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Agatha Schlüter1,2, Alejandro Real-Chicharro3, Toni Gabaldón4,
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ABSTRACT

Peroxisomes are essential organelles that play
a key role in redox signalling and lipid homeostasis.
They contain a highly diverse enzymatic network
among different species, mirroring the varied
metabolic needs of the organisms. The previous
PeroxisomeDB version organized the peroxisomal
proteome of humans and Saccharomyces cerevisiae
based on genetic and functional information
into metabolic categories with a special focus on
peroxisomal disease. The new release (http://www
.peroxisomeDB.org) adds peroxisomal proteins
from 35 newly sequenced eukaryotic genomes
including fungi, yeasts, plants and lower eukaryotes.
We searched these genomes for a core ensemble
of 139 peroxisomal protein families and identified
2706 putative peroxisomal protein homologs.
Approximately 37% of the identified homologs con-
tained putative peroxisome targeting signals (PTS).
To help develop understanding of the evolutionary
relationships among peroxisomal proteins, the new
database includes phylogenetic trees for 2386 of
the peroxisomal proteins. Additional new features
are provided, such as a tool to capture kinetic
information from Brenda, CheBI and Sabio-RK
databases and more than 1400 selected biblio-
graphic references. PeroxisomeDB 2.0 is a freely
available, highly interactive functional genomics
platform that offers an extensive view on the
peroxisomal metabolome across lineages, thus
facilitating comparative genomics and systems
analysis of the organelle.

INTRODUCTION

Peroxisomes were discovered in 1954 with electron micros-
copy (1) and isolated by De Duve and Baudhuin in 1966
(2). Only recently, their evolutionary and ontogenetic
origin has been related to the endoplasmic reticulum
(3–5). Peroxisomes contribute to many crucial metabolic
processes such as fatty acid oxidation, biosynthesis of
ether lipids and free radical detoxification (6–8). These
organelles are essential for normal development and
growth, and their deficiencies lead to severe and often
fatal inherited peroxisomal disorders in humans (9).
With the aim of gaining knowledge of peroxisome
biology, we have created PeroxisomeDB (http://www.
peroxisomeDB.org), a relational database that compiles
and integrates functional and genomic information
about peroxisomal proteomes of Homo sapiens and
Saccharomyces cerevisiae, organized in metabolic
pathways (10). Key features of the database included a
peroxisomal targeting signal (PTS) predictor and a
peroxisome predictor, useful to identify peroxisomes and
candidate peroxisomal proteins in newly sequenced
genomes (10).

Peroxisomes differ substantially among species with
respect to their enzyme content and specific metabolic
functions. Some examples of the remarkable metabolic
plasticity of peroxisomes include: (i) photorespiration in
photosynthetic organisms; (ii) conversion of fatty acids
into carbohydrates through the glyoxylate cycle in
plants, protozoa and some yeasts (therefore designated
as glyoxysomes); and (iii) glycolysis, purine salvage and
pyrimidine biosynthesis, and pentose phosphate pathway
in the glycosomes of trypanosomatids (11–13). To better
compile the diversity of peroxisomes, we have introduced
PeroxisomeDB 2.0. We generated this comprehen-
sive catalogue by searching 37 taxonomically diverse
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full-sequenced genomes and identified the global
peroxisomal metabolome. The database includes high-
quality trees to make it easier to understand the evolution-
ary history of peroxisome proteins. PeroxisomeDB 2.0
aims at organising curated and updated, biochemical,
genomic and phylogenetic information on peroxisomal
proteomes and their interactions.

RESULTS AND DISCUSSION

Capturing the peroxisomal proteome from 37 eukaryotic
genomes

With a comparative genomics approach, we predicted
peroxisomal proteins in silico based on homology
(Figure 1). First, we obtained 85 H. sapiens and 61
S. cerevisiae peroxisomal proteins from PeroxisomeDB
(10), the proteomes of glycosomes from the trypano-
somatids Trypanosoma brucei, Trypanosoma cruzi and
Leishmania major, manually curated according to litera-
ture (14), and the glyoxysomal proteome from the
Arabidopsis thaliana genome contained in the Araperox
database (15). Second, to identify peroxisomal protein
homologs from 19 additional eukaryotic genomes
in ENSEMBL, we used orthology predictions from
ENSEMBL COMPARA (16) database version 47
(http://oct2007.archive.ensembl.org/). Third, from the
resulting peroxisomal ensemble, we designed 139
peroxisomal protein families or core functional units,
using a tool based on the profile Hidden Markov
Models, HMMER (17). Finally, to identify the homologs

to these peroxisomal protein family units, we calculated a
HMM best hit score for searches against 37 eukaryotic
genomes (35 new genomes, H. sapiens and S. cerevisiae).
A putative peroxisomal homolog had an HMM score of
at least 10�3. This search yielded a set of 2706 predicted
peroxisomal homologous proteins, which were deposited
into PeroxisomeDB 2.0.
We sampled genomes with the goal of encompassing

eukaryotic phylogenetic diversity, from mammals to
protists or lower eukaryotes, including plants and fungi.
The 37 eukaryotes included trypanosomatids (L. major,
T. brucei and T. cruzi); the red algae Cyanidioschyzon
merolae, a unicellular organism that contains a single
peroxisome; the diatom Thalassiosira pseudonana, which
acquired a plastid through a secondary endosymbiotic
process; the ciliate Tetrahymena thermophila which is
closely related to the Apicomplexa that have no
peroxisomes (4,18); and the social amoeba Dictyostelium
discoideum from a eukaryotic lineage prior to the split of
metazoans and yeasts. A list of all species included in
the database, and their genome sources is available at
PeroxisomeDB 2.0 (http://www.peroxisomedb.org/show.
php?action=OrganismCatalogue).

Fishing for PTS in silico

Our previously developed PTS predictor (10) is a
powerful tool that provides PTS1, PTS2 and PEX19BS
predictions by using a sequence multiple alignment
without gaps or BLOCK (19). We performed high-
scale motif searches using Blimps software (20) applied

Figure 1. An outline on how the PeroxisomeDB 2.0 was generated. The PeroxisomeDB 2.0 includes proteins from yeast and human (PeroxisomeDB
previous release), the glycosome proteome from trypanosomatids and the glyoxysome proteome from Arabidopsis thaliana. Using a protein consensus
designed by HMM, we have scanned 37 eukaryotic genomes to identify 2706 putative peroxisomal homologs.
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to each PTS BLOCK to screen the 2706 identified
peroxisomal proteins. We identified 1126 PTSs from
944 proteins of the 2706 entries. Most proteins had
either a PTS1 signal (571) or a PEX19BS signal (482).
Only 73 proteins had PTS2 signals, although this motif
is only known to be a part of 3-ketoacyl-CoA thiolase
(Acaa1), Phytanoyl-CoA dioxygenase (Phyh) and
Alkyldihydroxyacetonephosphate synthase (Agps)
protein families. We confirmed a PTS2 signal in several
known peroxisomal enzymes, such as Acyl-coenzyme A
oxidase (Acox) and Citrate synthase (Cs) of D.
discoideum and A. thaliana (21,22), and the Glycerol-3-
phosphate dehydrogenase (GPD) of yeasts (23). We also
predicted a PTS2 in the Glycosyl hydrolase (PEN2)
of A. thaliana, experimentally identified as peroxisomal
protein (24).

The global peroxisomal metabolome at a glance

Each of the 2706 proteins has a database entry that
includes information on the assigned protein family, func-
tional category and subcellular localisation, as well as
links to reference databases and Pubmed. The entry also
summarizes the PTS predictions and homology computa-
tions, including BLASTP, PSI-BLAST, multialignments
and phylogenetic trees. Finally, enzymes entries are
linked through the ontology-based mediator used by
SBMM Assistant (www.sbmm.uma.es) (25) to the refer-
ence databases Brenda, CheBI and Sabio-RK, which
provide updated kinetic and biochemical information for
peroxisomal enzymes. This assistant works by recognizing
the respective EC codes from Gene Bank and/or Ensemble
and subsequently fetches the relevant data. A summary
of the novel functions of PeroxisomeDB 2.0 as com-
pared to the previous PeroxisomeDB is available as
Supplementary Table S1.
A central feature of the database is a global Peroxisome

Metabolome Network composed of the most relevant
known peroxisomal metabolic pathways, and it includes
the putative peroxisomal homologs assigned to their
respective protein families after identification in the
current analysis (Figure 2). The integration into this
comprehensive and complete metabolomic picture is of
particular relevance for organisms such as Anopheles
gambiae and Tetraodon nigroviridis, to cite but two,
whose proteins lack curated peroxisomal annotation at
NCBI and, to the best of our knowledge, experimental
peroxisomal localisation (see Supplementary Table S2).
We have developed a function for viewing the metabolome
networks in a species-specific manner (Figure 2). Beyond
these species-specific metabolic pathways, PeroxisomeDB
2.0 emerges as the integrative tool for the study of the
global peroxisomal metabolome.

Molecular phylogenetic analysis of the global
peroxisomal metabolome

Using MUSCLE 3.6 (26), TrimAl v1.2 (27), PhyML
aLRT version (28,29) and Mr Bayes (30) as described
in PeroxisomeDB (http://www.peroxisomedb.org/
peroxHelp/PROGRAMS_3.php), we built 2386
phylogenetic trees. An example of a phylogenetic tree

for the Malate dehydrogenase (Mdh) enzyme is shown
in Figure 3. For the remaining 320 peroxisomal
homologs, we did not build a tree because fewer than
four homologs were identified in the eukaryotic
genomes. For some model species, such as S. cerevisiae
and humans, links to additional phylogenomic resources
are available through PhylomeDB database (31).

This molecular phylogenetic approach yielded impor-
tant findings with functional implications. Beyond the
well-known peroxisomal core metabolic pathways that
confer identity to the organelle, such as catalase and
beta-oxidation of fatty acids (6–8), we identified addi-
tional ancient peroxisomal acquisitions in taxonomically
diverse organisms. For example, Peroxiredoxin 1 (Prdx1)
in mammals (32) and Tryparedoxin peroxidase (Tpx) of
trypanosomatids were closely related, suggesting a com-
mon peroxisomal origin for the peroxiredoxin system.
Similarly, the trypanosomatid NADP+-dependent
dehydrogenase Glucose-6-phosphate 1-dehydrogenase
(G6pdh) of the pentose phosphate pathway of glycosomes
is present in all eukaryotic organisms analysed here,
although the peroxisomal localisation of the pathway
has only been described in trypanosomatids to date.
This finding might provide a rationale for previous exper-
imental data showing 10% enzymatic activity of these
enzymes in rat liver peroxisomes (33), raising the possibil-
ity of a partial peroxisomal location of the pathway in
mammals. Additionally, the phylogenies revealed a
common origin for metazoan Coenzyme A diphosphatase
or nucleoside diphosphate-linked moiety X motif 7
(Nudt7 or Nudix motif 7) and the Peroxisomal nudix
pyrophosphatase with specificity for coenzyme A and
CoA derivatives (Pcd1) of yeasts, reinforcing previous
suggestions (34).

Not all currently known peroxisomal enzymes were
part of the original peroxisome, examples being some
enzymes of beta-oxidation of fatty acids route (3).
Peroxisomes of different lineages have also acquired
enzymes as the metabolic needs of the organisms
changed. Interestingly, we detected independent events
of the same homologous protein from different species
recruited into the peroxisome. Some enzymes of the
glyoxylate pathway have been independently incorporated
into the peroxisome of yeasts, plants and trypanosomatids
(35). This is the case for the Mdh (see tree Figure 3), which
evolved from duplications of homologous proteins in
another cellular location, which occurred after eukaryote
divergence. For Cs, duplications occurred in yeasts, but a
horizontal transfer from eubacteria was at the origin of
the peroxisomal enzyme in plants (35). This is an excellent
example of the metabolic constraints of the cell acting as
the driving force in the recruitment of a given key function
to peroxisomes, several times independently.

Future challenges

As organelle-specific proteomic technologies and whole
genome sequencing projects progress, the number of
known peroxisomal proteins is exponentially growing. It
is challenging to keep up with these protein discoveries
while maintaining a high-quality curated database.
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The PeroxisomeDB 2.0 currently includes manually
curated human, S. cerevisiae, A. thaliana and trypanoso-
matid peroxisomal proteins with the peroxisomal proteins
from the remaining species assigned based on an automatic
sequence homology. We plan to replace this predicted
peroxisomal annotation to fetch experimental organelle
localisation with a semi-automatic curation system for
semantic data integration and text mining from literature,
which will be relaunched every two months. Precomputed
homology searches using BLAST and PSI-BLASTwill also
be relaunched bimonthly. A collaborative interface will be
developed to encourage user input to complement these

routines and benefit from the collective knowledge of the
scientific community. Finally, peroxisomes are dynamic
compartments metabolically linked to other subcellular
structures, such as mitochondria and endoplasmic
reticulum (36). Extension of the peroxisomal metabolome
beyond the organelle borders to encompass these shared
metabolic pathways is an exciting perspective.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

Figure 2. The Metabolome page displays the global peroxisomal metabolome network for the 37 eukaryotic genomes. The tool allows the user to
focus on a species of interest by clicking on ‘choose an organism’.
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Figure 3. The maximum likelihood tree (ML) of malate dehydrogenase (Mdh) protein family, taking the peroxisomal Mdh from Arabidopsis thaliana
as a seed. Different species names are given in different colours. Phylogenetic trees are available in newick standard format and associated with
taxonomic data via phyloXML, an XML language for the analysis, exchange, and storage of phylogenetic trees and associated data.
The Archaeopteryx applet software was used for the visualisation of phylogenetic trees (37).
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