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The origin of peroxisomes as having developed from the endoplasmic
reticulum (ER) was proposed on the basis of the similarity between some
peroxisomal proteins and ER proteins, and the localization of some
peroxisomal proteins on the ER. To study the evolutionary distance
between peroxisomes and ER and Prokaryotes, we carried out a
phylogenetic analysis of CDC48 (cell division control 48) and its homologs,
including ER-localized CDC48, CDC48 homologs in Prokaryotes and
peroxisome-localized PEX1 and PEX6. A similarity search analysis of
peroxisomal protein sequences to prokaryotic protein sequences using
BLAST at several thresholds (E-values) was also done. We propose
Actinobacteria symbiosis for the origin of peroxisomes based on the
following evidence: (1) PEX1 and PEX6 are close in distance to CDC48
homologs in Actinobacteria, and these distances are closer than to
ER-localized CDC48. (2) Actinobacteria proteins show the highest degree
of similarity to peroxisomal proteins compared with other prokaryotes.
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The ability of peroxisomes to self-divide!” and the fact that they possess their
own protein import machinery for translated proteins(z) suggest the peroxisome
endosymbiosis theory. However, recently, Pex3 (an integral peroxisomal
membrane protein) was also observed in the ER and to be transferred to
peroxisomes in a PEX19-dependent manner®. Others have shown that some
essential peroxisomal proteins, including PEX1 and PEX®6, are similar to proteins
localized in the ER®®. Thus, peroxisomes have been considered to have
developed from the ER.

Other discoveries, however, are contradict these views. Proteins localized in
mitochondria, an an organelle of alpha proteobacterial origin, have also been
observed in the ER®. In Euglena, some proteins are transported from the ER to
the Golgi apparatus prior to import across the three chloroplast membranes'”.
These observations reveal that in organelles originating from endosymbiosis,
such as mitochondria and chloroplasts, the localization of post-translated
proteins in other organelles prior to entering the target organelle is a common
phenomenon. Others have also shown that peroxisomal membrane proteins are
properly targeted to peroxisomes in the absence of COPI and COPII, inhibitors
of vesicle transport in the early secretory pathway(8).

This study took two approaches to obtain information about peroxisomal
evolution. The first approach was a distance comparison of ER-localized CDC48,
CDC48 homologs in Prokaryotes and peroxisome-localized PEX1 and PEX6 by
phylogenetic tree analysis. In this analysis, the distance of chloroplast-localized
Ftsh ATPase to homologues of Cyanobacteria was used as a positive control.
The second approach was a similarity search analysis of the whole open reading
frames (ORFs) of peroxisomal proteins and their counterparts in each
prokaryote. Using this analysis, Horiike et. al. proposed symbiosis of an Archaea
as the origin of the eukaryotic nucleus®. These results show good correlations
with the phylogenetic analysis of most ribosomal proteins showing the
sisterhood of Archaea and eukaryotes!?.

Our phylogenetic trees were built using parsimony and the Bayesian analysis.
In the parsimony analysis, the best tree was obtained using a sequence random
addition and Deltran as the character optimization criterion with an
approximately unbiased (AU) test value of 0.881 and a bootstrap probability (BP)
value of 0.873. In the Bayesian analysis, the highest AU test value (0.824) (BP =
0.584) was obtained using the Hasegawa-Kishino-Yano substitution model with
gamma rate (Table 1).



Bayesian and Parsimony phylogenetic trees are very similar in some points
(Fig.1). Both Bayesian and Parsimony phylogenetic trees show the distances
from peroxisome-localized PEX1 and PEX6 to CDC48 homologs in
Actinobacteria are closer than to ER-localized CDC48. ER-localized CDC48
itself has Archea as its closest neighbor, the same as resulting the findings of
Horiike et. al. ©. Chloroplast-localized Ftsh proteins, as positive controls, also
show a close distance to Cyanobacteria as compared to other prokaryotes. In
the Bayesian tree, high probability (299%) values were obtained for the
branching of species inside each group that is, in the Proteobacteria family (with
the exception of epsilon-Proteobacteria), between Bacillales and Lactobacillales,
between chloroplasts and Cyanobacteria, and among ER, Archea, nucleus,
Actinobacteria, PEX1 and PEX6. These branchings were also conserved in the
parsimony tree.

The close distance with a high probability score between chloroplasts and
Cyanobacteria in our Bayesian tree shows that endosymbiotic evidence can be
obtained using CDC48 homologs. In our Bayesian and Parsimony trees, all trees
show closer relationships between Actinobacterial homologs and PEX1 and
PEX6 than between ER-localized CDC48 with high probability scores. Thus,
PEX1 and PEX6 are considered to be phylogenetically closer to Actinobacteria
homologs than ER-localized CDC48. This finding calls into question the
possibility that PEX1 and PEX6 arose from ER-localized CDC48.

Table 1
Comparison among different phylogenetic reconstructions.
Bayesian analysis

Substitution model Rate Rank AU BP
Felsenstein 1981 Equal 19 3E-68 0
Propinv 17~ 0.002 0.0003
Gamma 18  2E-42 0
Invgamma 7 0.004 0.0001
General-time-reversible Equal 11 0.031 0.012
Propinv 24  3E-44 0
Gamma 10 3E-12 0
Invgamma 9 0.0003 0
Hasegawa-Kishino-Yano Equal 21 0.003 0
Propinv 15  0.001 0

Gamma 1 0.824 0.594



Invgamma 23 0.0004 0

Jukes-Cantor 1969 Equal 14 0.001 0
Propinv 22  3E-05 0
Gamma 3 0163 0.051
Invgamma 8 8E-05 0
Kimura 2-parameter Equal 6 0.026 0.003
Propinv 13 0.0004 3E-05
Gamma 5 0.049 0.004
Invgamma 2 0.418 0.325
Symmetric Equal 20 3E-48 0
Propinv 16 0.002 0
Gamma 12 4E-34 0
Invgamma 4 0.027 0.01

Parsimony analysis

Character Sequence addition Rank AU BP

Acctran Simple 1 0.881 0.873
Random 2 0119 0.127

Deltran Simple 4 0.119 0.127
Random 3 0119 0.127

Abbreviations: AU: approximately unbiased test; BP: bootstrap probability for the AU test.

Figure 2 (A) shows the average number of genes in the peroxisome database
that are orthologous to each prokaryotic group at several thresholds (-log E =
5-200). Actinobacteria show the highest average hit values in the range of —log
E-values at all ranges. Cyanobacteria also show the highest average numbers of
genes orthologous to the chloroplast database at all ranges (Fig 2 (B)).

To determine statistically, the similarity of peroxisomes to Actinobacteria and
that of chloroplasts to Cyanobacteria, we carried out the chi-square test. As a
result, the similarity of the chloroplast proteins in our database to the
Cyanobacteria ORFs was clearly distinctive (p < 0.05 at all thresholds ) . On the
other hand, despite the high average hit number of Actinobacteria groups, the
similarity of peroxisomes to Actinobacteria at a 13% significance level at the
lowest (Fig 2).

Nevertheless, considering the closer relationship of PEX1 and PEX6 to
Actinobacteria homologs than to ER-localized CDC48 in the phylogenetic trees
(Fig 1), and also the finding that the average hit value for peroxisomes to



Actinobacteria were the highest among prokaryotes, there is a high possibility
that peroxisomes originated from Actinobacteria.

Moreover, peroxisomes are surrounded by a single membrane, as is also true
of Actinobacteria. The Actinobacterial membrane shows various biochemical
similarities to peroxisomes such as the presence of sterols™  and
phosphatidylinositol Iipids“z), suggesting them as possible ancestors for the
archaeans and eukaryotes. This shows a significant relationship with the
contribution of ER to peroxisomal formation. Similarities between Actinobacteria
and the ER membrane make it possible for membrane substitutions to occur and
there is a possibility that post-translated peroxisomal membrane proteins such
as PEXS3 mislocalized and docked to the ER.

We considered that the low hit value between peroxisomes and actinobacteria
might be due to the loss of some proteins. Peroxisomes may transfer their genes
to the nucleus, and some genes may be retargeting proteins from mitochondria.
Before the symbiosis of peroxisomes, mithochondria first entered the host cell
and transferred some of their genes to the nucleus®. Thus, when peroxisomes
transferred their genes to the nucleus, genes with functions similar to those of
mitochondrial genes were lost, and as a substitute, mitochondrial proteins were
retargeted to the peroxisomes. One of the proteins required for the
beta-oxidation function (Fox2p) in peroxisomes shows alpha-proteobacterial
descent®), indicating that the presence of long-chain fatty acid beta-oxidation in
peroxisomes followed the endosymbiosis of mitochondria. The recruitment of
proteins of endosymbiotic origin to peroxisomes is not an exceptional event.
Nine proteins in the glycosomes of the kinetoplastida T. brucei and Leishmania
mexicana are derived from chloroplasts, and can be traced back to
Cyanobacteria (13 And since mitochondria and peroxisomes show close
similarities in function, large numbers of peroxisomal proteins can be considered
to have been replaced by mitochondria proteins.

The Actinobacterium used in this study belongs to the Mycobacterium genus
and its phenotypically close Nocardia genus. Mycobacteria have been
suggested to have an endosymbiotic relationship with the human host, and
Adreno-leukodystrophy (ALD), a peroxisome biogenesis disorder, has been
proposed to contribute to host circumstances that are favourable for the
endosymbiosis of mycobacteria’. Furthermore, one of the Mycobacterium
Tuberculosis proteins that is considered to contribute to cholesterol catabolism,

15)

essential for the survival of macrophages( , Shares intriguing sequence



similarity with the eukaryotic multifunctional 17p3-hydroxysteroid dehydrogenase

IV (17BHSD4) involved in peroxisome-related disorders ('),

It has been observed that Mycobacterial proteins also show high similarity to
those of eukaryotes. The first identified histone-like protein of Mycobacterium
Tuberculosis has been demonstrated to possess unique dual domains showing
homology to both bacterial histone-like proteins as well as eukaryotic histone
H107). Mycobacterial cyclase, the closest progenitor of the mammalian adenylyl
cyclase family to date, is also considered to have been spread in eukaryotes by
horizontal gene transfer!'®). These observations are consistent with our findings,
suggesting that evolutionary peroxisomes are organelles developed from
Actinobacteria.

Methods

For these analyses we constructed databases comprising 183 peroxisomal
proteins, 690 chloroplast-localized proteins, 52 prokaryotic genomes, and 4
eukaryote-localized CDC48 proteins (See supplemental material).

Phylogenetic trees

Protein sequences of CDC48 homologs in each prokaryote were obtained from
the above organism database using the BLAST program with the sequences of
known Saccaromyces cerevicae ER-localized CDC48 proteins as queries. The
same method was used to detect CDC48 homologs in our peroxisome and
chloroplast database. From each category, only proteins with the highest
similarity were used. We detected 4 peroxisome-localized homologs (PEX1 and
PEX6), 3 chloroplast-localized homologs, and 1 CDC48 homolog in each
prokaryote.

All protein sequences of ER-localized CDC48, nucleus-localized CDCA48,
peroxisome-localized homologs (PEX1 and PEX6), -chloroplast-localized
homologs (Ftsh Protease) and CDC48 homologs in prokaryotes were aligned in
Clustal X 1.83 using default parameters .

The statistical significance in the competing phylogenetic hypotheses was
assessed under a likelihood model with the approximately unbiased (AU) test"9),



In order to perform the AU test, a set of alternative tree hypotheses must be
available; different phylogenetic hypotheses were obtained for parsimony and
Bayesian analysis (see below). For each phylogenetic tree, site-wise
log-likelihood values were obtained with ProtML 2.3b3, and the AU test was
implemented in CONSEL 0.1f.

Parsimony analysis

Parsimony analyses of CDC48 and its homologs were performed in PAUP*
4.0b10; four different analyses were performed with a bootstrap with 1000
pseudoreplicates: (A) heuristic search with 10 random addition sequences, TBR
with 100 random additions, Acctran as a character optimization criterion, gaps
treated as a fifth state and zero length branches collapsed, (B) heuristic search
with 10 random addition sequences, TBR with 100 random additions, Deltran as
a character optimization criterion, gaps treated as a fifth state and zero length
branches collapsed, (C) heuristic search with simple addition sequence, TBR
with 100 random additions, Acctran as a character optimization criterion, gaps
treated as a fifth state and zero length branches collapsed, and (D) heuristic
search with simple addition sequence, TBR with 100 random additions, Deltran
as a character optimization criterion, gaps treated as a fifth state and zero length
branches collapsed. For the most parsimonious trees obtained in each analysis,
a 50% majority rule consensus was conducted.

Bayesian analysis

Bayesian analyses for CDC48 and its homologs were performed in MrBayes
3.1 with the number of generations set at 250,000, and a sample frequency of
1000 as parameters. Six models were tested: the Felsenstein 1981 model, the
General-time-reversible model, the Hasegawa-Kishino-Yano model, the
Jukes-Cantor 1969 model, the Kimura 2-parameter, and the Symmetric model.
Four "rate" parameters were used (invgamma, propinv, gamma, and equal) for
each model.

The first 40,000 generations were pruned after reaching stationarity, and a 50%
majority rule consensus was constructed using the remaining trees (210).

Similarity search analysis
Proteins for which there is experimental evidence for their localization in



peroxisomes and chloroplasts, and ORFs from the complete genomes of the 52
prokaryotic organisms were used.

Using BLAST, prokaryotic ORFs (in each organism) with the higest degree of
similarity with peroxisomal proteins were detected. Peroxisomal proteins with the
highest degree of similarity to prokaryotic ORFs (in each organism) were also
detected. Finally, ORF pairs showing the highest degree of similarity between
them were included. This operation was done for the purpose of detecting
orthologous gene pairs. In this case, the avoidance of the effect of gene
duplication after the deviation of peroxisomal proteins from each bacterium was

also carried out®”

. Finally, gene pairs were scored as hit numbers. The
threshold (E-value) was set at intervals of 5 in the range of 5-200 as —log E. Hit
numbers for ORFs at each E-value (5-200 as —log E) were calculated for each
organism. Prokaryotic ORFs (in each organism) with the highest degree of
similarity with chloroplast proteins were also detected as positive controls.

The Chi-square test for statistical analysis was carried out for prokaryotic
groups showing the highest hit numbers in most ranges. We calculated the

chi-square statistic as follows:
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Here, O, Ei and n are the mean hit value of prokaryotic groups showing the
highest hit numbers in most ranges, the mean hit value of each prokaryotic
group, and the number of prokaryotic groups used in this analysis, respectively.
To determine the significance level, fifteen (=n-1) degrees of freedom were
used. When p < 0.05, it was judged that the hit number of that group at that
E-value was larger than those of other groups at the 5% significance level.
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Fig 1. Bayesian and parsimony phylogenetic trees. A 50% percent majority rule
consensus of (Left) the Bayesian phylogenetic analysis when
Hasegawa-Kishino-Yano substitution model and gamma rate was used. (Right)
the Parsimony phylogenetic analysis when sequence addition was simple and
Acctran was used as character optimization strategy. Abbreviations: ER:
ER-localized CDC48, Nuc: Nucleus-localized CDC48 (See supplemental
material for organisms three letters abbreviation).

Fig 2. Average hit number of databased peroxisome (A) and chloroplast (B)
proteins to various prokaryotes ORFs and p-values of Actinobacteria (A) and
Cyanobacteria (B) at each threshold. E-values as —log E scale are shown on the
horizontal axes.
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