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*Corresponding author: E-mail: obornik@paru.cas.cz.

All newly sequenced data were deposited in GenBank under accession numbers: JF292577–JF292587.

Accepted: 22 March 2011

Abstract

Genes encoding enzymes of the tetrapyrrole biosynthetic pathway were searched within Euglena gracilis EST databases and

454 genome reads and their 5’ end regions were sequenced when not available. Phylogenetic analyses and protein

localization predictions support the hypothesis concerning the presence of two separated tetrapyrrole pathways in E. gracilis.
One of these pathways resembles the heme synthesis in primarily heterotrophic eukaryotes and was presumably present in
the host cell prior to secondary endosymbiosis with a green alga. The second pathway is similar to the plastid-localized

tetrapyrrole syntheses in plants and photosynthetic algae. It appears to be localized to the secondary plastid, presumably

derived from an algal endosymbiont and probably serves only for the production of plastidial heme and chlorophyll. Thus, E.
gracilis represents an evolutionary intermediate in a metabolic transformation of a primary heterotroph to a photoautotroph

through secondary endosymbiosis. We propose here that the tetrapyrrole pathway serves as a highly informative marker for

the evolution of plastids and plays a crucial role in the loss of plastids.
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Tetrapyrroles rank among the most important molecules for

life on Earth. One of the tetrapyrrole compounds, heme, col-

ors our blood where it functions as an oxygen transporter.

However, it has many other cardinal functions in living sys-

tems, such as electron transport in the respiration chain, ox-

idative stress response, oxygen metabolism, detoxification,

regulation of gene expression, andmany others. Chlorophyll
is another essential tetrapyrrole; this molecule enables pho-

totrophic organisms to utilize the energy of light. All tetra-

pyrroles are synthesized from d-aminolevulinic acid (ALA)

through a route that is conserved in organisms from all three

domains of life. However, ALA can be formed in two distinct

ways and most organisms use only one of them. Archaea

and all bacteria except a-proteobacteria synthesize ALA

from glutamate bound to tRNAGlu, serving for both protein
and tetrapyrrole syntheses (Panek and O’Brian 2002). This

molecule is recognized by glutamyl-tRNA reductase (GTR),

which catalyzes its reduction to glutamate 1-semialdehyde,

a molecule that is further converted into ALA by glutamate

1-semialdehyde aminotransferase (GSA-AT). These two

reactions are called the C5 pathway. Another pathway

for ALA synthesis was found in a-proteobacteria. They uti-

lize a single enzyme called ALA-synthase (ALAS) to formALA

through the condensation of succinyl-CoA with glycine (the

so-called C4 or Shemin pathway). ALA-synthase has prob-

ably evolved from GSA-AT because both enzymes share se-

quence and structural similarities (Schulze et al. 2006). ALAS

is also encoded in the genomes of several Actinobacteria but
is used exclusively for the synthesis of antibiotics and not for

tetrapyrrole biosynthesis (Petřı́ček et al. 2006).

Eukaryotic tetrapyrrole biosynthesis is more complicated.

It was largely affected by their complex evolutionary history

involving endosymbioses that gave rise to the semiautono-

mous organelles such as mitochondria and plastids. Most

heterotrophic eukaryotes form ALA by the C4 pathway in

the mitochondrion. The gene encoding ALA-synthase was
likely transferred to the eukaryotic nucleus from the a-pro-
teobacterial ancestor of the mitochondrion by endosymbi-

otic gene transfer. Alternatively, photosynthetic eukaryotes

use the plastid C5 pathway, and both crucial enzymes (GTR

and GSA-AT) are encoded by the originally cyanobacterial

genes that are now located in the nucleus (Obornı́k and
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Green 2005). The remaining steps of the pathway leading to

the formation of heme are the same in all organisms; how-
ever, pathways in heterotrophic and photosynthetic eukar-

yotes differ in the origins of the genes and subcellular

localizations of their products. In primarily heterotrophic eu-

karyotes, ALA is exported from the mitochondrion to the

cytosol, where the next four to five steps take place. The

pathway is terminated in the mitochondrion again, where

heme is needed mainly to form respiratory cytochromes

(Camadro et al. 1986; Dailey et al. 2005). Except ALAS
and uroporphyrinogen synthase (UROS), all other enzymes

appear to be encoded by genes of eukaryotic origin (fig. 1A;
see supplementary fig. S1, Supplementary Material online

for phylogenetic trees). Photosynthetic eukaryotes synthe-

size both heme and chlorophyll by a single pathway that

is localized within the plastid. A majority of the intermedi-

ates are used for chlorophyll synthesis, and most of the syn-

thesized heme is used for photosynthetic functions as well
(photosynthetic cytochromes, synthesis of bilin pigments).

Such a massive flow of intermediates to the chloroplast

may be the reasonwhy this organelle took over the synthesis
of tetrapyrroles for the whole cell. Most of the genes of

tetrapyrrole synthesis were transferred from the cyanobac-

terial endosymbiont to the nucleus of the eukaryotic host,

and the original pathway of the exosymbiont disappeared.

The same is true for heterokont algae such as diatoms,

which went through a secondary endosymbiosis with their

plastids derived from an engulfed rhodophyte (Obornı́k and

Green 2005).
Photosynthetic euglenids acquired their plastid by sec-

ondary endosymbiosis with a green alga relatively recently

(Rogers et al. 2007). Euglena gracilis is the only eukaryote

known to possess enzymes of both the C5 and C4 path-

ways. Weinstein and Beale (1983) used 14C-labeled precur-

sors of both of these alternative pathways and monitored

their incorporation into various tetrapyrroles. They found

out that protoheme was labeled when using either glycine
or glutamate in wild-type cells, whereas the dark-grown or

FIG. 1.—Origins and subcellular localizations of the tetrapyrrole synthesis enzymes in different eukaryotes. A. Heme biosynthesis starting with C4

pathway of primary heterotrophic eukaryotes. The localization of CPOX differs between the animal cell (continuous line) and yeast (dashed line). B.

Tetrapyrrole biosynthesis pathway that is shared by most of the photosynthetic eukaryotes starting from glutamyl-tRNAGlu. C. Origins and suggested

locations of the two tetrapyrrole pathways in Euglena gracilis. Origins of the enzymes are inferred from the phylogenetic trees that are depicted in

supplementary figure S1 (Supplementary Material online). The locations of PPOX and FeCH in the plastid of E. gracilis are implied only by their origins

because the N-terminal sequences are not available for these enzymes. Dashed arrowheads indicate possible dual localizations of UROS and UROD in

the plastid and either cytosol or mitochondrion of E. gracilis. The question marks stand for enzyme orthologues that are present in either photosynthetic

or heterotrophic eukaryotes but were not found in the limited sequence data of E. gracilis.
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aplastidic light-grown cells incorporated only glycine to the
synthesized tetrapyrroles. Furthermore, heme-a, which is

present exclusively in the mitochondrion, was labeled only

when using 14C glycine, whereas chlorophyll was derived

only from glutamate. These findings provided quite strong

evidence for the presence of two independent tetrapyrrole

synthetic pathways that are spatially separated within the

cell. These results were further corroborated by Okazaki

et al. (1990), who studied the incorporation of [1-13C]glu-
tamate and [2-13C]glycine into chlorophyll-a. According to

NMR spectra, eight carbons of chlorophyll were labeled

when using [1-13C]glutamate, which corresponded to the

conversion of this precursor into chlorophyll via the C5 path-

way. On the other hand, [2-13C]glycine was only incorpo-

rated into the methyl ester carbon of chlorophyll via the

one-carbon metabolic pathway but not via the C4 pathway.

Contradicting results were reported in two recent articles
(Iida et al. 2002; Iida and Kajiwara 2008). They incubated

the cells with 13C glucose or alanine and determined which

carbons of chlorophyll were labeled using NMR spectros-

copy. Based on their results, they deduced that chlorophyll

was derived from both pools of ALA. However, since the

substrates used for the labeling are not metabolized to

ALA directly but enter various pathways, the discrepancy

may be explained by the scrambling of the 13C label.
Shashidara and Smith (1991) localized porphobilinogen

deaminases (PBGD) only to the plastids in different cultures

of E. gracilis (wild-type light-grown, wild-type dark-grown,

and the mutant strain unable to synthesize chlorophyll) and

in the naturally heterotrophic E. longa. Based on this finding,
they concluded that there is only a single tetrapyrrole path-

way in E. gracilis.
Because many expressed sequence tags and 454 genome

reads from E. gracilis became recently available, we

searched for the genes encoding enzymes of tetrapyrrole

synthesis hoping to shed some light on their origins and in-

tracellular locations. We amplified the 5’ ends of the

incomplete gene sequences for targeting predictions and

performed phylogenetic analysis on each gene of this path-

way. We have found genes encoding enzymes of both alter-

native pathways of ALA synthesis (C4 and C5 pathways),
but more importantly, most of the subsequent steps were

found to be encoded by more than a single gene. According

to our phylogenetic analyses (see fig. 1 and supplementary

fig. S1, Supplementary Material online), the gene encoding

ALA-synthase was derived from the mitochondrion and

clusters with heterotrophic eukaryotes, whereas the genes

for the C5 pathway appear to originate from a cyanobacte-

rial predecessor of plastids as in other photoeukaryotes. The
enzymes of the two subsequent steps are each encoded by

two different genes. One of the genes for ALA-dehydratase

(ALAD) clusters with photosynthetic eukaryotes and cyano-

bacteria, whereas the second ALAD and one of the

PBGD are related to their counterparts from heterotrophic

eukaryotes. Although the monophyly of the clade compris-
ing PBGDs of heterotrophic eukaryotes and E. gracilis is not
supported well, its separation from PBGDs of photosyn-

thetic eukaryotes is obvious (supplementary fig. S1E, Sup-
plementary Material online). The second PBGD clusters

with c-proteobacteria. Only one gene coding for UROS

was identified and is related to its homologues from hetero-

trophic eukaryotes and a-proteobacteria, implying its mito-

chondrial origin. Two genes coding for uroporphyrinogen
decarboxylase (UROD) are both related to the homologues

from heterotrophic eukaryotes and are probably a result of

gene duplication. The third UROD seems to be of eukaryotic

origin as well but specifically clusters with enzymes from

photosynthetic eukaryotes, indicating ancestry in the nu-

cleus of endosymbiotic alga. The same is true for the four

slightly different genes for coproporphyrinogen oxidase

(CPOX) that probably underwent three subsequent gene
duplications. The fifth CPOX is related to the enzymes of

photosynthetic eukaryotes as well, but this clade has a dif-

ferent and unclear origin. CPOX related to heterotrophic eu-

karyotes was not identified within the available sequence

data. The last two enzymes of heme biosynthesis are en-

coded each by two genes of different origin. One of the pro-

toporphyrinogen oxidases (PPOXs) and one FeCH exhibit an

origin in the cyanobacterial predecessor of plastids. More-
over, the plastid-like FeCH of E. gracilis contains conserved
C-terminal CAB domain (Sobotka et al. 2010), including

a chlorophyll-binding motif, which is present in ferrochela-

tases of most photosynthetic algae and cyanobacteria but

not in the second ferrochelatase of E. gracilis and hetero-

trophs. The second PPOX belongs to a clade consisting of

heterotrophic eukaryotes and probably represents the orig-

inal eukaryotic gene. The second FeCH forms a sister lineage
to FeCH from Naegleria gruberi, another protist from the

supergroup Excavata. Both these genes are placed within

the group Bacteroidetes, which indicates their origins via

nonendosymbiotic horizontal gene transfer. It appears that

FeCH was transferred to the nuclei of different eukaryotic

lineages from different bacteria several times independently

(supplementary fig. S1J, Supplementary Material online).

Another gene-transfer event took place in trypanosomatids
that are more closely related to Euglena than Naegleria. This
incident probably happened more recently after the path-

way was completely lost in Kinetoplastida (Kořený et al.

2010).

According to in silico predictions, the proteins of the tet-

rapyrrole pathway transferred from the algal endosymbiont

possess two transmembrane helices at the N-terminal re-

gions (supplementary fig. S2, Supplementary Material on-
line), which can serve as evidence for the targeting of the

protein into the Euglena plastid (Durnford and Gray

2006). The first helix represents the signal sequence, whereas

the second is the so-called stop signal. The same feature is

also present in the N-terminus of the ‘‘c-proteobacterial’’
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PBGD, for which plastid localization was experimentally
shown (Shashidara and Smith 1991). Interestingly, two en-

zymes representing the original mitochondria–cytosolic path-

way of the host (UROS and one UROD) are putatively

targeted to the plastid as well. They possess long N-terminal

presequences including two hydrophobic patches resembling

the signal sequence and the stop signal and the region be-

tween these patches has similar biochemical properties as de-

scribed for the transit peptide (Durnford and Gray 2006).
However, dual localization of these enzymes cannot be ruled

out. There are several methionines found in the N-terminal

presequence of UROS, which may serve as alternative start

codons. It should be also mentioned that the N-terminal pre-

sequence is available only for one of the two URODs related

to heterotrophic eukaryotes. The second one may have a dif-

ferent N-terminus because both duplicates share only 48.5%

of 200 alignable amino acid residues. ALAS, an enzyme of C4
pathway, is likely localized in the mitochondrion as in hetero-

trophic eukaryotes. Although predictions of mitochondrial

targeting of this enzyme are not convincing (supplementary

table S1, Supplementary Material online), it possesses N-

terminal presequence that is comparable in length to other

eukaryotic ALA-synthases and has no transmembrane helices

(supplementary fig. S3, Supplementary Material online). On

the other hand, no N-terminal presequences are present in
eukaryotic ALAD and PBGD (supplementary fig. S3, Supple-

mentary Material online). These enzymes are thus probably

cytosolic, as in animals or fungi. The PPOX related to the

genes from heterotrophic eukaryotes lacks a significant N-

terminal presequence as well. However, the same is true

for PPOX of heterotrophic eukaryotes, including those

where this enzyme was shown to be localized in the mito-

chondrion. The Naegleria-like FeCH is very likely localized
in the mitochondrion (supplementary table S1, Supplemen-

tary Material online), and similarly to ALAS, it has a compara-

ble N-terminal presequence to FeCH from heterotrophs, with

an experimentally confirmed mitochondrial localization. In

humans, PPOX closely interacts with FeCH through the

inner mitochondrial membrane (Ferreira et al. 1988).

Complex formation between these enzymes was also sug-

gested based on the crystal structures (Koch et al. 2004)
and later experimental confirmation in a cyanobacterium

(Masoumi et al. 2008). The colocalization of the last two

steps of the heme pathway in the mitochondrion seems to

be conserved among different lineages of heterotrophic

eukaryotes. Although in the animal cell, the last three

steps are placed in the mitochondrion, in yeast and apicom-

plexan parasites, CPOX is cytosolic, and only the last two

steps take place in the mitochondrion (Camadro et al.
1986; Dailey et al. 2005; van Dooren et al. 2006; Wu

2006; Nagaraj et al. 2009; Nagaraj, Arumugam, et al.

2010; Nagaraj, Prasad, et al. 2010). Based on the data men-

tioned above, we envisage that both heterotroph-like PPOX

and FeCH are localized in themitochondrion of E. gracilis. The

suggested origins and localizations of heme-synthesis en-
zymes in E. gracilis are depicted in figure 1.

Results of our analyses clearly indicate that E. gracilis not
only possesses genes for both alternative pathways of ALA

synthesis but also support the presence of two independent

pathways from ALA to heme as well, which is in accordance

with the results of previous biochemical studies. We refute

the conclusion that there is only one pathway from ALA to

heme, whichwas based on the localization of PBGD solely to
the plastid (Shashidara and Smith 1991). Not only we have

found a gene for a second PBGD that seems to be localized

in the cytosol, but two different enzymes with PBGD activity

were purified in the past. One was found in isolated chlor-

oplasts and the second in the cytosol of E. gracilis (Rossetti
et al. 1986, 1989; Juknat et al. 1989). Because the two

genes for PBGD in E. gracilis display distinct evolutionary his-
tories, it is not surprising that both enzymes were not iden-
tified by the single antibody used by Shashidara and Smith

(1991). There are several lines of evidence supporting the

presence of two independent pathways for tetrapyrrole syn-

thesis in E. gracilis. Apart from the direct biochemical

evidence (Weinstein and Beale 1983; Okazaki et al. 1990)

and the identification of genes for both pathways in this

study, there are other findings indicating that chlorophyll

and the nonplastidial heme are synthesized from different
pools of ALA. It was found that dark-grown wild-type cells

and the aplastidic mutant of E. gracilis are not only incapable
of chlorophyll synthesis but are not able to form ALA

through the C5 pathway (Mayer et al. 1987; Mayer and

Beale 1991). Conversely, when the C5 pathwaywas blocked

with the inhibitor of GSA-AT, E. graciliswas not able to form

chlorophyll (Corriveau and Beale 1986). In another study,

a specific point mutation in the chloroplast tRNAGlu that un-
couples protein synthesis and the C5 pathwaywas identified

in E. gracilis (Stange-Thomann et al. 1994). Chloroplast pro-

tein synthesis is not affected in this mutant, but tRNAGlu is

not recognized by GTR, the first enzyme of the C5 pathway.

Because this mutant was still able to live heterotrophically

under aerobic conditions and without an external source

of heme, it is clear that biosynthesis of this tetrapyrrole is

not affected. However, when a very sensitive assay and
highly concentrated extract of E. graciliswere used for chlo-

rophyll detection, not even a minimal amount of chlorophyll

was detected in this mutant (Russell and Draffan 1978).

Taking all available evidence together, we conclude that

E. gracilis synthesizes tetrapyrroles via two independent

pathways that have distinct origins and serve different cel-

lular compartments. One pathway comes from the exosym-

biont and resembles the heme synthesis of heterotrophic
eukaryotes, whereas the other one is mostly derived from

endosymbiotic alga and produces chlorophyll and heme

for the plastid. Euglena gracilis with two tetrapyrrole path-

ways may represent an analogy to the suggested state in the

ancestral lineages of chromalveolates, before the plastid

Kořený and Obornı́k GBE
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was lost in some of them or took over tetrapyrrole synthesis
and become indispensable in others (Obornı́k et al. 2009).

Heterotrophic chromalveolates with no remnants of a plas-

tid, such as ciliates and oomycetes, possess a heme pathway

that is similar to that of primary heterotrophs. But the plas-

tid-containing chromalveolates synthesize all tetrapyrroles

via a pathway that is derived from the plastid, which makes

this organelle essential even after loss of photosynthesis.

Apicomplexan parasites can serve as an example. Part of
their heme synthetic pathway is localized in a plastid that

is no longer photosynthetic but is essential for the cell (Sato

et al. 2004). However, apicomplexans, which do not synthe-

size their own heme such as Cryptosporidium or gregarines,

do not possess any detectable plastids (Mather and Vaidya

2008; Templeton et al. 2010). Euglena gracilis may easily

and irreversibly lose the photosynthetic capability of the

chloroplast when grown in dark at higher temperatures
or after antibiotic treatment (Cook 1974; Nicolas 1981).

It appears that Euglena is in the stage of symbiosis when

it can still completely lose the plastid. There are several mu-

tants in which neither the plastid membranes nor the chlo-

roplast DNA were detected (Osafune and Schiff 1983; Ohki

et al. 1984; Ikeda and Takata 2002). Euglena gracilis thus
probably represents an intermediate state in the transforma-

tion of a heterotroph into a photoautotroph through sec-
ondary endosymbiosis and shows an arrangement of

tetrapyrrole biosynthesis presumably present in the evolu-

tionary history of other secondary algae. The presence of

both heme pathways in a single cell may represent the

breaking point in the evolution of secondary endosymbiosis,

to which a plastid can be completely lost.

Materials and Methods

Sequence Retrieval and Phylogenetic Analyses

Sequences of the genes of the heme biosynthesis pathway

were searched in the available sequence databases: PEPdb

(http://amoebidia.bcm.umontreal.ca/pepdb), GenBank and

E. gracilis genome data were obtained from the MC Field

laboratory sequence database at: http://web.me.com/

mfield/Euglena_gracilis (see supplementary table S2, Sup-
plementary Material online for sequence IDs). Where only

small pieces of genes available, we amplified larger gene

segments from the cDNA of E. gracilis strain Z (kindly pro-

vided by Professor Krajčovič, Bratislava). The 5’ regions were

amplified using the FirstChoice RLM-RACE kit (Ambion) or

the spliced-leader specific primer (5’-ACACTTTCT-

GAGTGTCTATTTTTTTTCG-3’). All newly sequenced data

were deposited in GenBank under accession numbers:
JF292577-JF292587.

For each enzyme, appropriate homologues were identi-

fied by Blast, aligned using MAFFT (Katoh and Toh 2008)

and manually edited using BioEdit (Hall 1999). Phyloge-

netic trees were computed using PhyloBayes 3.2f under

the CAT-GTR evolutionary model (Lartillot and Philippe
2004). For each analysis, two independent chains were

run for at least 50,000 steps. The convergence of the chains

was assessed based on bpcomp analysis (PhyloBayes 3.2f).

For the 50% majority consensus trees, each 10th tree was

sampled and the first 10% of the trees were discarded. The

bootstrap support values were calculated in RAxML 7.0.3

(Stamatakis 2006) using the PROTGAMMALG model after

1,000 replications.

Putative Localizations of Enzymes of the
Tetrapyrrole Synthesis in E. gracilis

Transmembrane helices indicating the plastid localization of

the enzymes were determined using the TMHMM program
(http://www.cbs.dtu.dk/services/TMHMM-2.0/). The pres-

ence of mitochondrial transit peptides (mTP) was tested

by several prediction tools: TargetP (http://www.cbs.dtu.dk/

services/TargetP/), Predotar (http://urgi.versailles.inra.fr/pre-

dotar/), MitoProt II (http://ihg.gsf.de/ihg/mitoprot.html), Pro-

tein Prowler (http://pprowler.imb.uq.edu.au/), SLP-Local (http://

sunflower.kuicr.kyoto-u.ac.jp/;smatsuda/slplocal.html), and

SLPFA (http://sunflower.kuicr.kyoto-u.ac.jp/;tamura/slpfa.html).

Supplementary material

Supplementary figures S1–S3 and tables S1–S2 are avail-

able at Genome Biology and Evolution online (http://gbe.
oxfordjournals.org/).
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