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Abstract

Background: Histone deacetylases are enzymes that modify core histones and play key roles in
transcriptional regulation, chromatin assembly, DNA repair, and recombination in eukaryotes.
Three types of related histone deacetylases (classes |, 2, and 4) are widely found in eukaryotes, and
structurally related proteins have also been found in some prokaryotes. Here we focus on the
evolutionary history of the class 4 histone deacetylase family.

Results: Through sequence similarity searches against sequenced genomes and expressed
sequence tag data, we identified members of the class 4 histone deacetylase family in 45 eukaryotic
and 37 eubacterial species representative of very distant evolutionary lineages. Multiple
phylogenetic analyses indicate that the phylogeny of these proteins is, in many respects, at odds
with the phylogeny of the species in which they are found. In addition, the eukaryotic members of
the class 4 histone deacetylase family clearly display an anomalous phyletic distribution.

Conclusion: The unexpected phylogenetic relationships within the class 4 histone deacetylase
family and the anomalous phyletic distribution of these proteins within eukaryotes might be
explained by two mechanisms: ancient gene duplication followed by differential gene losses and/or
horizontal gene transfer. We discuss both possibilities in this report, and suggest that the
evolutionary history of the class 4 histone deacetylase family may have been shaped by horizontal
gene transfers.

Background

In eukaryotes, DNA is packaged into chromatin structures,
the basic unit of which is the nucleosome. Each nucleo-
some consists of about 148 bp of DNA tightly wrapped
around a histone-protein octamer containing two copies
each of H2A, H2B, H3, and H4 [1]. The packaging of DNA
restricts its accessibility to proteins such as transcription
factors, and therefore the transcriptional activation of

many genes requires chromatin modifications such as
reversible acetylation of the core histones [2]. The steady-
state level of acetylation is controlled by the antagonistic
activities of two types of enzymes: histone acetyltrans-
ferases and histone deacetylases (HDACs). HDACs thus
play key roles in transcriptional regulation and also in
other cell processes that are influenced by the acetylation

Page 1 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16884538
http://www.biomedcentral.com/1741-7007/4/24
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/

BMC Biology 2006, 4:24

state of core histones, such as chromatin assembly, DNA
repair, and recombination [3,4].

HDACs have additional activities that are not directed at
histones: many HDACs are partially found in the cyto-
plasm, and some have been shown to act on non-histone
substrates, such as the cytoskeletal protein, tubulin, and
the transcription factors p53 and YY1 [5-7]. Acetylation/
deacetylation might thus be a widespread type of post-
translational modification, acting in a manner similar to
phosphorylation/dephosphorylation in the regulation of
protein activity [8]. In addition, HDACs have recently
attracted considerable attention because chemical inhibi-
tors of HDACs induce growth arrest, differentiation, and/
or apoptosis of cancer cells both in vitro and in vivo, and
may thus represent a new class of anti-tumor agents [4].

Recent phylogenetic studies [9] classify the non-sirtuin
HDAG:s into three families: the well-known class 1 (which
includes the human HDACs 1, 2, 3, and 8), class 2
(including the human HDAGs 5, 6, 7, 9, and 10), and an
additional class defined by the recently identified human
HDAC 11 [10]. This third class has been named class 4 to
distinguish it from the unrelated NAD-dependent class 3,
i.e. the sirtuin deacetylases related to the yeast Sir2 protein
[9]. Orthologues of the eukaryotic HDACs are found in
prokaryotes [9,11], and phylogenetic analyses indicate
that most of them can confidently be assigned to one or
another of the three classes distinguished among eukary-
otic HDAG:s [9]. These prokaryotic proteins act biochemi-
cally on non-histone substrates and are usually labelled as
'acetoin utilization proteins' or 'acetylpolyamine amido-
hydrolases' with reference, respectively, to their involve-
ment in the utilization of the carbon source acetoin or in
the deacetylation of polyamines such as spermine [11]. It
is known, however, that acetylpolyamine aminohydro-
lases share some important functional features with
eukaryotic histone deacetylases, as both: (i) recognize an
acetylated aminoalkyl group; (ii) catalyse the removal of
the acetyl group by cleaving an amide bond; and (iii)
increase the positive charge of the substrate [11].

In this study, we have identified, through similarity
searches against sequenced genomes and EST data, a very
large sampling of putative eukaryotic and prokaryotic pro-
teins belonging to the class 4 HDAC family. In the remain-
der of this paper we call these 'class 4 HDACs' on the sole
basis of their orthology to the characterized class 4
HDACs of metazoans, and irrespective of their actual
functional specificities, which have not been character-
ized. By means of multiple phylogenetic analyses, we
show that the class 4 HDACs display unexpected phyloge-
netic relationships, at odds with the phylogeny of the cor-
responding species. Some eukaryotic proteins appear
more closely related to eubacterial proteins than to those
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of related eukaryotic species. We discuss the possibility
that this anomalous phyletic distribution might be the
consequence of multiple ancient horizontal gene transfers
between prokaryotes and eukaryotes, or alternatively, the
result of gene duplication and a high rate of differential
gene loss.

Results

Derivation of a comprehensive set of class 4 HDACs

In a survey of animal HDACs, we found by Blast BLAST
searches against the National Center for Biotechnology
Information (NCBI) NR database that some animal class
4 HDACs are more similar to eubacterial HDACs than to
those of other eukaryotes. In order to conduct a phyloge-
netic analysis of these sequences on the largest possible
sampling of HDACs, we retrieved a large number of pro-
tein sequences of class 4 HDACs (HDACI11-related) by
means of BLAST searches against the NCBI NR database,
and also against various finished and unfinished genomes
and expressed sequence tag (EST) data. To ascertain that
the retrieved sequences were bona fide class 4 HDACs, we
used both the "reciprocal best BLAST hit" criterion and
phylogenetic analyses (as described under Methods and
in Additional File 1). We identified class 4 HDACs in 45
eukaryotic and 37 eubacterial species representative of
evolutionarily very distant lineages (Figures 1 and 2; Addi-
tional File 2). We failed to detect any class 4 HDAC in
some archaea, fungi, and apicomplexa (Plasmodium and
relatives). In the corresponding genomes, one or more
HDAC sequences were found but they belong to HDAC
class 1 and/or class 2 (not shown).

Phylogenetic analyses of the class 4 HDACs

We performed a multiple alignment of the retrieved class
4 HDACs of 82 different species and used this alignment
to construct phylogenetic trees. We then applied several
different phylogenetic methods (as described in the leg-
end of Figure 1 and under Methods) to reconstruct evolu-
tionary relationships among the class 4 HDACs. We used
both statistical support (bootstrap values, quartet puz-
zling support values, and posterior marginal probabili-
ties) and congruence between the different phylogenetic
methods as indicators of the reliability of the different
internal branches of the tree. Figure 1 summarizes these
results. The trees obtained by the different phylogenetic
methods can be found in the Additional Files 3, 4, 5).

We found two large well-supported monophyletic groups
(Figure 1; black circles). One group, which we named the
‘eukaryotic group', includes only eukaryotic proteins of
animals (metazoa), land plants and a green alga
(viridiplantae), and ciliates (alveolata), i.e. of representa-
tives of three of the main eukaryotic lineages [12]
(opisthokonta, plantae, and chromalveolata, respec-
tively). The other group, called the 'mixed group', includes
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Phylogenetic tree of the class 4 HDACs. The represented tree is a maximum-likelihood (ML) tree produced with PHYML
(using the WAG model of protein evolution). Rooting is arbitrary. Numbers above the internal branches are their bootstrap
support values (100 bootstrap replicates). Only bootstrap support values >50% are shown. Other internal branches (with
bootstrap support <50%) should be considered unreliable. In addition to the values shown for the other statistically supported
internal branches (ML WAG), some key internal branches are labelled with additional statistical support values obtained by
other methods of phylogenetic reconstruction or other models of evolution: bootstrap support in PHYML analysis with the
JTT model of evolution (ML JTT; 100 bootstrap replicates), ML quartet puzzling support (QP; 25,000 puzzling steps), bootstrap
support in neighbour-joining (N]) analysis (BioN]J algorithm, 10,000 bootstrap replicates), bootstrap support in maximum-parsi-
mony (MP) analysis (heuristic search; 500 bootstrap replicates), and posterior probabilities (Bayesian inference, Bl). More
details on the phylogenetic analyses can be found in the Methodssection and additional trees can be found in Additional Files 3,
4, 5. Eukaryotic lineages are marked by a bold "E". Colored circles highlight internal nodes defining monophyletic groups dis-
cussed in the main text. Black circles define two large groups: the "eukaryotic group" including proteins of species belonging to
three of the main eukaryotic lineages, namely the opisthokonta (metazoa), plantae (viridiplantae), and chromalveolata (alveo-
lata), and the "mixed group" comprising proteins of species belonging to various eubacterial and eukaryotic lineages. The grey
circle denotes, inside the mixed group, a monophyletic group containing both eukaryotic and eubacterial sequences. The red
circle indicates a monophyletic group comprising class 4 HDACs of nine animals; these HDACs show closer resemblance to
eubacterial proteins than to those of other animals. The yellow circle defines a group comprising four HDAC:s of distantly
related eukaryotic planctonic species. The orange circle denotes a group comprising an HDAC sequence of the cnidarian
Nematostella vectensis and those of two unrelated eubacteria. The multiple alignment on which this tree is based is available as
Additional File 8.
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Figure 2

Phyletic distribution of the eukaryotic class 4 HDACs. Most of the species in which we sought class 4 HDACs are
shown, together with our current view of their phylogenetic relationships [12]. The nomenclature used for the phylogenetic
groups is according to Simpson and Roger [12] and the NCBI website. In each case in which the genome of a species has been
fully sequenced, we indicate the presence or absence of a "eukaryotic group" or "mixed group” class 4 HDAC. The # symbol
denotes species for which only EST data are available. In these cases, our failure to find a class 4 HDAC of one type of the
other does not mean that none exists. In the case of the fungi, we searched against the genomic data of all species available on
the NCBI website and failed to find a class 4 HDAC in any of them. 'Phytophthora sp' are Phytophthora sojae + Phytophthora ram-
orum; 'Plasmodium sp' are Plasmodium berghei + Plasmodium chabaudi + Plasmodium vivax + Plasmodium yoelii yoelii; 'Trypanosoma
sp' are Trypanosma cruzi + Trypanosma brucei.
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proteins of representatives of various lineages, both
eubacterial and of eukaryotic: animals (metazoa,
opisthokonta), green algae (viridiplantae, plantae), a red
alga (rhodophyta, plantae), diatoms (stramenopiles,
chromalveolata), and a coccolithophore alga (haptophyc-
eae, chromalveolata). This mixed group includes a well-
supported monophyletic group (Figure 1; grey circle)
comprising eukaryotic sequences and sequences from
cyanobacteria and proteobacteria.

The phylogeny of the class 4 HDACs appears, in many
respects, at odds with the phylogeny of the species in
which these proteins are found. In the mixed group, we
identified, for example, a monophyletic group of nine
animal proteins showing closer resemblance to eubacte-
rial proteins than to those of other animals (Figure 1; red
circle). This group includes sequences belonging to repre-
sentatives of several animal lineages: a cnidarian (Nemato-
stella vectensis), two arthropods (Callinectes sapidus, a
crustacean, and Locusta migratoria, an insect), an annelid
(Platynereis dumerilii), an echinoderm (Strongylocentrotus
purpuratus), and four vertebrates (the teleost fishes Tak-
ifugu rubripes, Oryzias latipes, Gasterosteus aculeatus, and
Pimephales promelas). Strikingly, the class 4 HDAC found
in these teleosts is only distantly related to that found in
another teleost fish, the zebrafish Danio rerio, and is more
closely related to eubacterial proteins (Figure 1). Simi-
larly, one class 4 HDAC found in Locusta migratoria is
closer to those found in eubacteria than to those of other
insects (Drosophila melanogaster, Anopheles gambiae, Apis
melifera, and Tribolium castaneum) and to the second class
4 HDAC of Locusta migratoria. In the mixed group, we also
found class 4 HDACs in two green algae, Chlamydomonas
reinhardtii and Ostreococcus tauri (Figure 1), appearing
more similar to eubacterial class 4 HDACs than to those
of other viridiplantae, such as Arabidopsis thaliana, Oryza
sativa, or to the second class 4 HDAC of Chlamydomonas
reinhardtii. We further noted the existence of a mono-
phyletic group including proteins of very distant eukaryo-
tic species (Figure 1, yellow circle): the diatoms
Thalassiosira pseudonana and Phaeodactylum tricornutum
(chromalveolata), the red alga Cyanidioschyon merolae, and
the green alga Ostreococcus tauri (plantae). The green alga
sequence is thus more closely related to those of the dia-
toms, which are evolutionarily quite distant, than to those
of any other viridiplantae. Finally, we found a mono-
phyletic group comprising the second HDAC sequence
found in the genome of the cnidarian Nematostella vecten-
sis and the sequences of two distantly related eubacteria,
Cytophaga hutchinsonii (a Bacteroides species) and Psychro-
bacter cryhalolentis (a y-proteobacterium) (Figure 1, orange
circle).

There is thus a clear incongruence between the HDAC pro-
tein tree and the phylogenetic tree of the corresponding
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species. We then looked more closely at the distribution
of class 4 HDAC:s in eukaryotes (Figure 2). Class 4 HDACs
are found in three of the main lineages of eukaryotes
(Chromalveolata, Plantae, and Opisthokonta) [12].
Inside each of these groups, some species possess proteins
belonging to the eukaryotic group and others display pro-
teins of the mixed group, with a few species possessing
both types (Figure 2). The eukaryotic class 4 HDACs thus
clearly display an anomalous phyletic distribution, given
our current view of the phylogenetic tree of eukaryotes.

Discussion

Two main mechanisms might account for the unexpected
phylogenetic relationships among class 4 HDACs and the
anomalous phyletic distribution of the eukaryotic ones:
(i) ancient gene duplication followed by differential gene
loss or (ii) horizontal gene transfer (HGT).

Let us first examine the anomalous phyletic distribution
of some eukaryotic class 4 HDAC:s in the light of the 'gene
duplication-gene loss' hypothesis (Figure 3A). As both the
mixed-group type and the eukaryotic-group type occur
(often separately, sometimes together) in a wide range of
eukaryotes, the duplication event postulated to have given
rise to these two types of genes must have occurred early
in eukaryotic evolution. The presence of two types of class
4 HDACs would thus be the ancestral situation of most or
all eukaryotes. The punctate distribution we see today
would be due to loss, at a high rate, of one or the other
type of class 4 HDAC. As the mixed-group class 4 HDACs
of eukaryotes appear more closely related to eubacterial
HDACs than to the eukaryotic-group HDACs, we must
even consider the possibility that the duplication event
occurred before the eukaryotes and eubacteria diverged
(Figure 3A). The presence of two types of class 4 HDACs
would be the ancestral situation for both eubacteria and
eukaryotes. The transition to the present-day situation
would have involved not only a high rate of differential
gene loss in eukaryotes, but also the loss of one of the par-
alogues in eubacteria, probably at an early stage of eubac-
terial evolution.

One main problem with this view is that both types of
class 4 HDAC genes must have coexisted in the ancestors
of lineages (e.g. metazoans and viridiplantae) where some
descendants have one type of HDAC and other descend-
ants have the other type. We would expect many of these
organisms to still possess both genes, but as a rule, this is
not so (Figure 2). We found both gene types in only three
eukaryotic species, as opposed to 37 species possessing
only one gene. As more genomes are sequenced, more will
probably be found to contain both genes, but the presence
of a single gene in most genomes studied to date does not
support the notion that the two categories of class 4
HDAC s represent two paralogous groups that originated
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early in eukaryotic evolution. In addition, the model of
ancient gene duplication followed by differential gene
loss fails to fully explain some of our observations, such
as the strongly supported separation of two diatom
HDAGCsS, those of Thalassiosira pseudonana and Phaeodacty-
lum tricornutum, within the mixed group (Figure 1). Much
more complicated scenarios are therefore required, mak-
ing this model less plausible and not especially parsimo-
nious.

The other main possibility is HGT, the transmission of
genetic material from one species to another (Figure 3B).
HGT is a widespread and important phenomenon in
prokaryotes. It is one of the driving forces of genome evo-
lution in both archaea and eubacteria [13-18]. Over the
past few years, it has become increasingly clear that HGT
has had an impact on eukaryote evolution also, at least in
the case of unicellular and/or parasitic eukaryotes [19-24],
yet the occurrence and the importance of HGT in organ-
isms such as land plants and animals is less obvious and
very controversial. Although claims have been made for
HGT in multicellular organisms, only very few cases have
been clearly demonstrated, and these mainly concern

eukaryote-eukaryote and/or host-parasite gene transfer
[15,25-31]. The main criteria used in the aforementioned
publications to detect HGT are unexpected phyletic distri-
bution, differential presence or absence in closely related
species, and  incongruent  phylogenetic  trees
[15,16,23,32]. Our data meet all these criteria (see Figures
1 and 2), and are therefore very suggestive of the occur-
rence of HGTs having shaped the evolutionary history of
the class 4 HDAC:s.

Although our data do not allow a firm determination of
the direction of these putative HGTs (the identity of
donors and recipients remains unknown), we favour the
hypothesis that transfer occurred from prokaryotes to
eukaryotes, and that the eukaryotic-group members are
the 'original' eukaryotic HDACs and the mixed-group
members are the 'transferred' HDACS. In support of this
view, class 4 HDACs are found in many diverse eubacte-
rial species representative of most major eubacterial line-
ages (Figure 1). To imagine that a class 4 HDAC was
present in early eubacterial evolution (and subsequently
transferred a few times to eukaryotes) is a more parsimo-
nious mechanism than to postulate that the different
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prokaryotic class 4 HDACs were acquired from eukaryotes
by numerous independent HGTs.

An important feature of the putative prokaryote-eukaryote
HGTs is that most of them are probably ancient, as indi-
cated by the species ranges covered by the monophyletic
groups distinguished among the mixed-group eukaryotic
HDAC: (Figure 1). For example, the existence of the afore-
mentioned monophyletic group comprising all nine
metazoan sequences indicates that the transferred gene
was already present in the last common ancestor of these
animals, i.e. in that of most or all animals. This means
that the recipient of the putative HGT was not a present-
day complex metazoan but an ancient, probably much
more simple (maybe unicellular) ancestor. This is impor-
tant, as gene transfers from prokaryotes to eukaryotes with
sequestered germ lines, such as most present-day animals,
appear to be very rare [23]; almost all other putative HGTs
we have detected concern unicellular eukaryotes. A possi-
ble exception concerns the second HDAC sequence found
in the genome of the cnidarian Nematostella vectensis,
which forms a monophyletic group with the sequences of
Cytophaga hutchinsonii and Psychrobacter cryhalolentis (Fig-
ure 1, orange circle). Although we cannot rule out con-
tamination of the genomic data from which these
sequences were obtained, this might be indicative of a
much more recent HGT involving a complex multicellular
organism.

Besides these putative eubacterium-eukaryote transfers,
there is also the possibility of at least one eukaryote-
eukaryote HGT. This is suggested by the existence of a
monophyletic group including very distant eukaryotic
species (Figure 1, yellow circle): the diatoms Thalassiosira
pseudonana and Phaeodactylum tricornutum (chromalveo-
lata), the red alga Cyanidioschyon merolae, and the green
alga Ostreococcus tauri (plantae). The green alga sequence
is more closely related to those of the evolutionarily very
distant diatoms than to those of any other viridiplantae.
We suggest that this association may be the result of
eukaryote-eukaryote HGTs between these phytoplanc-
tonic species.

Lastly, we note that in most lineages only a single HDAC
is found (Figures 1 and 2), yet two different proteins are
found in the diatoms Thalassiosira pseudonana and Phaeo-
dactylum tricornutum, the cnidarian Nematostella vectensis,
and the green alga Ostreococcus tauri. In all these cases,
both proteins belong to the mixed group and are not
closely related, suggesting independent HGTs. The exist-
ence of eukaryotes with only mixed-group HDACs (and
thus lacking a eukaryotic-group member) suggests that
gene transfer was sometimes followed by functional
replacement of the 'original' eukaryotic gene by the trans-
ferred one. The only eukaryotes to possess both a mixed-
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group and a eukaryotic-group protein are the green alga
Chlamydomonas reinhardtii and two animals (Strongylocen-
trotus purpuratus and Locusta migratoria) (Figures 1 and 2).
Similar multiple replacements have been reported for the
eukaryotic translation elongation factor 1o [21]. Whether
these replacements are due solely to chance or have selec-
tive advantages [33] is an open question that awaits func-
tional and biochemical characterization of the proteins
and still broader sampling of eukaryotic HDAC genes.

Conclusion

The results presented here shed new light on the evolu-
tionary history of class 4 HDACs. These proteins display
unexpected phylogenetic relationships, at odds with the
phylogeny of the corresponding species, suggestive of
ancient horizontal gene transfers between prokaryotes
and eukaryotes. This suggests that the evolution of impor-
tant eukaryotic multigene families, such as the histone
deacetylase gene family, may have been shaped by hori-
zontal gene transfers.

Methods

Class 4 HDAC sequences were retrieved through BLAST
searches [34] on protein and genome data, mainly from
the NCBI [35], the Doe JGI [36], the Sanger Institute [37],
the Baylor College of Medicine [38], the Genoscope [39],
and the TIGR [40] databases. To ascertain that we identi-
fied class 4 HDACs, we first used the 'reciprocal best
BLAST hit' criterion. We retained for each species only the
best BLAST hits, using known class 4 HDACs (of animals)
as queries. We then performed the reciprocal BLAST using
the obtained sequences as queries against the NCBI NR
database and verified that the class 4 HDAC:s initially used
in the first BLAST search are the best BLAST hits in the cor-
responding species. All class 4 HDACs identified are listed
in Additional File 2. As most of the identified sequences
come from EST data and unfinished genomes, we were
concerned about the possibility that some of them might
represent contamination of the genomic data. We list our
argument against this possibility in Additional File 6. In
order to detect potential bacterial contaminations, we also
performed an analysis of the codon usage of the HDAC
coding sequences compared to the corresponding
genomes. This analysis, which is shown in Additional
Files 6 and 7, does not show any evidence for contamina-
tion.

Multiple alignments were performed with Clustal W [41]
and subsequently manually improved. We performed two
types of alignments, class 4 HDACs with HDACs of other
classes and class 4 HDACs alone. The first type of align-
ment was used to verify the monophyly of the class 4
HDACs and thus to ascertain that we had identified bona
fide class 4 HDACs (see Additional File 1). The second
type of alignment was used to determine phylogenetic
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relationships among class 4 HDAGCs. In establishing the
phylogeny of class 4 HDACs, we avoided using the first
type of alignment (with other HDCAs serving as out-
goups) to prevent potential phylogenetic reconstruction
artefacts due to the presence of distant outliers (class 4
HDACs diverge considerably from other HDACs, not
shown) [42]. We used both a multiple alignment contain-
ing the whole protein sequences and a multiple alignment
containing only the regions with unequivocal alignment.
Both alignments gave the same tree topologies. The align-
ment of the whole proteins (used to produce the trees
shown in this paper) can be found in Additional File 8.

Unweighted maximum-parsimony (MP) and neighbour-
joining (NJ) reconstructions were performed with the
PAUP 4.0 program [43]. MP analyses were performed
with the following settings: heuristic search of over 500
bootstrap replicates, MAXTREES set at 2000, and other
parameters set at default values. Maximum likelihood
(ML) analyses were performed with PHYML [44] and
TreePuzzle [45]. PHYML analyses were performed using
two different amino-acid substitution models, the Jones-
Taylor-Thornton (JTT) model [46] and the Whelan and
Goldman (WAG) model [47], the frequencies of amino
acids being estimated from the data set, and rate heteroge-
neity across sites being modelled by two rate categories
(one constant and eight yrates). Statistical support for the
different internal branches was assessed by bootstrap resa-
mpling (100 bootstrap replicates), as implemented in
PHYML [44]. Bootstrap consensus trees were constructed
with the PAUP 4.0 program. Treepuzzle analyses were per-
formed by means of the quartet puzzling tree search pro-
cedure, with 25,000 puzzling steps [45]. We used the
WAG model of substitution [47] and the frequencies of
amino acids being estimated from the data set, and
allowed rate heterogeneity across sites to be modelled by
two rate categories (one constant and eight y rates) [45].
Bayesian inference was performed using the Markov chain
Monte Carlo method as implemented in the MRBAYES
(version 3) package [48,49]. We used the WAG substitu-
tion frequency matrix [47] with among-sites rate variation
modelled by means of a discrete y distribution with four
equally probable categories. Two independent Markov
chains were run, each containing 1,000,000 Monte Carlo
steps, after a burn-in of 400,000 steps. One out of every
100 trees was saved. For each run, we computed the
majority consensus of the obtained trees by means of the
PAUP 4.0 program. The same consensus tree was obtained
for both runs. Marginal probabilities at each node were
taken as a measure of statistical support. The discrepancy
between the estimated probabilities obtained in the two
runs was 5% on the average and never exceeded 11%. The
results obtained from the two runs are thus consistent, so
that we finally combined them by gathering the trees of
both samples.

http://www.biomedcentral.com/1741-7007/4/24
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Additional material

Additional File 1

Monophyly of the class 4 HDACs. (A) Phylogenetic analysis of the class
4 HDAC:s with the other (human) HDACs. The class 4 HDACs form a
well-supported monophyletic group. The tree is an MP bootstrap consensus
tree. (B) Phylogenetic analysis of the class 4 HDACs with a sample of
class 1 HDACs (which are the HDAC:s closest to the class 4 HDACs). The
class 4 HDACs form a well-supported monophyletic group. The tree is an
NJ bootstrap consensus tree. (C) Phylogenetic analysis of the class 4
HDAC:s with a large set of class-1 and class-2 HDAC:s, including the
divergent archaeal HDACs. The class 4 HDACs form a well-supported
monophyletic group. The tree is an NJ bootstrap consensus tree. For the
three trees, the different statistical support values are as in Figure 1, root-
ing is arbitrary, and the colour code of the class 4 HDACS is as in Figure
1.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1741-
7007-4-24-S1.pdf]

Additional File 2

Table 1: List of all the class 4 HDACs used in the phylogenetic anal-
yses. Asterisks denote partial sequences that come from unassembled
genomes (from the NCBI Trace Archive) or EST data. All other sequences
are full-length proteins that have been deduced from fully-sequenced
assembled genomes and/or cloned cDNAs.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1741-
7007-4-24-S2 pdf]

Additional File 3

Phylogenetic tree of the class 4 HDACs as determined by maximum
likelihood analysis. The tree was generated with PHYML using the WAG
amino-acid substitution model. Numbers above the branches are bootstrap
support values obtained using the WAG and JTT models, respectively. The
colour code of species names is as in Figure 1. Rooting is arbitrary.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1741-
7007-4-24-S3 pdf]

Additional File 4

Phylogenetic tree of the class 4 HDACs as determined by Bayesian
inference. The tree (majority rule consensus tree) was generated with
MRBAYES. Numbers above the branches are posterior probabilities. The
colour code of species names is as in Figure 1. Rooting is arbitrary.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1741-
7007-4-24-S4.pdf]

Page 8 of 10

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1741-7007-4-24-S1.pdf
http://www.biomedcentral.com/content/supplementary/1741-7007-4-24-S2.pdf
http://www.biomedcentral.com/content/supplementary/1741-7007-4-24-S3.pdf
http://www.biomedcentral.com/content/supplementary/1741-7007-4-24-S4.pdf

BMC Biology 2006, 4:24

Additional File 5

with PAUP. Numbers above the branches are bootstrap support values.
The colour code of species names is as in Figure 1. Rooting is arbitrary.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1741-
7007-4-24-S5.pdf]

Additional File 6

Arguments against the possibility that the eukaryotic class 4 HDACs
belonging to the "mixed group" are bacterial contamination.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1741-
7007-4-24-S6.pdf]

Additional File 7

into account, and codons that did not fulfil the applicability conditions

4 HDAC/genome tested. A p-value close to zero signals that the null
hypothesis is false, and typically that a difference is very likely to exist

ratio of class 4 HDACs for which there were no corresponding genome

related species, Picea abies.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1741-
7007-4-24-S7 xls|

Additional File 8

Multiple alignment of the class 4 HDACs.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1741-
7007-4-24-S8.pdf]

Phylogenetic tree of the class 4 HDACs as determined by maximum
parsimony analysis. The tree (bootstrap consensus tree) was generated

Codon usage of 68 class 4 HDAC coding sequences with respect to the
corresponding genomes. Pearson's )2 test was performed to measure the
goodness of fit between the observed codon usage distribution of 68 class
4 HDAC coding sequences and those expected for 69 different genomes.
Several applicability conditions were tested, in which a minimum of 0, 1,
2, and 5 codon occurrences was mandatory. The highest number of con-
sistence between a given class 4 HDAC and its source genome is observed
for thresholds set to 0 or 1. During each test, stop codons were not taken

were discarded from the analysis. A p-value was calculated for each Class

between compared class 4 HDAC and genome codon usages. Large p-val-
ues closer to 1 imply that there is no detectable difference for the sample
size used. A "NA" label replaces the "source genome p-value" and p-value

codon usage table available and too few known coding sequences to derive
a significative codon usage table. The source genome table we took for the
Picea engelmannii HDAC is the available codon usage table of the closely-

Acknowledgements

We are very grateful to Hervé Philippe for his essential comments and sug-
gestions during the early course of this work and to Jacques van Helden for
his participation in the analysis of the codon usage of the HDAC genes. We
thank Genoscope for providing the Platynereis HDAC sequence. V.L. thanks
Robert Herzog and Marc Colet for support. This work was supported by

the CNRS and the Ministére de la Recherche through its ACl 'Jeunes cher-
cheurs et jeunes chercheuses' (MV) and by the Belgian Science Policy (VL).

References

. Luger K, Mader AW, Richmond RK, Sargent DF, Richmond TJ: Crys-
tal structure of the nucleosome core particle at 2.8 A reso-

lution. Nature 1997, 389:251-260.

20.

21.

22.

23.
24,

25.
26.

27.

28.

http://www.biomedcentral.com/1741-7007/4/24

Wolffe AP, Guschin D: Review: chromatin structural features
and targets that regulate transcription. | Struct Biol 2000,
129:102-122.

Yang WM, Tsai SC, Wen YD, Fejer G, Seto E: Functional domains
of histone deacetylase-3. | Biol Chem 2002, 277:9447-9454.
Marks PA, Miller T, Richon VM: Histone deacetylases. Curr Opin
Pharmacol 2003, 3:344-51.

Yao YL, Yang WM, Seto E: Regulation of transcription factor
YY1 by acetylation and deacetylation. Mol Cell Biol 2001,
21:5979-5991.

Hubbert C, Guardiola A, Shao R, Kawaguchi Y, Ito A, Nixon A, Yosh-
ida M, Wang XF, Yao TP: HDACSé is a microtubule-associated
deacetylase. Nature 2002, 417:455-458.

Ito A, Kawaguchi Y, Lai CH, Kovacs JJ, Higashimoto Y, Appella E, Yao
TP: MDM2-HDACI|-mediated deacetylation of p53 is
required for its degradation. EMBO | 2002, 21:6236-6245.
Kouzarides T: Acetylation: a regulatory modification to rival
phosphorylation? EMBO | 2000, 19:1176-1179.

Gregoretti |V, Lee Y-M, Goodson HV: Molecular evolution of the
histone deacetylase family: functional implication of phylo-
genetic analysis. | Mol Biol 2004, 338:17-31.

Gao L, Cueto MA, Asselbergs F, Atadja P: Cloning and functional
characterization of HDACI I, a novel member of the human
histone deacetylase family. | Biol Chem 2002, 277:25748-25755.
Leipe DD, Landsman D: Histone deacetylases, acetoin utiliza-
tion proteins and acetylpolyamine amidohydrolases are
members of an ancient protein superfamily. Nucl Acids Res
1997, 25:3693-3697.

Simpson AG, Roger AJ: The real 'kingdoms' of eukaryotes. Curr
Biol 2004, 14:R693-696.

Ochman H, Lawrence G, Groisman EA: Lateral gene transfer and
the nature of bacterial innovation. Nature 2000, 405:299-304.
Koonin EV, Makarova KS, Aravind L: Horizontal gene transfer in
prokaryotes: quantification and classification. Annu Rev Micro-
biol 2001, 55:709-742.

Brown JR: Ancient horizontal gene transfer. Nat Rev Genet 2003,
4:121-132.

Philippe H, Douady CJ: Horizontal gene transfer and phyloge-
netics. Curr Opin Microbiol 2003, 6:498-505.

Bapteste E, Boucher Y, Leigh ], Doolittle WF: Phylogenetic recon-
struction and lateral gene transfer. Trends Microbiol 2004,
12:406-411.

Beiko RG, Harlow TJ, Ragan MA: Highways of gene sharing in
prokaryotes. Proc Natl Acad Sci USA 2005, 102:14332-14337.
Andersson JO, Sjogren AM, Davis LAM, Embley TM, Roger AJ: Phyl-
ogenetic analyses of diplomond genes reveal frequent lateral
gene transfers affecting eukaryotes. Curr Biol 2003, 13:94-104.
Koonin EV, Makarova KS, Rogozin IB, Davidovic L, Letellier MC, Pel-
legrini L: The rhomboids: a nearly ubiquitous family of intram-
embrane serine proteases that probably evolved by multiple
ancient horizontal gene transfers. Genome Biol 2003, 4:R19.
Keeling PJ, Inagaki Y: A class of eukaryotic GTPase with a punc-
tate distribution suggesting multiple functional replace-
ments of translation elongation factor lalpha. Proc Natl Acad
Sci USA 2004, 101:15380-15385.

Mukai A, Endoh H: Presence of a bacterial-like citrate synthase
gene in Tetrahymena thermophila: recent lateral gene trans-
fers (LGT) or multiple gene losses subsequent to a single
ancient LGT? | Mol Evol 2004, 58:540-549.

Andersson JO: Lateral gene transfer in eukaryotes. Cell Mol Life
Sci 2005, 62:1182-1197.

Andersson JO, Sarchfield SW, Roger A]: Gene transfers from
nanoarchaeota to an ancestor of diplomonads and parabasa-
lids. Mol Biol Evol 2005, 22:85-90.

Genereux DP, Logsdon JM Jr: Much ado about bacteria-to-verte-
brate lateral gene transfer. Trends Genet 2003, 19:191-195.
Bergthorsson U, Adams KL, Thomason B, Palmer |D: Widespread
horizontal transfer of mitochondrial genes in flowering
plants. Nature 2003, 424:197-201.

Bergthorsson U, Richardson AO, Young GJ, Goertzen LR, Palmer JD:
Massive horizontal transfer of mitochondrial genes fromdi-
verse land plant donors to the basal angiosperm Amborella.
Proc Natl Acad Sci USA 2004, 101:17747-17752.

lyer LM, Aravind L, Coon SL, Klein DC, Koonin EV: Evolution of
cell-cell signaling in animals: did late horizontal gene transfer
from bacteria have a role? Trends Genet 2004, 20:292-299.

Page 9 of 10

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1741-7007-4-24-S5.pdf
http://www.biomedcentral.com/content/supplementary/1741-7007-4-24-S6.pdf
http://www.biomedcentral.com/content/supplementary/1741-7007-4-24-S7.xls
http://www.biomedcentral.com/content/supplementary/1741-7007-4-24-S8.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9305837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9305837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9305837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10806063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10806063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11779848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11779848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12901942
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11486036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11486036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12024216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12024216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12426395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12426395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10716917
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10716917
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15050820
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15050820
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15050820
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11948178
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11948178
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11948178
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9278492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9278492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9278492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15341755
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10830951
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10830951
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11544372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11544372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12560809
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14572543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14572543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15337161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15337161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16176988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16176988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12546782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12546782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12546782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12620104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12620104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12620104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15492217
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15492217
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15492217
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15170257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15170257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15170257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15761667
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15356278
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15356278
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15356278
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12683971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12683971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12853958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12853958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12853958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15598737
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15219393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15219393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15219393

BMC Biology 2006, 4:24

29.

30.

31

32.
33.

34.

35.

36.
37.

38.
39.
40.

42.

43.

44,

45.

46.

47.

48.
49.

Steele RE, Hampson SE, Stover NA, Kibler DF, Bode HR: Probable
horizontal transfer of a gene between a protist and a cnidar-
ian. Curr Biol 2004, 14:R298-299.

Nakashima K, Yamada L, Satou Y, Azuma J, Satoh N: The evolution-
ary origin of animal cellulose synthase. Dev Genes Evol 2004,
214:81-88.

Matthysse AG, Deschet K, Williams M, Marry M, White AR, Smith
WC: A functional cellulose synthase from ascidian epidermis.
Proc Natl Acad Sci USA 2004, 101:986-991.

Ragan MA: Detection of lateral gene transfer among microbial
genomes. Curr Opin Genet Dev 2001, 11:620-626.

Novozhilov AS, Karev GP, Koonin EV: Mathematical modeling of
evolution of horizontally transferred genes. Mol Biol Evol 2005,
22:1721-32.

Altschul SF, Madden TL, Schaffer AA, Zhang ], Zhang Z, Miller W, Lip-
man DJ: Gapped BLAST and PSIBLAST: a new generation of
protein database search programs. Nucleic Acids Res 1997,
25:3389-3402.

The National Center for Biotechnology Information [http:/
www.ncbi.nlm.nih.gov/]

The Doe Joint Genome Institute [http://www.jgi.doe.gov/]

The Welcome Trust Sanger Institute [http://
www.sanger.ac.uk/]

The Human Genome Sequencing Center [http://
www.hgsc.bcm.tmc.edu/]

Genoscope: Centre National de Séquencage [htep://

www.genoscope.cns.fr/]

The Institute for Genomic Research [http://www.tigr.org/]
Thompson |D, Higgins |D, Gibson TJ: CLUSTALW: improving
the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties
and weight matrix choice. Nucleic Acids Res 1994, 22:4673-4680.
Philippe H, Lartillot N, Brinkmann H: Multigene analyses of bilat-
erian animals corroborate the monophyly of Ecdysozoa,
Lophotrochozoa, and Protostomia. Mol Biol Evol 2005,
22:1246-1253.

Swofford DL: PAUP: Phylogenetic Analysis Using Parsimony
(and Other Methods), Version 4. Sunderland, MA: Sinauer; 1998.
Guindon S, Gascuel O: A simple, fast, and accurate algorithm
to estimate large phylogenies by maximum likelihood. Syst
Biol 2003, 52:696-704.

Strimmer K, von Haeseler A: Quartet puzzling:a quartet maxi-
mum likelihood method for reconstructing tree topologies.
Mol Biol Evol 1996, 13:964-969.

Jones DT, Taylor WR, Thornton JM: The rapid generation of
mutation data matrices from protein sequences. Comput Appl
Biosci 1992, 8:275-282.

Whelan S, Goldman N: A general empirical model of protein
evolution derived from multiple protein families using a
maximume-likelihood approach. Mol Biol Evol 2001, 18:691-699.
Huelsenbeck JP, Ronquist F: MRBAYES: Bayesian inference of
phylogenetic trees. Bioinformatics 2001, 17:754-755.

Ronquist F, Huelsenbeck JP: MrBayes 3: Bayesian phylogenetic
inference under mixed models. Bioinformatics 2003,
19:1572-1574.

http://www.biomedcentral.com/1741-7007/4/24

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 10 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15084296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15084296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15084296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14740209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14740209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14722352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11682304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11682304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15901840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15901840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9254694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9254694
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.jgi.doe.gov/
http://www.sanger.ac.uk/
http://www.sanger.ac.uk/
http://www.hgsc.bcm.tmc.edu/
http://www.hgsc.bcm.tmc.edu/
http://www.genoscope.cns.fr/
http://www.genoscope.cns.fr/
http://www.tigr.org/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7984417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15703236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15703236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15703236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12064242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12064242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14530136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14530136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1633570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1633570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11319253
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11319253
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11319253
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11524383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11524383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12912839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12912839
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Derivation of a comprehensive set of class 4 HDACs
	Phylogenetic analyses of the class 4 HDACs

	Discussion
	Conclusion
	Methods
	Authors' contributions
	Additional material
	Acknowledgements
	References

