukaryotic phototrophs. Gloeobacter vio-
laceus, a primitive cyanobacterium without thylakoid
membranes, is found at the base of all oxygenic photo-
trophs when Rhodopseudomas and E. coli 16S rRNA
sequences are used as outgroup. The large cluster of cya-
nobacteria is mainly separated in o- and f-cyanobacteria
with the exception of Synechococcus elongatus PCC 7942
as observed before by Gupta and Mathews (2010). It shall
be mentioned that an identical clustering was obtained
when combined 16S, 23S, and ITS rRNA sequences were
used for the phylogenetic analysis.

This phylogenetic tree served as starting point to eval-
uate the phylogenetic trees of proteins involved in photo-
respiratory 2PG metabolism for the presence or absence of
a cyanobacterial origin. If the proteins in the eukaryotic
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clades cluster as sister group to the cyanobacterial proteins,
a cyanobacterial origin is assumed.

Plant photorespiratory proteins with a cyanobacterial
origin

Glycolate oxidase

It was assumed that all cyanobacteria perform the glycolate-
into-glyoxylate conversion by glycolate dehydrogenases,
while the plants’ photorespiratory cycle employs the per-
oxisomal enzyme GOX for this purpose (Eisenhut et al.
2008). Glycolate dehydrogenases, which are evolutionary
related to the cyanobacterial enzymes, are found in plant
mitochondria but their function is not directly related to the
photorespiratory 2PG cycle (Bari et al. 2004; Engqvist et al.
2009). However, BlastP searches using the Arabidopsis
GOXI1 revealed GOX-like proteins among cyanobacteria
which form the sister group to GOX proteins from photo-
trophic eukaryotes (Fig. 3). This relationship between the
cyanobacterial and the phototrophic eukaryotic clade
strongly supports a cyanobacterial origin of GOX proteins
(BS: 98%). Surprisingly, the cyanobacterial clade exclu-
sively contains members of the fi-cyanobacteria capable to
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Fig. 3 Maximum likelihood
tree of glycolate oxidases
(GOX) based on 20 sequences.
Numbers at the node indicated
bootstrap values (%) for 400
replicates. The distance scale
(substitutions per site) is shown
in the bottom left-hand corner.
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fix N,. It was reported that Chlorophytes including Chla-
mydomonas reinhardtii and Micromonas sp., just as all
cyanobacteria, possess a NAD'-dependent glycolate dehy-
drogenase for the photorespiratory glycolate-into-glyox-
ylate conversion (Atteia et al. 2009; Beezley et al. 1976;
Nelson and Tolbert 1970). Different from these reports, our
BlastP searches revealed the presence of putative GOX
proteins in the Chlorophyte Chlamydomonas (Supplemen-
tary Table S2, E-value: 8E™°°) and the Prasinophyte
Micromonas (E-value: 4E~"%). These chlorophytic putative
GOX proteins as well as a related red algal protein cluster in-
between the plant and the cyanobacterial proteins as it
should be expected for a protein of cyanobacterial origin.
Two less similar proteins from the two diatoms Phae-
odactylum tricornutum and Thalassiosira pseudonana
build the basal branch of the monophyletic group of GOX-
like proteins from N,-fixing f-cyanobacteria and photo-
trophic eukaryotes. Similar to green algae, previous studies
indicated that glycolate oxidation in diatoms is catalyzed
by a glycolate dehydrogenase localized in peroxisomes
(Winkler and Stabenau 1995). However, our and previ-
ously reported BlastP analyses identified the two GOX-like
proteins, one with a peroxisomal targeting PTS1 and the
other (XP_002178591 of Phaeodactylum) possibly targeted
to mitochondria (Kroth et al. 2008). A similar GOX-like
protein was detected in the genome of the picoplanktonic
cyanobacterium Prochlorococcus marinus SS120. Similar
GOX-like proteins also exist in the genomes of further
Prochlorococcus strains (e.g., MIT9211, CCMP1375,
NATL2A, NATL1A), which build a monophyletic group
with the proteobacterial GOX-like proteins from E. coli

and Rhodopseudomonas (Fig. 3 shows strain SS120 only).
Interestingly, all Prochlorococcus strains harboring this
proteobacterial-like putative GOX separate from other
Prochlorococcus and Synechococcus strains in phyloge-
netic analyses of cyanobacteria reported by Gupta and
Mathews (2010). It should be mentioned that only the
biochemical function of the spinach GOX (Macheroux
et al. 1992) and that of Nostoc sp. PCC 7120 (own
unpublished results) has been verified, while the function
of all putative algal and proteobacterial GOX-like enzymes
still has to be studied.

Glycerate kinase

Plant glycerate 3-kinases (GLYK) involved in the photo-
respiratory 2PG cycle are structurally and phylogenetically
distinct from glycerate 2-kinases (GK) in bacteria and
animals (Bartsch et al. 2008; Boldt et al. 2005). In contrast
to most other cyanobacteria, Synechocystis sp. PCC 6803
(Bartsch et al. 2008) as well as the thermophilic Syn-
echococcus strains JA-3-3Ab and JA-2-3B’ possess a bac-
terial-type GK. The two Synechococcus strains and
Gloeobacter collectively build the basal branch of the
cyanobacterial species tree (Gupta and Mathews 2010). It
seems as if the plant-like GLYK evolved among cyano-
bacteria but was lost from Synechococcus JA-3-3Ab and
JA-2-3B’a as well as Synechocystis PCC 6803 and became
replaced by bacterial GKs via horizontal gene transfer
(HGT). Because of the different phylogeny, we excluded
the bacterial-type GKs from our analyses of the plant
GLYKs.
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Fig. 4 Maximum likelihood
tree of plant-type glycerate
kinases (GLYK) based on 24
sequences. Numbers at the node
indicated bootstrap values (%)
for 400 replicates. The distance
scale (substitutions per site) is
shown in the bottom left-hand
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The phylogenetic tree of GLYK proteins strongly sup-
ports a cyanobacterial origin (Fig. 4). The fi-cyanobacterial
clade builds the sister group to the plant and algal clade
supporting a N,-fixing, heterocyst-forming plastid ancestor
(Deusch et al. 2008). Unexpectedly, the GLYK from
Gloeobacter violaceus PCC 7421 is positioned at the base
of the plant and algal clade and not inside the f-cyano-
bacterial clade. A neighbor-joining tree shows this phy-
logeny, too, with a bootstrap support of 79% (data not
shown).

Unfortunately, the relationship among the algal homo-
logs could not be clearly resolved because of low BS
among these branches (all <50%). Nevertheless, all algal
GLYK proteins cluster in-between GLYKSs from cyano-
bacteria and Streptophytes supporting the GLYK origin
among oxygenic phototrophs in the cyanobacterial radia-
tion. The close relationship among the algal GLYKs could
result from a cryptic green endosymbiont (e.g., Prasino-
phyte) in the ancestor of the Chromalveolates before the
secondary endosymbiosis with a red alga (Frommolt et al.
2008; Moustafa et al. 2009). In this study, we cannot dis-
tinguish whether the GLYKs in the Chromalveolates came
from a green or a red algal endosymbiont, whereas
Maruyama et al. (2009) postulated a red algal origin of
GLYK for the Chromalveolate Phytophthora.

As reported before by Kroth et al. (2008), we were
unable to identify any protein similar to GLYK as well as
to bacterial-type GK in the genomes of the diatoms Tha-
lassiosira and Phaeodactylum. These authors suggested
that the glycine and serine produced in the upstream
reactions of the photorespiratory 2PG cycle could be
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directed to other metabolic pathways. The presence of
GLYK proteins in other Chromalveolates such as Emiliania
huxleyii (Haptophyta) or Ectocarpus siliculosus (Phaeo-
phyceae; Accession number CBN78958) point to a loss of
this gene in diatoms. It should be noted that GLYK-
encoding genes are frequently present in fungal genomes,
where they probably originate from a HGT event (Maruyama
et al. 2009).

Hydroxypyruvate reductase

Until now, no enzyme was experimentally verified to cata-
lyze the hydroxypyruvate reduction in cyanobacteria. BlastP
searches with Arabidopsis hydroxypyruvate reductase 1
(HPR1; Timm et al. 2008) identified several cyanobacterial
proteins with considerably high similarities to HPR1 which
are usually annotated as hydroxyacid reductase/dehydro-
genase. Phylogenetic analyses including these enzymes
from cyanobacteria showed that only a few putative HPRs
from N,-fixing fi-cyanobacteria cluster in a monophyletic
group with plant and algal HPRs. These proteins were used
for reconstructing a maximum likelihood tree of HPRI1
(Fig. 5). To expand the data set, additional putative HPRs
from the f-cyanobacteria Cyanothece sp. PCC 8801 and
ATCC 51142 (ORF names: PCC8801_3049 and cce_2560)
were included. The HPR1 tree separated the cyanobacterial
proteins into two groups. The first group including AlI8087
from Nostoc (Anabaena) sp. PCC 7120 forms a monophy-
letic group with proteobacterial representatives as sister to
the plant and algal clade (only including Chlamydomonas
and Cyanidioschyzon) as supported by a high BS (100%).
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Fig. 5 Maximum likelihood
tree of hydroxypyruvate
reductases (HPR) based on 25
sequences including the plant
photorespiratory HPR1. 100
Numbers at the node indicated
bootstrap values (%) for 400
replicates. The distance scale
(substitutions per site) is shown
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Surprisingly, the algal HPRs from the Chromalveolates
Phaeodactylum and Emiliania as well as the Prasinophyte
Micromonas build a clade with the second group of cyano-
bacterial HPR-like proteins including the Nostoc Alr0058.
This sister relation argues for a cyanobacterial origin of HPR
in Prasinophytes. The positioning of the Micromonas
enzyme in a monophyletic group with two diatoms and a
Haptophyte as well as the lack of homologs in Cyanidios-
chyzon point to a “green” origin of this gene in Chromal-
veolates. Further investigations are needed to support this
view.

Plant photorespiratory proteins with a-proteobacterial
origin

Glycine decarboxylase: P-protein, T-protein, L-protein

In all phylogenies of the GDC proteins (Fig. 6 and Supple-
mentary Figs. S1 and S2), the GDC proteins of a-proteo-
bacteria form a monophyletic group with phototrophic
eukaryotes (BS between 69 and 89%). Neighbor-joining
phylogenies also show the same tree topology (data not
shown) with higher bootstrap support (almost 100%). These
phylogenies point to an a-proteobacterial origin of the GDC
proteins in mitochondria of plants and algae. The P-, T-, and
L-protein phylogenies were generally congruent and sup-
ported by high BS for main nodes. The main difference is in
the positioning of the E. coli T-protein. In the P- and
L-protein phylogeny, E. coli forms a monophyletic group
with Rhodopseudomonas and phototrophic eukaryotes,
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Emiliania huxleyi CCMP 1516
Aj Phaeodactylum fricornutum CCAP1055/1
T

i Cyanothece sp. ATCC 51142
94 MNostoc sp. PCC 7120

I—|: Nostoc punctiforme ATCC 29133

B-Cyanobacteria
| Chlorophyte

Chromalveolates
halassiosira pseudonana CCMP 1335

Anabaena variabilis ATCC 29413
Nostoc sp. PCC 7120
Nostoc punctiforme ATCC 29133

Synechococcus sp. PCC 7002
Synechocystis sp. PCC 6803
Synechococcus elongatus PCC 6301

B-Cyanobacteria

whereas in the T-protein tree E. coli appeared at the base of
cyanobacteria. Interestingly, the P-protein of f-cyanobac-
teria stays in a sister group relation with the monophyletic
group of proteobacteria, plants, and algae (Fig. 6). Possibly,
this is the result of an early divergence of a- and f-cyano-
bacteria (Gupta and Mathews 2010). The phylogenies of
T- and L-protein could not clearly define the branch order of
cyanobacteria, especially for the position of Gloeobacter
violaceous PCC 7421 and Synechococcus sp. PCC 6301
because of low bootstrap support.

In plant chloroplasts, a second L-protein is part of the
pyruvate dehydrogenase (PDC) multi-enzyme complex
forming acetyl-CoA. In contrast to the mitochondrial
L-protein, phylogenetic analysis supported a cyanobacte-
rial origin of the chloroplastidal PDC L-protein (Lutziger
and Oliver 2000 and not shown own data).

In contrast to the three large subunits of GDC, the
phylogenetic relation of the GDC H-protein subunit could
not be finally resolved. The H-protein is rather short, which
made statistical save branching impossible. However, it
can be assumed that the H-protein subunit is most probably
also obtained from the a-proteobacterial endosymbiont for
mitochondria as shown above for the other GDC subunits.

Serine hydroxymethyltransferase
The Arabidopsis genome encodes five (possibly even
seven) SHMT isoforms, which are targeted to several

subcellular compartments including mitochondria (Bauwe
et al. 2010; McClung et al. 2000; Voll et al. 2006). In this
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Fig. 6 Maximum likelihood
tree of P-proteins of glycine
decarboxylase (GDC) based on
29 sequences. Numbers at the
node indicated bootstrap values
(%) for 400 replicates. The
distance scale (substitutions per
site) is shown in the bottom left-
hand corner. Further
information (protein accession
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study, we included only the two mitochondrial SHMT
isoforms with SHMT1 as the major photorespiratory
SHMT predominantly expressed in leaves (Voll et al.
2006). The SHMT tree (Fig. 7) positions both isoforms at
the same node arguing for a gene duplication and further
independent evolution resulting in two different SHMT’s in
the Arabidopsis genome (e.g., Blanc et al. 2003).

The plant and algal SHMT proteins form a monophy-
letic group with the Emiliania protein as the basal branch.
The SHMTs of cyanobacteria together with proteobacteria
build another monophyletic cluster with the E. coli
homolog as the most basal node. Therefore, neither the o-
proteobacterial nor the cyanobacterial clade stays in a
clear sister group relationship with plants and algae.
Clarification of the origin of plant and algal SHMTs will
require more detailed phylogenetic analyses including
SHMTs from fungi and animals. At present, since the
photorespiratory SHMT reaction is localized in mito-
chondria (McClung et al. 2000; Voll et al. 2006) and
proteomic studies identified the vast majority of mito-
chondrial proteins as acquisitions from the o-proteobac-
terial ancestor of this organelle (Atteia et al. 2009; Esser
et al. 2004), an o-proteobacterial origin for the SHMT is
most likely.
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Plant photorespiratory proteins of unknown origin

Serine:glyoxylate aminotransferase
and glutamate:glyoxylate aminotransferase

In plants, two peroxisomal glyoxylate aminotransferases are
involved in the photorespiratory pathway (Igarashi et al.
2003; Liepman and Olsen 2001). Both enzymes use gly-
oxylate as the amino acceptor (Somerville and Ogren 1980).
Although these aminotransferases show a broad substrate
spectrum, in plants the serine:glyoxylate aminotransferase
(SGT) and the glutamate:glyoxylate aminotransferase
(GGT) are distinguished by their unique substrate specific-
ities (Liepman and Olsen 2001). The SGT corresponds to
At2g13360, while the GGT is encoded by At1g23310 in
Arabidopsis. In many but not all cyanobacterial genomes,
two different groups of putative SGTs are present. Inter-
estingly, chromalveolate and prasinophyte algae seem to
lack proteins homologous to SGT. Apparently, these algal
groups are completely free of class IV aminotransferases
and likely use other aminotransferase. Unfortunately, no
functional analysis has been performed with the amino-
transferases from cyanobacteria and algae. Moreover, the
multi-specific nature of most aminotransferases makes a
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Fig. 7 Maximum likelihood
tree of serine
hydroxymethyltransferases
(SHMT) based on 31 sequences.
Numbers at the node indicated
bootstrap values (%) for 400
replicates. The distance scale
(substitutions per site) is shown
in the bottom left-hand corner.
Further information (protein
accession numbers and
sequence similarities) is given 100
in Supplemental Tables S1 and
S2
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prediction of the main substrate of putative aminotransfer-
ases difficult (Liepman and Olsen 2004). Despite this
unclear situation, we tried to also construct a maximum
likelihood phylogeny of the two photorespiratory amino-
transferases. Both trees seem to indicate a non-cyanobac-
terial origin (data not shown).

2-phosphoglycolate phosphatase

The 2PG phosphatase (PGP) catalyzes the initial dephos-
phorylation of 2PG produced in the oxygenase reaction
of Rubisco. In Arabidopsis, the PGP1 (At5g36700) was
identified as the chloroplastidal enzyme for 2PG dephos-
phorylation in the photorespiratory cycle (Schwarte and
Bauwe 2007). Additionally, there exist over 10 proteins
with similarities to the PGP1 in the Arabidopsis genome.
Within cyanobacteria, the identified PGP-like proteins
show much variability in their primary structure and only
few conserved positions. Hence, the detection of homolo-
gous proteins among cyanobacteria through BlastP sear-
ches is difficult. It appears that the cyanobacterial PGPs are
phylogenetically unrelated to the plant PGP1; however,
functional data for putative cyanobacterial PGPs are not yet
available and must be acquired before a sound hypothesis

L Rhodopseudomonas palustris CGAD09 Protecbacteria

Escherichia coli K12

on the origin of photorespiratory PGPs in higher plants can
be developed.

Conclusion

Cyanobacteria were the first lineage in which oxygenic
photosynthesis evolved and were hence the first organisms
in which Rubisco was directly exposed to oxygen (Mul-
kidjanian et al. 2006). Particularly in habitats with
decreased O,-diffusion (for example, stromatolites),
already the ancient cyanobacteria might be characterized
by an O,-rich cytoplasm, which stimulated the oxygenase
reaction of Rubisco leading to 2PG synthesis. Our findings
suggest that the ancient cyanobacteria as well as other
bacteria were already equipped with enzymes for the
metabolism of glycolate and related small organic acids as
a carbon source. We propose that this ancient catabolic
glycolate conversion was also used as the starting point to
evolve the photorespiratory 2PG cycle for the removal and
recycling of this toxic intermediate originating from the
Rubisco oxygenase activity in cyanobacterial cells. Only
much later, when the atmospheric concentration of O,
increased and that of CO, decreased, CCMs were invented
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Table 1 Enzymes involved in 2-phosphoglycolate metabolism in Arabidopsis thaliana, their localization, and bacterial origin

Enzyme A. thaliana Localization in plants Origin
Phosphoglycolate phosphatase At5g36790 Chloroplast ?

Glycolate oxidase At3g14420 Peroxisome Cyanobacteria
Serine:glyoxylate aminotransferase At2g13360 Peroxisome ?
Glutamate:glyoxylate aminotransferase Atl1g23310 Peroxisome ?

Glycine decarboxylase

T-protein Atlgl11860 Mitochondrion o-Proteobacteria

P-protein At4g33010 Mitochondrion o-Proteobacteria

H-protein At2g35370 Mitochondrion ?

L-protein At3g17240 Mitochondrion a-Proteobacteria
Serine hydroxymethyltransferase At4g37930 Mitochondrion o-Proteobacteria
Hydroxypyruvate reductase 1 At1g68010 Peroxisome Cyanobacteria
Glycerate kinase At1g80380 Chloroplast Cyanobacteria

to concentrate CO, in Rubisco-containing carboxysomes.
Indeed, current studies suggest that CCMs evolved in
Carboniferous period only about 360-290 million years
ago (Raven et al. 2008).

Comparative analysis of cyanobacterial genomes
including the picoplanktonic Prochlorococcus and Syn-
echococcus strains point to the presence of the photore-
spiratory 2PG cycle in all cyanobacteria (Eisenhut et al.
2008; and data presented here). Our analysis of 11 photo-
respiratory proteins in cyanobacteria, algae, and plants
revealed an almost even divergence (summarized in
Table 1; Fig. 1) from cyanobacteria (ancestor of chloro-
plasts) and proteobacteria (ancestor of mitochondria).
Interestingly, proteins in the chloroplast (except the unclear
situation with PGP) and the cooperating enzymes in the
peroxisome (GOX and HPR) likely originate from cyano-
bacteria, while the enzymatic steps for glycine-into-serine
conversion in mitochondria and possibly also the associ-
ated aminotransferases in the peroxisome were inherited
from the proteobacterial endosymbiont. Such a mixture of
bacterial enzymes in the modern plant metabolism has been
also found for other pathways (Schnarrenberger and Martin
2002). Moreover, our analyses also support the view that
an N,-fixing cyanobacterium was used as primary endo-
symbiont since only in these cyanobacteria plant-like GOX
and HPR proteins still exist. Notably, in contrast to most
genes of the photosynthetic machinery, nearly all enzymes
involved in 2PG metabolism coexist in cyanobacterial
and other eubacterial genomes like Rhodopseudomonas
palustris (Mulkidjanian et al. 2006). These relationships
point to the existence of an ancient glycolate metabolism
in the common ancestor of phototrophic bacteria and
chloroplasts. During the evolution of higher plants, these
glycolate converting enzymes were recruited to generate the
modern higher plant photorespiration 2PG cycle, which also
included the compartimentation of single enzymatic steps.
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