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Abstract. Phylogenies based on nine prokaryotic cata-
lase sequences demonstrate no relationship to phylog-
enies based on rDNA sequences or other known criteria.
When this observation is considered together with the
monophyletic relationship observed for eukaryotic cata-
lase sequences, it seems likely that the catalase gene
sequence has migrated repeatedly from eukaryotes to
prokaryotes.
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Introduction

Catalase enzyme activity has long been considered a vir-
tual necessity for aerobic life. In recent years, it has
become clear that there are at least three gene families,
unrelated at the sequence level, that encode enzymes
with catalase activity. ‘‘True catalase’’ (all eukaryotic
catalases,E. coli katE) (Schonbaum and Chance 1976;
Loewen et al. 1985a) is found in essentially all eukaryotes
and in many prokaryotes, while ‘‘catalase/peroxidase’’
(E. coli katG) (Loewen et al. 1985b) and ‘‘Mn-catalase’’
(Penner-Hahn 1995) have been reported only from pro-
karyotes. It was previously reported (Von Ossowski et al.
1993) that 16 eukaryotic catalase sequences were mono-

phyletic while four bacterial sequences were not. Re-
cently, there have been a number of new bacterial cata-
lase sequences reported. We report here that phylogenies
based on nine prokaryotic and five eukaryotic sequences
demonstrate no relationship to phylogenies based on
rDNA gene sequences or based on any other known cri-
teria (Fig. 1B). Thus, trees based on bacterial catalase
sequences do not demonstrate even such basic groupings
as prokaryote and eukaryote, orFirmicutes(Gram posi-
tive) andGracilicutes[Proteobacter(Stackebrandt et al.
1988)] (Bergey’s Manual of Systematic Bacteriology
1989). This broad conclusion is very robust and strongly
suggests that horizontal transfer of the catalase gene has
occurred widely among the eubacteria. Taken together
with the monophyletic pattern observed in the eukary-
otes, the observed relationships suggest that the ancestral
roots of the sequence lie in the eukaryotic lineage and
that the sequence has repeatedly migrated horizontally
into the eubacterial realm.

Methods

Catalase Sequences.Catalase coding sequences were retrieved from
GenBank and translated, and both nucleotide and amino acid sequences
were aligned with the ‘‘Pileup’’ program provided in the GCG (Ge-
netics Computer Group Sequence Analysis Software Package, Univer-
sity of Wisconsin) sequence analysis software package, version 8.0
(Devereaux et al. 1984). The default values for GapWeight4 5.0 and
GapLengthWeight4 0.3 for the DNA sequence alignments, and 3.0
and to 0.1, respectively, for amino acid sequence alignments, were
used. The ‘‘Pileup’’ algorithm is based on the method of Feng andCorrespondence to:J. E. Mayfield
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Doolittle (Feng and Doolittle 1987). Following the initial alignment, a
more highly conserved core region was defined and the core sequence
was realigned by the same algorithm. Table 1 lists the sequences ana-
lyzed and defines the core sequences for each sequence (starting and
ending nucleotide numbers are indicated in parenthesis). Nucleotide
sequences of small-subunit rDNA for the same species were aligned
using the same method.

Phylogenetic Analysis.Aligned catalase nucleotide sequences from
the highly conserved core region were analyzed for 14 species using the
Phylogenetic Analysis Using Parsimony package (PAUP) version 3.1.1
(Swofford 1993). A heuristic search was conducted with 100 randomly
determined input orders of data, with global (TBR) branch swapping on
all of the most parsimonious trees (MULPARS invoked) to obtain an
optimal tree: 203 suboptimal trees, up to 20 steps longer than the
shortest tree, were also obtained during this heuristic search to provide
decay values (Bremer 1988; Donoghue et al. 1992). A bootstrap analy-
sis (Felsenstein 1985) was also performed with 1,000 subsamplings of
the original data matrix, 4 replicate searches per subsample, and with
the TBR and MULPARS options. Aligned amino acid sequences for
the same conserved core region and the same species were analyzed in
a parallel search.

Aligned nucleotide sequences from the small-subunit rDNA (16S
or 18S) were analyzed by the same methods for the same species; 725
suboptimal trees up to 20 steps longer than the two equally optimal
trees were obtained in the decay analysis.

Results

Catalase sequences from all reported sources exhibit a
highly conserved core sequence and highly variable N-
terminal and C-terminal sequences. Pairwise alignments
show that within the core sequence region, prokaryotic

Fig. 1. A Bootstrap consensus tree produced on analysis of rDNA
sequences. Note that this tree is identical to the strict consensus of the
two equally optimal trees of length 1,242 each except that the relative
position of species within theFirmicutesclade is unresolved in the
latter. Numbersalong the branches are decay values.Parenthe-

tical numbersare bootstrap values of 50% or greater. Consistency
index (CI), excluding uninformative characters: CI4 0.666; retention
index (RI): RI4 0.765.B Single shortest tree produced on analysis of
catalase nucleotide sequences. Support values are shown as for the
upper tree. CI4 0.465; RI4 0.377.

Table 1. Sequences analyzed/core sequences defined

Species
Core
nucleotides Accession[

Bacillus firmus (82–1,183) L02551
Bacillus subtilis (19–1,105) M80796
Bordetella pertussis (28–1,114) U07800
Brucella abortus (22–1,105) U11439
Escherichia coli (241–1,342) M55161
Haemophilus influenzae (46–1,132) U02682
Lactobacillus sake (16–1,102) M84015
Listeria seeligeri (22–1,108) M75944
Pseudomonas syringae (91–1,168) U03465
Arabidopsis thaliana (52–1,137) X64271
Drosophila melanogaster (76–1,164) X52286
Homo sapiens (82–1,171) X04076
Saccharomyces cerevisiae (67–1,161) X13028
Zea mays (52–1,138) M33104
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nucleotide sequence identities range from 70% (with one
gap) whenBrucella abortusandBordetella pertussisare
compared to 51% (with three gaps) whenB. abortusand
Bacillus firmusare compared. For amino acid sequences,
B. firmus and Escherichia coliexhibit the highest se-
quence identity within the core region, 75% (with no
gaps), andE. coli andPseudomonas syringaethe lowest,
47% sequence identity (with four gaps).

Phylogenetic trees derived from rDNA and catalase
nucleotide sequences were compared for the same set of
species (Fig. 1). Note the contrasting topologies and as-
sociated measures of support of these two trees. In the
rDNA tree, a strongly supported (decay: 7; bootstrap: 97)
clade ofFirmicutesis distinguished from a clade of ex-
clusively Gram-negative species. In this tree, eukaryotes
can be specified as an outgroup having a single common
ancestry. The topology of the catalase tree is markedly
different and anomalous. For example, a clade consisting
of Bacillus firmus,a Gram-positive species, andEsch-
erichia coli, a Gram-negative species, is very strongly
supported (decay: >20; bootstrap: 100). Note that the
secondBacillus species,B. subtilis,occupies a second
clade consisting of a mixture of eukaryotes and Gram-
positive and Gram-negative species. Eukaryotes cannot
be forced into a monophyletic outgroup arrangement in
the optimal catalase tree since they occupy derived po-
sitions of nonsibling clades. Phylogenetic analysis of
catalase amino acid sequences gives a similar anomalous
tree topology (results not shown).

Discussion

The horizontal transfer of useful genes between distantly
related organisms represents an evolutionary opportu-
nity. The apparent advantage to an organism which could
acquire useful gene functions from other organisms
seems to be so great that it is a wonder phylogenies based
on single genes contain any useful information about the
long-term evolutionary history of organisms. Yet, clearly
they often do, especially when genes essential to the
normal metabolism of the cell are examined (Woese
1987; Avise 1994). Catalase activity is often described as
essential for aerobic life, but only recently has it been
realized that there are at least three unrelated sequence
families that code for enzymes with catalase activity.
These are ‘‘true catalase’’ (Schonbaum and Chance
1976), ‘‘catalase/peroxidase’’ (Triggs-Raine et al. 1988),
and ‘‘Mn-catalase’’ (Penner-Hahn 1995). All three se-
quence families are found in the prokaryotic world, while
only ‘‘true catalases’’ have been found in eukaryotes.
There are currently three known organisms with Mn-
catalase activity (Shank et al. 1994), and none of these
DNA sequences has been reported. Catalase/peroxidase
is very widespread, and there are currently six catalase/
peroxidase sequences reported in GenBank. Distance
analysis of these sequences is in reasonable agreement
with accepted phylogenies (data not shown). This obser-

vation taken together with the nonsensical relationships
reported in this paper for the ‘‘true catalases’’ may in-
dicate that the catalase/peroxidase gene family represents
an ancient eubacterial mechanism for protecting cells
from hydrogen peroxide while the true catalases origi-
nated early in the eukaryotic lineage and spread horizon-
tally into the Eubacteria after the appearance of the plant
and animal kingdoms. If this conclusion is accepted, the
analysis reported here requires that the migration of the
catalase sequence from eukaryotes to prokaryotes have
occurred multiple times in evolutionary history. At this
time, we offer no additional evidence to support this
hypothesis, but simply suggest that it is the simplest ex-
planation for the bizarre relationships demonstrated in
this paper.
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