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Abstract

eukaryotes.

Background: We have examined the phylogenetic pattern among eukaryotes of homologues of the E. coli 7,8-
dihydro-8-oxoguanine (8-oxo-G) repair enzymes MutY, MutM, and MutT.

Results: These DNA repair enzymes are present in all large phylogenetic groups, with MutM homologues being
the most universally conserved. All chordates and echinoderms were found to possess all three 8-oxo-G repair
components. Likewise, the red and green algae examined have all three repair enzymes, while all land-living plants
have MutY and MutM homologues, but lack MutT. However, for some phyla, e.g. protostomes, a more patchy
distribution was found. Nematodes provide a striking example, where Caenorhabditis is the only identified example
of an organism group having none of the three repair enzymes, while the genome of another nematode,
Trichinella spiralis, instead encodes all three. The most complex distribution exists in fungi, where many different
patterns of retention or loss of the three repair components are found. In addition, we found sequence insertions
near or within the catalytic sites of MutY, MutM, and MutT to be present in some subgroups of Ascomycetes.

Conclusion: The 8-oxo-G repair enzymes are ancient in origin, and loss of individual 8-oxo-G repair components at
several distinct points in evolution appears to be the most likely explanation for the phylogenetic pattern among

Background

To maintain structural integrity of DNA, organisms
have developed DNA repair mechanisms. These have
evolved both in complexity and specificity to ensure
genomic integrity against the constant threats from
damaging agents of endogenous and exogenous origins.
Damage to DNA bases resulting from alkylation, oxida-
tion, deamination, and UV-induced crosslinking, is
mainly repaired by the base excision repair (BER) path-
way, which is highly conserved throughout evolution
and ubiquitously present in bacteria, archaea, and eukar-
yotes [1]. BER is the major pathway for repair of oxida-
tive base damage, transcription-coupled repair (TCR)
and mismatch repair (MMR) being important backup
pathways. Moreover, several of the DNA glycosylases
that initiate BER of oxidative damage have overlapping
specificities and serve as alternative pathways for various
DNA lesions [2]. Oxidative damage in DNA, specifically
the 8-oxo-G lesion, is removed or prevented by the 8-
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0x0-G-specific BER enzymes MutY, MutM, and MutT
[3]. MutT is an 8-oxo-dGTPase that prevents incorpora-
tion of 8-0xo-G into DNA [4]. MutM excises 8-0x0-G
paired with C [5], while MutY is an adenine-DNA gly-
cosylase that excises A paired with 8-oxo-G [6]. The
MutY and MutM glycosylases are both members of the
helix-hairpin-helix (HhH) superfamily. This gene sub-
family is the most diverse of the DNA glycosylases, with
differing substrate specificities [7]. The MutT homolo-
gue belongs to the group of nudix hydrolases and is not
classified as a DNA glycosylase, despite being a compo-
nent of the 8-0xo-G repair system [1].

The existence of an 8-oxo-G repair system in all main
organism groups; archaea, bacteria, fungi, animals, and
plants, underscores the importance of this system to
defend against deleterious 8-oxo-G mutagenesis. Despite
the widespread conservation and importance of this
repair system in maintaining genomic stability, limited
phylogenetic data is available about the highly diverse
and adaptable HhH gene family of DNA repair enzymes
among eukaryotes. The expanding number of entire
genome sequences from a wide range of eukaryotic
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groups therefore encouraged an analysis of the phyloge-
netic distribution of the 8-0x0-G repair genes. As a
broad phylogenetic analysis of the HhH superfamily of
BER DNA glycosylases among prokaryotes has already
been presented [7], prokaryotes were omitted from this
study. Here, we have identified 8-oxo-G repair genes
from metazoans, fungi and plants, along with a sequence
analysis of the identified proteins.

We find that their phylogenetic distribution among
eukaryotes strongly argues for group-specific gene
losses. Thus, we reveal several cases of unexpected gene
distributions, despite the fact that our analysis includes
organisms where DNA repair has been extensively char-
acterised both biochemically and genetically: yeast,
mammals, and higher plants.

Results

Phylogenetic distribution

The phylogenetic distribution and sequence analysis of
the 8-oxo0-G repair components included a large number
of species across the domains of fungi, animals, and
plants. In general, homologues of all three types of 8-
oxo-G involved enzymes MutY, MutM, and MutT were
found in most surveyed subgroups of animals and plants
with a few exceptions (Figures 1, 2 and 3). All three 8-
0x0-G repair enzymes are found throughout the entire
group of chordates (8 species examined; Fig. 1). In red
and green algae, the distribution pattern is likewise uni-
form, with all three repair homologues found in all spe-
cies examined. Notably, all eight species of land-living
plants examined lack a MutT homologue, but do pos-
sess MutY and MutM homologues (Fig. 2). However,
MutY homologues are apparently absent in insects and
annelids (Fig. 1). Notably, the Caenorhabditis nematodes
harbour none of the three 8-oxo-G repair genes of inter-
est. Interestingly, all three enzymes are found in the
nematode Trichinella spiralis and MutM is found in
Brugia malayi, showing that nematodes have evolved
several different ways to deal with 8-oxo-G damage.
Each of the two nematodes C. elegans and C. briggsae
harbours one HhH superfamily homologue from the
Nth BER family [7], which may functionally overlap and
explain the lack of the 8-0xo-G repair system. Similarly,
the molluscs display a very scattered distribution, with
no single species harbouring all three 8-oxo-G repair
proteins. However, considering molluscs as a group, all
enzyme members of the 8-oxo-G repair system are
represented (Fig. 1). Incomplete genome sequencing
cannot be ruled out as a source of error, however.

The situation in fungi looks more diverse. Overall, all
three 8-0x0-G repair homologues are found in basidio-
mycetous fungi (Fig. 3). However, among ascomycotes,
the phylogenetic distribution pattern is clear but patchy.
Of the three proteins, MutT is the least prevalent in
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Ascomycota, and is retained only in the “Candida”
group. All ascomycetous fungi were found to harbour
the MutM homolog, with the exception of Schizosac-
charomyces, although in this clade the single species Sz.
japonicus seems to have the MutM protein as well. The
MutY homologue is absent not only from Saccharo-
myces cerevisiae and closely related species, but also
from other organisms of Saccharomycotina. Interest-
ingly, the MutY component is found in Sordariomycetes
and Dothideomycetes (subgroups of Pezizomycotina),
but not in Eurotiomycetes, indicating it has been lost
several times during evolution of the ascomycotes.
MutY was present in all Schizosaccharomyces species,
which was expected as Sz. pombe has a well-charac-
terised MutY homologue.

Overall, the MutM homologue emerges as the most
prevalent repair 8-oxo-G component among eukaryotes.

Sequence divergence between orthologues

To see if sequence divergence of the three repair pro-
teins correlates with phylogeny, or would be dependent
on the presence or absence of other 8-0x0-G repair
components within any given organism, multiple
sequence alignments were constructed (Figs 4 and 5).
Among the 8-oxo0-G enzymes, only the sequence of
MutY is highly conserved between prokaryotes and
eukaryotes [8]. MutY has a catalytic domain containing
a signature helix-hairpin-helix element, followed by a
Gly/Pro-rich loop and a catalytically essential aspartate
residue, referred to as the HhH-GPD motif. MutY is dis-
tinct among the HhH-GPD superfamily in that it con-
tains an additional carboxy-terminal domain that seems
to be responsible for 8-o0xo-G recognition [9]. The two
MutY helical domains form a positively-charged groove
with the adenine specific pocket at their interface. Like
MutY, other base excision repair HhH superfamily gly-
cosylases (MutM, Endolll and AlkA) use similar two-
domain molecular scaffolds, and their DNA-binding
HhH-GPD motifs is the most conserved superfamily
structural element [10]. In general, a strong conservation
of the defined protein domains of MutY, MutM, and
MutT was found. Identified residues, critical for DNA
binding and substrate interaction [11-13], are extremely
well conserved through all species examined. However,
the group of fungi shows some unique sequence fea-
tures. The “Saccharomyces” subgroup within Saccharo-
mycotina is found to harbour an insert in MutM,
approximately 15 amino acids long, about 10 residues
downstream from the HhH-PVD structural domain (Fig.
4). Furthermore, the Eurotiomycetes subgroup of Pezi-
zomycotina harbours another MutM insert, located
immediately upstream of the HhH-PVD domain, and of
the same size (about 10 residues; Fig. 4). Conversely, the
Saccharomycotina group “Candida” and the
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Organism MutY MutM MutT

Homo sapiens

Mus musculus
Gallus gallus

Vertebr

Xenopus tropicalis
Tetraodon nigroviridis

Chordata

Danio rerio

Ceph |Branchiostoma floridae

Ciona intestinalis
1
Ixodes scapularis ! 1
Crust Daphnia pulex - -
Parhyale hawaiensis
Drosophila melanogaster

Tribolium castaneum
Apis mellifera

Insect

Arthropoda

Nasonia vitripennis

Pediculus humanus corporis

Caenorhabditis elegans
Brugia malayi

Nematoda

Trichinella spiralis

Lottia gigantea

Aplysia californica

Crassostrea gigas

Capitella sp.
Helobdella robusta
Schistosoma mansoni

Anne

Lophotro

Platyhelm
Schistosoma japonicum

Nematostella vectensis

Cnidaria

Hydra magnipapillata

Placozoa | Trichoplax adhaerens

Choanoflag | Monosiga brevicollis

Figure 1 Phylogenetic distribution of MutY, MutM, and MutT homologues among metazoans. The table shows the presence (grey) or
absence (white) of 8-oxo-G repair gene homologues found in species included in the survey. Abbreviations: “Vertebr”, Vertebrata; “Ceph”,
Cephalochordata; “Uro”, Urochordata; “Cheli”, Chelicerata; “Crust”, Crustacea; “Lophotro”, Lophotrochozoa; “Mollu”, Mollusca; “Anne”, Annelida;
“Platyhelm’”, Platyhelmintes; “Choanoflag”, Choanoflagellata.
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Organism

MutY MutM MutT

Arabidopsis thaliana

Ricinus communis

Populus trichocarpa

Vitis vinifera

Zea mays

Vascular

Oryza sativa

Streptophyta

Selaginella moellendorffii

Moss | Physcomitrella patens

Chlamydomonas reinhardftii

Chlorella

Chlorophyta -
Ostreococcus tauri

Micromonas

Rhodophyta |Cyanidioschyzon merolae

Figure 2 Phylogenetic distribution of MutY, MutM, and MutT homologues in pants. The table shows the presence (grey) or absence
(white) of 8-oxo-G repair gene homologues found in species included in the survey. “Vascular’, Tracheophyta.

Pezizomycotina group Sordariomycetes, that do not har-
bour any of the two MutM insertions, instead were
found to have a small MutT sequence insertion and a
longer MutY insertion, respectively (Fig. 3). The MutY
insertion is located in the beginning of the specific “ade-
nine recognition site”, the substrate binding domain of
the MutY protein (Fig. 5). While the longer, about 20
residues, MutY insertion is located in the important
substrate recognition site, the shorter MutT insertion is
located outside the highly conserved structural “nudix
motif” in the catalytic site of the protein (not shown).
Thus, all identified sequence insertions are found only
among ascomycetous species, largely paralleling the phy-
logenetic division into subgroups. Interestingly, no single
fungal species carries more than one out of the four
identified sequence insertions (two in MutM, one in
MutY, one in MutT). Construction of phylogenetic trees
from entire protein sequences, in trying to clarify any
mutually dependent evolutionary relationship between
the 8-0x0-G repair components and these sequence
insertions, did not provide any further information.

Discussion

Evolutionary loss of individual 8-oxo-G repair proteins
is the most likely event behind the observed distribution
pattern of the MutM, MutY, and MutT proteins among
eukaryotes. The existence of highly conserved full-length
protein sequences throughout the lineage of evolution
strongly argues for group-specific gene losses, and rules
out convergent evolution of independently evolved cata-
lytic domains of repair genes among diverse subgroups
of eukaryotic species. However, it is not obvious why
individual 8-0xo0-G repair homologues have been lost or

retained in an organism group. In fungi, the loss of spe-
cific 8-0xo0-G repair genes in distinct phylogenetic
branches is very clear. Fungi within Pezizomycotina
have lost the MutT homolog, while Saccharomycotina
species seem to have lost the MutY homologue (Fig. 6).
The Eurotiomycetes branch of Pezizomycotina moreover
has lost the MutY protein, and harbours only the MutM
homolog. The “Saccharomyces” and “Yarrowia” sub-
groups of Saccharomycotina also show loss of the MutT
homolog, while it is still present in the “Candida”
branch of Saccharomycotina (Fig. 6).

The “Saccharomyces”, like the Eurotiomycetes sub-
groups, harbour only the MutM homolog. All subgroups
of Ascomycota clearly harbour the MutM repair
enzyme, except Schizosaccharomyces. Interestingly, in
this clade the single species Sz. japonicus harbours a
MutM homologue, with a sequence similar to other fun-
gal homologues. By contrast, in Sz. pombe, MutT- and
MutM-like proteins have not been identified either by
sequence or experimental analysis [14]. Also, the nema-
tode C. elegans deviates from the expected distribution
pattern of 8-oxo-G repair enzymes, in that it harbours
none of the 8-o0xo-G repair components. However, C.
elegans does hold the Nth HhH superfamily homologue,
which may function in an alternative 8-oxo-G repair
pathway [7]. It is noteworthy that Caenorhabditis thus
only has one HhH superfamily member. By contrast, the
nematode Trichinella spiralis harbours all three of the
Mut proteins. This probably reflects the large evolution-
ary distance between nematode subgroups, with T. spir-
alis belonging to a basal lineage and evolutionary distant
to C. elegans. Another noteworthy example is Droso-
phila melanogaster, which only has a MutM homologue,
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Organism

MutY

MutM

MutT

Sac

Saccharomyces cerevisiae

* C-term

Vanderwaltozyma polyspora

* C-term

Zygosaccharomyces rouxii

* C-term

Lachancea thermotolerans

* C-term

Candida glabrata

* C-term

Ashbya gossypii

* C-term

Kluyveromyces lactis

* C-term

Can

Saccharomycotina

(o}

Pichia stipitis

Debaryomyces hansenii

Candida albicans

Candida tropicalis

Pichia guilliermondii

Candida dubliniensis

Candida lusitaniae

Yarrowia lipolytica

m y ¢

Sor

(o]

Podospora anserina

Chaetomium globosum

Gibberella zeae

NSUI'OS,OOI'E crassa

Veerticillium albo-atrum

Nectria haematococca

Dot

Phaeosphaeria nodorum

* N-term

Pyrenophora tritici-repentis

* N-term

A
Pezizomycotina

Eur

Ajellomyces capsulatus

* N-term

Penicillium marneffei

* N-term

Talaromyces stipitatus

* N-term

Coccidioides immitis

* N-term

Aspergillus oryzae

* N-term

Aspergillus nidulans

* N-term

Taphri

Schizosaccharomyces japonicus

Schizosaccharomyces cryophobus

Schizosaccharomyces octosporus

Schizosaccharomyces pombe

Basidiomyc

Cryptococcus neoformans

Malassezia globosa

Postia placenta

Ustilago maydis

Coprinopsis cinerea okayama

Zygo

Rhizopus oryzae

Chyt

Batrachochytrium dendrobatidis

Micro

Encephalifozoon cuniculi

Enterocytozoon bieneusi

Nosema ceranae

Dicty

Dictyostelium discoideum

Figure 3 Phylogenetic distribution of MutY, MutM, and MutT homologues among fungi. The table shows the presence (grey) or absence
(white) of 8-oxo-G repair gene homologues found in species included in the survey (fungi and slime mold). Repair enzyme homologues with
any of the identified sequence inserts are marked with an asterisk, and where relevant their position indicated (C-term, N-term). “Sac’,
Saccharomyces; “Can”, Candida; “Sor”, Sordariomycetes; “Dot”, Dothideomycetes; “Eur”, Eurotiomycetes; “Taphri”, Taphrinomycotina; “Basidiomyc”,
Basidiomycetes; "Zygo”, Zygomycetes; “Chyt", Chytridiomycetes; “Micro”, Microsporidia; “Dicty”, Dictyostelia.
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Fu  Encephalitozoon cuniculi
Fu Sz, japonicus

Fu  Nectria haematococca
Fu  Giberells zeae

Fu  Podospora anserna

Fu Phasasphaeria nadorum
Fu  Pyrencphora tritici-repentis
Fu  Ajellomyces capsulaius
Fu  Coccidioides immitis

Fu  Penicillium mameftfei

Fu  Talaromyces stipitatus
Fu Aspergillus oryzae

Fu  Aspergillus nidulans

Fu  Candida albicans

Fu  Candida dubliniensis

Fu Candida tropicalis

Fu V polyspora

Fu  Zygosaccharomyces rouxii
Fu Saccharomyces cerevisiae
Fu Candida glabrata

Fu L thermotolerans

Fu  Kluyveromyces lactis
Fu  Ashbya gossypii

Fu  Yarrowia lipolytica

Homo sapiens

Mus musculus

Xenopus tropicalis
Branchiostoma floridae
Lottia gigantea
Nemnatostelia vectensis
S. purpuratus

Daphnia pulex
Trichoplax adhaerens
Ixodes scapulans

Giona instestinalis
Helobdella robusta
Sehistosoma mansoni
Drosophila melanogaster
Tribolium castaneum
Brugia malayi

Vitis vinifera

Arabidopsis thaliana
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Figure 4 Sequence alignment of fungal, metazoan, and plant MutMH. The alignment shows the HhH structural domain, and the two

identified MutMH sequence inserts (yellow shaded boxes) within the fungal groups Eurotiomycetes and “Saccharomyces” respectively. The
Eurotiomycetes MutMH insert is located immediately upstream of the HhH domain, while the “Saccharomyces” insert resides close to the

whereas most arthropods have two to three 8-oxo-G
repair proteins. Therefore, the common picture of 8-
oxo-G repair gene distribution, predicted from a typical
“model organism”, is not always the most representative
view.

The widespread distribution of the MutM homologue
in eukaryotic genomes, and the lack of either the MutY
or the MutT homolog, or both, probably indicates 8-
0x0-G in non-replicated DNA as the most abundant
and important oxidative DNA damage to correct. The
post-replicative adenine DNA glycosylase MutY mainly
serves to excise adenines misincorporated opposite 8-
0x0-G by replication, in cooperation with the MMR sys-
tem [15]. This likely provides redundancy in post-repli-
cative mismatch repair by separate pathways. All three
8-0x0-G repair components, however, are highly specific
for their substrates [16], and possibly may have evolved
from more “promiscuous” BER repair enzymes with cat-
alytic activity toward alternative substrates. The situa-
tion of combining “promiscuous” broad substrate

enzymes with highly specific ones may provide an
advantage in terms of specificity and redundancy within
and between separate DNA repair pathways [16]. The
organism thereby holds the capacity to deal with a lar-
ger variety of DNA damage in a new complex chemical
environment.

The identified sequence insertions in MutY, MutM,
and MutT, respectively, among subgroups of fungi, do
not obviously correlate with the presence or absence of
the other 8-0x0-G repair homologues. It is also not
possible to predict the functional importance of these
sequence insertions for specific enzymatic activities.
The sequence diversity among HhH glycosylases, and
to some extent observed among subgroups of fungi in
this study of the 8-0xo0-G repair system, may reflect
the need of specific and highly adaptable systems to
process complex patterns of DNA damage, caused by
different environmental factors. Disparities in catalytic
mechanisms and in DNA repair pathways, by which an
organism processes DNA damage, probably is part of
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Me Homo sapiens

Me Mus musculus

Me Xenopus tropicalis

Me Branchiostoma floridae
Me S. purpuratus

Me Nematostella vectensis
Me Lottia gigantea

Me Daphnia pulex

Me Ciona instestinalis

Me Hydra magnipapillata
Ba Escherichia coli

Pl Micromonas sp.

Pl Ostreococcus tauri

Pl C. merolae

P! Vitis vinifera

Pl Arabidopsis thaliana
Pl Physcomitrella patens
Fu Sz. japonicus

Fu Sz. pombe

Fu Podospora anserina
Fu Chaetomium globosum
Fu Giberella zeae

Fu Nectria haematococca
Fu V. albo-atrum

Fu Malassezia globosa
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Figure 5 Sequence alignment of fungal, metazoan, and plant MutYH. The alignment shows the C-terminal end of the important HhH
structural domain, and the identified MutYH sequence insert (yellow shaded box) within the fungal group Sordariomycetes. The insert is located
in the MutYH substrate binding site.

the explanation [7]. Even though there is an estab-
lished functional redundancy between the MutY,
MutM, and MutT proteins [17], and between separate
repair pathways, in protecting against oxidative
damage, more experimental data in substrate specificity
and DNA repair pathway redundancy are clearly
needed.

Methods

Eukaryotic organisms were included in the study if the
entire genome sequence was available, with the aim of
covering as wide a selection of organism groups as pos-
sible. Published sequences of MutY, MutM and MutT
from Schizosaccharomyces pombe, Saccharomyces cerevi-
siae, human, and Arabidopsis thaliana were used in
BLASTP searches (E-values < 1 x 107%°) to retrieve can-
didate homologues in the respective groups of fungi,
metazoans, and plants, plus the slime mold Dictyoste-
lium and the choanoflagellate Monosiga (for summary
of data, see Additional file 1, 2, 3 and 4). Evaluation of

candidates was based on the identification of domains in
the NCBI Conserved Domains Database (CDD) that are
specific for the different proteins: Endo3c (cd00056) and
DNAglycosylase_C (cd03431) for MutY, OGG_N
(pfam07934, or in some cases cl06806) and Endo3c for
MutM, and MTH1 (cd03427) for MutT. The domains
were identified as part of the NCBI web-based BLAST
interface which includes an RPS-BLAST search vs. the
position-specific scoring matrices in CDD. While E-
values were different for the four domains, they were
always lower than 1 x 107 (cd03431). Only specific hits
to domains were considered and best hits to similar
domains (for instance Nth) were used as evidence to
reject a candidate. For MutY and MutM, both domains
had to be identified to score as positive. Found
sequences were also subjected to reciprocal BLASTP
searches, ensuring that they indeed were most similar to
proteins of the respective family. Most searches were
conducted using the non-redundant protein database at
NCBI of December 2009.
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Dictyosteliida

muuuununnnnnnn Dictyostelium discoideum

:
H Microsporidia Encephalitozoon cuniculi

: Enterocytozoon bieneusi
H MutY P Nosema ceranae
E @ Chytridiomycota

MutMP
MutT }

Batrachochytrium dendrobatidis

Zygomycota

MutM P

Rhizopus oryzae

Basidiomycota Malassezia globosa

o —_ Postia placenta
Ustilago maydis
Coprinopsis cinerea

Taphrinomycotina Sz japonicus
—— SZ. CryOphobus

Sz. octosporus
Sz. pombe

Cryptococcus neoformans

Pezizomycotina

Ajellomyces capsulatus
Penicillium marneffei

Eurotiomycetes Talaromyces stipitatus

Coccidioides immitis
I Aspergillus oryzae
Aspergillus nidulans

Dothideomycetes

Ascomycota

Phaeosphaeria nodorum
Pyrenophora tritici-repentis

Podospora anserina
Chaetomium globosum
Gibberella zeae
——— \loUrOSpOra crassa
Sordariomycetes Verticillium albo-atrum
Nectria haematococca

Yarrowia

Yarrowia lipolytica
Debaryomyces hansenii
“Candida” Candida albicans

Saccharomycotina

Figure 6 Evolutionary loss of individual 8-oxo-G repair proteins among fungi. Loss of a specific repair protein is indicated by the

homologue name in the outlined branches. The retention of MutM in Szjaponicus marked as dashed box. The basidiomycetes are the only
subgroup harbouring all three 8-ox0-G repair components. The schematic tree is based on Fitzpatrick et al, 2006 [18].

A\

Candida tropicalis
Candida dubliniensis
Candida lusitaniae
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Although the domain search made identifying proteins
with low similarity to the initial query sequences easier,
reliable candidates from the performed searches were
also used as queries to retrieve more sequences from
closely related groups, especially when a thorough eva-
luation was needed because the identified candidate had
a different length.

As most protein sequences are based on gene predic-
tions, many sequences had truncated ends due to the
problems of identifying the exon-intron structure and
thus the true ends of the gene. In those cases, the candi-
date protein sequence was extended by matching full
sequences from closely related organisms to the genome
using TBLASTN and adding the found segments to the
protein sequence. For some organisms, also EST data
were used to validate a predicted sequence. Long gaps
or insertions within sequences that are not conserved in
related species, and thus are indications of erroneous

gene predictions, were left uncorrected as long as they
did not interfere with the identification of domains and
could be aligned properly to the other sequences.

To get a better representation of species in the differ-
ent groups and conduct searches against unpublished
genomes and/or EST libraries, organism-specific data-
bases were also used, many hosted by the Joint Genome
Institute (JGI; Table 1). In the summary of results (Figs
1, 2 and 3), some species in groups with many represen-
tatives are left out (e.g. Drosophila and Saccharomyces
species). In a few cases, species with only EST data
available were added to show that a specific protein was
indeed found within the group (e.g. the mollusc Crassos-
trea gigas).

Multiple alignments were constructed using clustalw
or t_coffee and visualised in JalView where also anno-
tated features, such as the MutY “adenine recognition
site”, were included (Figs 1 and 2). The locations of
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Table 1 Organism-specific databases utilised in this
study.

Species Organization URL

Apis mellifera BeeBase http://genomes.arc.georgetown.
edu/drupal/beebase/

Batrachochytrium Broad http://www.broadinstitute.org/

dendrobatidis annotation/genome/
batrachochytrium_dendrobatidis/

Capitella teleta JGI http://genome jgi-psf.org/Capcal/
Capcal.home.html

Chlorella NC64A JaGl http://genome jgi-psf.org/

ChINC64A_1/ChINC64A_1.home.
html

Chlorella vulgaris JGI http://genome jgi-psf.org/Chlvu1/

Chivul.home.html

Ciona intestinalis JGl http://genome jgi-psf.org/Cicin2/
Cioin2.home.html
Cyanidioschyzon Univ. of http://merolae.biol.s.u-tokyo.acjp/
merolae Tokyo
Daphnia pulex JGI http://genome.jgi-psf.org/
Dappu1/Dappul.home.html
Daphnia pulex wFleaBase http://wfleabase.org/
Dictyostelium dictyBase http://www.dictybase.org/
discoideum

Helobdella robusta JGI http://genome jgi-psf.org/Helro1/

Helro1.home html

Lottia gigantea JGl http://genome jgi-psf.org/Lotgil/

Lotgil.home.html

Monosiga brevicollis )Gl http://genome jgi-psf.org/

Monbr1/Monbr1.home.html

Parhyale hawaiensis )Gl http://genome jgi-psf.org/parha/

parha.home.html

Rhizopus oryzae Broad http://www.broadinstitute.org/
annotation/genome/
rhizopus_oryzae/

Schizosaccharomyces ~ Broad http://www.broadinstitute.org/

octosporus annotation/genome/
schizosaccharomyces_group/

Selaginella JGl http://genome jgi-psf.org/Selmo1/

moellendorffii Selmo1.home.html

Stagonospora Broad http://www.broadinstitute.org/

(Phaeosphaeria) annotation/genome/

nodorum stagonospora_nodorum.2/

Trichoplax adhaerens )Gl http://genome jgi-psf.org/Triad 1/

Triad1.home.html

Xenopus (Silurana) JGl
tropicalis

http://genome jgi-psf.org/Xentr4/
Xentr4.home.html

found insertions were mapped to known 3D structures
of the proteins from the Protein Data Bank, accessed via
NCBI Structure database, using the program Cn3D.
Structures used in the analysis were: MutY from Geoba-
cillus stearothermophilus, PDB:1RRQ; MutM from
Homo sapiens, PDB:2NOF; MutT from E. coli,
PDB:3A6S.
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Additional material

Additional file 1: Sequence Data. Excel file with information on all
sequences included in study and data from searches. Sheets for Fungi,
Metazoa and Plants plus overview for each group. Table contains
accession numbers for MutY/M/T orthologous sequences as well as
information on BLASTP hit values and domain hits. Bullets symbolize
reliable hits for a species to a certain query and may be found in two
columns for each Mut protein: “MutX” or “MutX additional refs” when
additional query sequences from closely related species have been used.
The initially used query sequences are listed in row 2. Comments, such
as truncated domains, are listed in “Note” column.

Additional file 2: MutY alignment. For MutY and MutM most
sequences from tables are included. For MutT only fungi and human
sequences are included. All sequences are named with a code that
identifies the organism group: ‘Me’ = metazoa; ‘Fu’ = fungi; 'PI' = plants;
‘Ba’ = bacteria. Gaps in all sequences are the result of insertions in
sequences removed from alignment. Annotations from literature are
added. Secondary structure was taken from predictions using the "PHYRE
automatic fold recognition server” (http://www.sbg.bio.ic.ac.uk/phyre/).
Regions that are judged as different in a group of organisms are marked
with boxes.

Additional file 3: MutM alignment. For MutY and MutM most
sequences from tables are included. For MutT only fungi and human
sequences are included. All sequences are named with a code that
identifies the organism group: ‘Me' = metazoa; ‘Fu’ = fungi; ‘PI' = plants;
‘Ba’ = bacteria. Gaps in all sequences are the result of insertions in
sequences removed from alignment. Annotations from literature are
added. Secondary structure was taken from predictions using the "PHYRE
automatic fold recognition server” (http://www.sbg.bio.ic.ac.uk/phyre/).
Regions that are judged as different in a group of organisms are marked
with boxes.

Additional file 4: MutT alignment. For MutY and MutM most
sequences from tables are included. For MutT only fungi and human
sequences are included. All sequences are named with a code that
identifies the organism group: ‘Me’ = metazoa; ‘Fu’ = fungi; ‘PI' = plants;
‘Ba’ = bacteria. Gaps in all sequences are the result of insertions in
sequences removed from alignment. Annotations from literature are
added. Secondary structure was taken from predictions using the "PHYRE
automatic fold recognition server” (http://www.sbg.bio.ic.ac.uk/phyre/).
Regions that are judged as different in a group of organisms are marked
with boxes.
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