Letter

The Basic Helix-Loop-Helix Protein Family:
Comparative Genomics and Phylogenetic Analysis

Valérie Ledent' and Michel Vervoort?3

"Belgian EMBnet Node, Bioinformatics Laboratory, Université Libre de Bruxelles, Department of Molecular Biology, B-6041
Gosselies, Belgium,; 2Evolution et Développement des Protostomiens, Centre de Génétique Moléculaire-UPR 2067 CNRS,

91198 Gif-sur-Yvette Cedex, France

The basic Helix-Loop-Helix (bHLH) proteins are transcription factors that play important roles during the
development of various metazoans including fly, nematode, and vertebrates. They are also involved in human
diseases, particularly in cancerogenesis. We made an extensive search for bHLH sequences in the completely
sequenced genomes of Caenorhabditis elegans and of Drosophila melanogaster. We found 35 and 56 different genes,
respectively, which may represent the complete set of bHLH of these organisms. A phylogenetic analysis of
these genes, together with a large number (>350) of bHLH from other sources, led us to define 44 orthologous
families among which 36 include bHLH from animals only, and two have representatives in both yeasts and
animals. In addition, we identified two bHLH motifs present only in yeast, and four that are present only in
plants; however, the latter number is certainly an underestimate. Most animal families (35/38) comprise fly,
nematode, and vertebrate genes, suggesting that their common ancestor, which lived in pre-Cambrian times
(600 million years ago) already owned as many as 35 different bHLH genes.

Transcription factors of the basic Helix-Loop-Helix
(bHLH) family play a central role in cell proliferation,
determination, and differentiation (Jan and Jan 1993;
Weintraub 1993; Hassan and Bellen 2000). The bHLH
domain is ~60 amino acids long and comprises a DNA-
binding basic region (b) followed by two a-helices
separated by a variable loop region (HLH) (Ferre-
D’Amar et al. 1993). The HLH domain promotes dimer-
ization, allowing the formation of homodimeric or
heterodimeric complexes between different family
members (Murre et al. 1989a; Kadesh 1993). The two
basic domains brought together through dimerization
bind specific hexanucleotide sequences (Murre et al.
1989a; Van Doren et al. 1991, 1994; Ohsako et al.
1994).

The bHLH motif first was identified in the murine
transcription factors E12 and E47 (Murre et al. 1989D).
Numerous bHLH proteins since have been identified in
animals, plants, and fungi. A phylogenetic analysis
based on a sample of 122 bHLH sequences has lead to
a subdivision into four monophyletic groups of pro-
teins named A, B, C, and D (Atchley and Fitch 1997).

Group A and B include bHLH proteins that bind
hexameric DNA sequences referred to as “E Boxes”
(CANNTG), respectively CACCTG or CAGCTG (Group
A) and CACGTG or CATGTTG (Group B) (Murre et al.
1989a; Van Doren et al. 1991; Dang et al. 1992).

Group A includes several tissue-specific bHLH pro-
teins (e.g., MyoD, Twist, Achaete-Scute proteins; for a
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recent review, see Hassan and Bellen 2000) as well as
the ubiquitously distributed E12/Daughterless-type
bHLH proteins (Murre et al. 1989b). In many instances,
the tissue-specific proteins form inactive homodimers
and require the presence of a E12/Daughterless partner
to form active heterodimers (Cabrera and Alonso 1991;
Lassar et al. 1991; Van Doren et al. 1992). Binding of
the heterodimers to an E-box usually leads to transcrip-
tional activation of the target gene (Cabrera and
Alonso 1991; Van Doren et al. 1992).

Group B includes a large number of functionally
unrelated proteins (e.g., Myc, Max, USF, SREBP, MITF)
involved in various developmental and cellular pro-
cesses (Henriksson and Luscher 1996; Facchini and
Penn 1998; Goding 2000). Some group-B proteins con-
tain an additional motif, known as a Leucine Zipper
(LZ), which also is involved in protein dimerization.
Dang et al. (1992) and Atchley and Fitch (1997) in-
cluded in the same group B several proteins related to
the Drosophila Hairy and Enhancer of split bHLH (HER
proteins; Fisher and Caudy 1998). These proteins are
characterized by the presence of a proline instead of an
arginine at a crucial position in the basic domain.
DNA-binding site selection and in vivo studies have
shown that these proteins bind preferentially to se-
quences referred to as “N-boxes” (CACGCG or CACG
AG) and have only a low affinity for “E-boxes” (Ohsako
et al. 1994; Van Doren et al. 1994). The HER proteins
are characterized further by the presence of an addi-
tional motif, the 4-amino acid WRPW domain, which
allows the interaction with the Groucho repressor pro-
tein (Fisher and Caudy 1998). Accordingly, the HER
proteins have been shown to act as transcriptional re-
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pressors during nervous system development and seg-
mentation (Kageyama and Nakanishi 1997; Fisher and
Caudy 1998).

Group C corresponds to the family of bHLH pro-
teins known as bHLH-PAS (Crews 1998). The charac-
teristic feature of bHLH-PAS proteins is the PAS do-
main, so called for the first three proteins identified
with this motif: Drosophila Period (Per), human ARNT,
and Drosophila Single-minded (Sim). The PAS domain
found in bHLH-PAS proteins is ~260-310 amino acids
long and allows the dimerization between PAS pro-
teins, the binding of small molecules (e.g., dioxin), and
interactions with non-PAS proteins (Crews 1998).
bHLH-PAS proteins control a variety of developmental
and physiological events including neurogenesis, tra-
cheal and salivary duct formation, toxin metabolism,
circadian rhythms, and response to hypoxia (Crews
1998). bHLH-PAS proteins bind to ACGTG or GCGTG
core sequences.

Group D corresponds to HLH proteins that lack a
basic domain and are hence unable to bind DNA. This
group includes the Id and Extramacrochaete (Emc)
proteins (Benezra et al. 1990; Ellis et al. 1990; Garrell
and Modolell 1990), which act as antagonists of group
A bHLH proteins (Van Doren et al. 1991, 1992).

An additional group of putative HLH proteins has
been described more recently, the COE family (for Col-
lier/Olf-1/EBF). This group is characterized by the pres-
ence of an additional domain involved both in dimer-
ization and in DNA binding, the COE domain
(Crozatier et al. 1996). The HLH sequences of this
group are highly divergent from the other bHLH mo-
tifs, making their phyletic analysis difficult.

Other than this subdivision in a few large groups,
however, little is known of the evolution and diversi-
fication of the bHLH domain. Yet, given the impor-
tance of the bHLH genes in development, it would be
desirable to have a more refined classification scheme
of the various types of bHLH motifs, as well as a better
understanding of their evolutionary relationships both
within and between organisms. We have taken advan-
tage of the complete sequencing of the nematode’s
(Caenorhabditis elegans Sequencing Consortium 1998)
and fly’s (Adams et al. 2000) genomes to extract a large,
and possibly complete, set of bHLH genes from these
two organisms. We also have used the large number of
bHLH genes that now have been identified in verte-
brates, as well as the smaller number available in plants
and fungi, to assess the evolutionary relationships
within this family.

RESULTS AND DISCUSSION

Derivation of Comprehensive Sets
of bHLH Sequences from Existing Databases
The completion of the nematode and fly sequencing

projects provided us with an opportunity to screen
whole genomes for bHLH coding regions. To collect as
many such sequences as possible (hopefully, all of
them) we first retrieved a large number of bHLH se-
quences available from the nonredundant NCBI
(http://www.ncbi.nlm.nih.gov) and Sanger protein da-
tabases (http://www.sanger.ac.uk), as described in the
Methods section. We used the most divergent among
these sequences (as determined by preliminary phylo-
genetic reconstructions) to screen by BLASTP (Altschul
et al. 1990) the complete genomic sequences of C. el-
egans and D. melanogaster. We used the retrieved se-
quences that were not present in our initial collection
to make new BLASTP searches in both genome data-
bases as well as in the nonredundant NCBI protein
database. We also used yeast and plant sequences re-
trieved from our original screen to make BLASTP
searches, against the Saccharomyces cerevisiae and the
Arabidopsis thaliana genome databases, in order to iso-
late additional bHLH sequences from these organisms.
These various searches generated a set of more than
350 different bHLH sequences. We did not systemati-
cally retrieve the large number of bHLH sequences
from various mammals (other than mouse) that are
available. Thus, it is clear that our set is far from in-
cluding all the available bHLH sequences. We believe,
however, that it provides a very extensive coverage of
fly, nematode, and mouse genes, and a fair represen-
tation of the plant and fungal types.

We aligned these sequences using the multiple
alignments software CLUSTALW (Thompson et al. 1994)
and checked each alignment by hand. The verified
alignments then were used to construct phylogenetic
trees as described in the Methods section. The resultant
trees were bootstrapped to provide information about
their statistical reliability. We used these trees to define
groups of orthologous sequences.

Identification of Orthologous Families

Orthologous genes in two or more organisms are ho-
mologs that evolved from the same gene in the last
common ancestor (Fitch 1970). Paralogous genes are
those that have resulted from within species duplica-
tion (Fitch 1970). Unfortunately, there is no absolute
criterion that can be used to decide if two genes are
orthologous. The criterion we used to define ortholo-
gous families was that the grouping of bHLH sequences
from at least two species into one monophyletic family
should be supported by different methods of analysis
with bootstrap values >50%. A similar criterion has
been used in other analyses of protein families (Galliot
et al. 1999). This criterion was relaxed for a few fami-
lies, as will be discussed later (lower bootstrap values;
Table 1). The fact that congruence was observed be-
tween trees constructed by different methods suggests
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that our reconstruction of the bHLH phylogeny is es-
sentially correct.

Our analysis led us to define 44 orthologous fami-
lies (i.e., 44 ancestral types of bHLH domains). Table 1
summarizes the 44 families and some of their proper-
ties. We named each family according to its first dis-
covered member, or in a few cases, to its best-
characterized member. The complete list of all mem-
bers of every family, together with database accession
numbers, can be found as supplementary material at
http://www.genome.org. Two types of bHLH motifs
presented special problems. First, the HLH of COE fam-
ily proteins were not easily alignable with other bHLH
proteins. Hence, the phylogenetic analysis of this fam-
ily was mostly done without other types of bHLH se-
quences and using the well-conserved COE domain in
addition to the bHLH. Second, although Hairy/E(spl)-
related (HER) proteins appear consistently monophy-
letic, the resolution within the group was very poor
and we were unable to identify orthologous families
with any confidence. Because many amino acids flank-
ing the bHLH motif are conserved in this group, we
used a larger domain for phyletic comparisons to ob-
tain better (but still low) phylogenetic resolution
(Table 1).

Figure 1 shows an alignment of all 44 bHLH types,
based on one representative of each family. Thirty-six
families comprise only animal members, four families
are specific to plants, two are found only in yeasts, and
two have both yeast and animal representatives. Thus,
the bHLH motif appeared very early in eukaryotic his-
tory, but its expansion occurred almost entirely after
the divergence between plants, fungi, and animals.
The presence of only four plant families in our set is
most likely a result of the fact that there were no ex-
tensive searches for bHLH genes in plants. As a conse-
quence, most plant sequences come from one species,
A. thaliana, for which an extensive genome project is
conducted. Indications that more plant families are to
be identified come from preliminary BLASTP searches,
which revealed 30 different A. thaliana bHLH se-
quences, most of which are unrelated to other plant
bHLH sequences. We found these sequences to form
four additional “families” comprising A. thaliana se-
quences only. These “families” are not reported in
Table 1 because we choose to consider, as significant
families, only groups that contain sequences from at
least two different species. Hence, most A. thaliana
bHLH are considered, in our work, as orphan genes
(i.e., sequences that can not be assigned to any family).

Drosophila Genes

We found 56 bHLH sequences in D. melanogaster. Table
2 lists these sequences, the family to which they be-
long, their chromosomal localization, their character-
ization status, and their accession number. A version of
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this table with links to Flybase (http://flybase.bio.
indiana.edu; The Flybase Consortium 1999) is avail-
able as supplementary material at http://www.genome.
org.

We believe that these sequences represent, if not
the full set, at least a large proportion of the bHLH
domains present in the fly genome. The repeated
BLASTP searches that were used to build our original
set of genes were meant to detect even very divergent
types of bHLH domains. Furthermore, after we deter-
mined the 44 types of bHLH domains, we made new
BLASTP screens of the complete sequence of D. mela-
nogaster with one member of each family, without
finding any new genes. On the other hand, none of
these searches revealed Collier, the fly COE family rep-
resentative. Therefore it is conceivable that one or
more highly divergent HLH families may have escaped
our screens.

The BLASTP searches detected additional se-
quences that we did not use in our analyses, as they did
not correspond to complete HLH motifs. Such se-
quences were identified because they present a marked
similarity with a small region of the bHLH domain,
20-30 amino acids long, often including the basic re-
gion. In all cases we checked the sequence by hand,
and the decision as to whether a sequence did or did
not correspond to a bona fide bHLH domain was al-
ways clearcut. We also checked the 61 “HLH DNA-
binding domain” and 69 “Myc-type HLH dimerization
domain” sequences recently identified in the Dro-
sophila genome (Rubin et al. 2000), and found that
only the 56 sequences listed in Table 2 correspond to
complete bHLH domains. Our analysis is completely
consistent with and extends that of Moore et al.
(2000), who analyzed 12 previously uncharacterized
bHLH from the Drosophila genome project. We also
retrieved these 12 genes in our screen and our family
assignment coincides with that of Moore et al. (2000).

C. elegans Genes
We found 35 bHLH sequences in C. elegans. Table 3
shows these sequences; a version of this table with
links to Wormbase (http://www.wormbase.org) is
available as supplementary material at http://
www.genome.org. A previous report (Rubin et al. 2000)
mentioned 38 “HLH DNA-binding domain” sequences
and 8 “Myc-type HLH dimerization domain” se-
quences in the C. elegans genome. Prior analysis of the
C. elegans genome revealed only 24 bHLH putative pro-
teins (Ruvkun and Hobert 1998). Here again we
checked the discrepancies between our results and the
previous ones, and found that only the 35 sequences
listed in Table 3 correspond to complete bHLH do-
mains. These 35 sequences are likely to represent the
full set of C. elegans bHLH.

In contrast to the sequences from Drosophila, most
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Table 1. bHLH Genes Grouped into 44 Phylogenetically-Defined Families

Family Bootstrap No. of No. of No. of High-order
name support worm genes fly genes mouse genes Plants-yeast? group
Achaete-Scute intermediate’ 4 4 2 no A
Neurogenin high 1 1 3 no A
NeuroD intermediate 1 0 to 22 4 no A
Twist high 1 1 2 no A
MyoD high 1 1 4 no A
E12/E47 high 1 1 4 no A
Atonal high 1 3 2 no A
Mist high Oor1? 1 1 no A
Beta3 intermediate 1 or 23 1 2 no A
MyoR high 1 1 2 no A
Mesp low 0 1 2 no A
Paraxis high 0 1 2 no A
Hand intermediate 1 1 2 no A
PTF1 intermediate 1 3 1 no A
SCL high 0 1 4 no A
NSCL high 1 1 2 no A
SRC high 0 0 2 no B
AHR intermediate 2 2 1 no C
Sim high Oor1* 1 2 no C
Trh high 0or1* 1 1 no C
PAS1 high Oor1* 0 1 no C
HIF high 0or1* 1 3 no C
Max high 2 1 1 no B
USF low® 1 1 2 yeast B
MITF high 1 0 4 no B
AP4 high 1 1 1 no B
TF4 high 0 2 1 no B
Clock high 0 1to 3° 2 no C
ARNT high 1 1 2 no C
Bmal high 0 1 2 no C
Myc7e intermediate 0 0 0 plants only B
R high 0 0 0 plants only B
SREBP low” 1 1 2 yeast B
Emc high 0 1 4 no D
Myc low?® 0 1 4 no B
Mad high 0 0 3 no B
COE i 1 1 5 no F
Gridlock low'® 0 2 2 no E
Hairy high 0 3 1 no E
E (spl) low'" 2 8 5 no E
Pho4 high 0 0 0 yeast only B
Sat1 high 0 0 0 plants only B
GBOX high 0 0 0 plants only B
RTG3P intermediate 0 0 0 yeast only B
orphans none 6 0 to 4'2 0 yes 0

Families have been named according to the name (or its common abbreviation) of the first discovered or best known member of the
family. Bootstrap support has been classified as high (>75%), intermediate (50%-75%) or low (<50%). The number of members per
family in worm, fly, and mouse is reported. Each family has been tentatively assigned to a high-order group using the classification
of Atchley and Fitch (1997) (see text for details). Fly and worm genes that cannot be assigned to any families are categorized as
“orphan” genes.
"Low (~30%) when C. elegans sequences are included, one of which (C2872.8) being most divergent but consistently found linked
to the Achaete-Scute family.
2delilah and CG11450, two Drosophila genes that group together (bootstrap value 52%) to the exclusion of any other gene, are often
found associated with the NeuroD family; their inclusion in this family is, however, not supported by bootstrap resampling (see text
and Fig. 3).
3Beta3 and Mist are closely related families; one C. elegans sequence (DY33) is almost equally related to both families.
“The Hif, Sim, Trh and PAS1 families form a strongly supported monophyletic group (bootstrap value 95%) which are collectively
linked to a single C. elegans gene, F38A6.3 (bootstrap value 65%). Because the Hif, Sim and Trh families contain both fly and mouse
genes, F38A6.3 is unlikely to be the single worm ortholog of all these families. It is more likely that F38A6.3 is the ortholog of one of
these families but has been displaced at the root of these families as a result of the long branch attraction phenomenon (see text).
Low bootstrap support (~40%) when yeast genes are included; high support (75%) when animal genes only are considered.
%One Drosophila gene, known as Dm clock, is found included in this family with high bootstrap support (91%); two other closely related
genes Rst(1) JHand CG6211, are found associated with this family with lower bootstrap value (45%) and as outgroup to the other clock
genes from both vertebrates and fly. Rst(7) /H is involved in metamorphosis and thus might represent a divergent clock gene specific
to Drosophila.

(Table continues on following page.)
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Table 1. (Continued)

’Low bootstrap support (~45%) when yeast and worm genes are included; high support (77%) when only vertebrate and fly genes
are considered.

8Low bootstrap support (~30%) when the fly gene (named diminutive, dm) is included; high support (99%) when only vertebrate,
echinoderms, and retrovirus genes are considered. Functional analysis of dm supports its orthology to the Myc family (Schreiber-Agus
et al. 1997).

°The COE genes were not included in our analysis as their HLH was not alignable with the other ones. Support for the monophyly of
this family comes from the analysis of the HLH and the COE domain within this family.

"°High bootstrap support (100%) when only one of the two fly genes is considered (Dm Hey); lower support (42%) for the inclusion
of a second fly gene (Dm Sticky chT) in the family, as outgroup to Hey and gridlock genes from both vertebrates and fly.

""The Gridlock, Hairy, and Enhancer of split families genes form a well-supported monophyletic group (group E; see Fig. 2). Two clear
families (Hairy and Gridlock families) with high bootstrap support emerge from this group. All of the remaining sequences have been
grouped in a single family (named Enhancer of split) which has no real phylogenetic support. A phylogenetic tree of the group can
be found on the authors’ Web site.

2The total number of orphan genes depends on whether we do or do not include Rst(1) JH and CG6211 in the Clock family or delilah

and CG17450 in the NeuroD family.

of which can easily be assigned to one of the 38 animal
bHLH families, 17% of the C. elegans sequences (6/35)
cannot be confidently assigned to a specific family,
and are therefore called “orphan”. Furthermore, sev-
eral C. elegans bHLH included in families are only
loosely linked to the other members (their inclusion is
supported by low bootstrap values). Conversely, 40%
of the animal families do not contain C. elegans mem-
bers. These results are consistent with the traditional
view of metazoan phylogeny, which held nematodes
as very distantly related to both arthropods and verte-
brates. Recent molecular phylogenies indicate that, on
the contrary, arthropods and nematodes are relatives,
(i.e., they group into one of the three clades of bilate-
rians, the ecdysozoa) (Aguinaldo et al. 1997; Adoutte et
al. 2000). Many nematodes, including C. elegans, have
higher mutation rates than other metazoans, not only
in their rRNA genes (Aguinaldo et al. 1997), but also
throughout their genome (Mushegian et al. 1998).
Therefore, nematode sequences, tend to be artifactu-
ally displaced to a wrong position because they appear
as being very distant from all others, and to end up at
the base of the tree or even associated with the out-
group (because of chance convergence at some nucleo-
tide positions). This phenomenon, known as “long
branch attraction phenomenon” (for a recent review,
see Philippe and Laurent 1998), presumably explains
why our analysis led to the clustering of several C. el-
egans sequences at the base of the group A family, or as
orphan group B genes (Table 3). Accordingly, we found
that the worm bHLH sequences diverge more rapidly
than those of fly and mouse (data not shown; a de-
tailed analysis can be found on our Web site, http://
www.cnrs-gif.fr/cgm/evodevo/bhlh/index.html).
Interestingly, some nematode sequences have di-
verged very little from their fly or mouse counterparts.
These include the few functionally characterized C. el-
egans bHLH genes, which show overall functional con-
servation with their vertebrates and/or fly orthologs;
for example, the C. elegans orthologs of twist and myoD
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are involved in muscle formation (Harfe et al. 1998a,b),
and the orthologs of atonal and NeuroD (lin-32 and
cnd-1) play a role in nervous system development
(Zhao and Emmons 1995; Hallam et al. 2000). The ge-
netic control of developmental processes such as neu-
rogenesis and myogenesis relies on small sets of inter-
acting genes (syntagms Garcia-Bellido 1981). The func-
tion of syntagms crucially relies on specific molecular
interactions among their members, hence imposing
strong structural constraints on them and preventing
structural diversification (for discussion on syntagms
and evolution, see Huang 1998). This may explain why
such networks are strongly conserved throughout
metazoan evolution (Baylies et al. 1998; Arendt and
Niibler-Jung 1999) and why nematode genes involved
in such networks have been subject to special con-
straints.

Mouse Genes

We found a total of 90 different bHLH sequences in
mouse (and related mammals). This large set of genes is
the result of the extensive molecular analyses of pro-
cesses such as neurogenesis, myogenesis, or oncogen-
esis in which bHLH are crucially involved. Therefore, it
might be that in the absence of systematic bHLH
searches or genome sequencing projects, only a small
subset of vertebrate bHLH genes have been identified
so far. Indeed, our initial searches showed that the
same vertebrate bHLH genes may be reported under up
to seven different names, suggesting the convergence
of many research groups on small numbers of crucial
genes.

However, our results show that at least 35 of the 38
vertebrate bHLH types have protostomian (fly and/or
worm) orthologs (90%), and reciprocally, that all fly
genes have mouse counterparts. Because we believe
that our set of fly genes is close to complete, the fact
that mouse counterparts have been identified for all fly
genes suggests that our sample of bHLH genes in
mouse is in fact quite extensive. Needless to say, a defi-
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way of deciding whether two similar sequences are in-
deed orthologous. We will illustrate this difficult ques-
tion in the case of two closely related fly genes, Delilah
(dei) and CG11450 (Fig. 1 and 3). CG11450 recently has
been described, based on overall similarity, as the Dro-
sophila ortholog of the vertebrate NeuroD gene (Hassan
and Bellen 2000). We similarly retrieved CG11450 as
the closest Drosophila relative of NeuroD when making
BLASTP searches. However, the inclusion of both genes
in the NeuroD family is, not supported by the phylo-
genetic analyses. While both genes clearly belong to
the Atonal superfamily, they cannot be associated un-
equivocally to either of the NeuroD, Ngn or Ato families
(Fig. 2 and 3). Nevertheless, CG11450 and Dei may rep-
resent divergent NeuroD proteins as they show several
residues in their bHLH typical of this family (Fig. 1;
Hassan and Bellen 2000).

We examined whether what is known of the func-
tion of these various genes might help us elucidate the
origin of dei and CG11450. The vertebrate representa-
tives of the Ngn, NeuroD and Ato families are mainly
involved in the determination and the differentiation
of neural cells (Kageyama and Nakanishi 1997; Hassan
and Bellen 2000). In Drosophila, the Ato representatives
ato, amos and cato are all involved in neural develop-
ment (Jarman et al. 1993; Goulding et al. 2000a,b;
Huang et al. 2000). The function of the neurogenin or-
tholog target of poxn (tap) is not known, but the gene is
exclusively expressed at late stages of neural develop-
ment (Bush et al. 1996; Gautier et al. 1997; Ledent et al.
1998). On the contrary, dei and CG11450 are not in-
volved in neurogenesis. dei is required for the differen-
tiation of specific epidermal cells as muscle attachment
sites (Armand et al. 1994). CG11450 is expressed in the
embryonic mesoderm in a pattern that overlaps that of
twist (Moore et al. 2000). During postembryonic devel-
opment, CG11450 is involved in wing vein formation
(CG11450 corresponds to the net locus; Brentrup et al.
2000). Thus, one plausible interpretation of the data is
that dei and CG11450 are bona fide orthologs of the
NeuroD genes, and that their phylogenetic relation-

ships have been blurred by a rapid divergence associ-
ated to the acquisition of new functions.

Comparison of Fly, Nematode and Vertebrate Families

Most families comprise one protostome (fly and/or
nematode) and several (often two) vertebrate genes.
The fact that most families contain both fly and verte-
brate genes suggests that there was no addition of new
bHLH types in the corresponding lineages, and there-
fore no important diversification of the ancestral rep-
ertoire. Among the few families that lack fly genes,
most also lack nematode genes. These may represent
the arisal of new bHLH types in the vertebrate lineage,
or alternatively a loss of ancestral types in both fly and
nematode. The analysis of bHLH genes from molluscs
or annelids might help settle this question. It is now
widely believed that bilateria (triploblastic metazoans)
are composed of three main lineages: deuterostomes
(which include vertebrates and echinoderms) and pro-
tostomes themselves including two large groups, the
ecdysozoans (e.g., arthropods and nematodes) and the
lophotrochozoans (e.g., annelids, molluscs, flatworms)
(e.g., Aguinaldo et al. 1997; de Rosa et al. 1999; Adoutte
et al. 2000). Therefore, the finding of ortholog genes in
vertebrates and lophotrochozoans but not in fly and
nematode would strongly suggest that gene loss(es) has
occurred in the ecdysozoan lineage. Similarly, the case
of families that contain vertebrate and either worm or
fly genes is explained best by gene losses that occurred,
inside the ecdysozoan clade, in either lineage after the
arthropod/nematode divergence. This occurred in the
fly lineage for only one family, MITF, which contains
vertebrate and worm but no fly genes (the case of the
NeuroD family has been discussed above). The much
larger number of families that have vertebrate and fly
members but no nematode representative, as well as
the large number of nematode genes that cannot be
clearly assigned to specific families (orphan genes) is
likely because of the high divergence rate reported for
nematode genes in general (Aguinaldo et al. 1997;
Mushegian et al. 1998) and that we found within our

Figure 1 (top) Alignment of the bHLH of the 44 different families listed in Table 1 (abbreviations as in Table 1). One member per family,
usually from mouse, has been selected. Designation of basic, Helix1, Loop and Helix2 follows Ferre-D’Amare et al. (1993). The different
families have been grouped according to the high-order group to which they belong (Atchley and Fitch 1997; see text). The evaluation
of percentage conservation within each group and through the complete multiple sequence alignment was done using the Blosumé62
Similarity Scoring Table. A specific background color with three intensities is attributed to each group (dark, 100% conservation; medium,
80% or greater conserved; light, 60% or greater conserved). Dark gray and black backgrounds represent conservation through all groups.
Residues with black background represent 100% conservation; residues with dark gray background represent 80% or greater conserva-
tion. (bottom) Alignment of the bHLH of the constituting members of the Atonal superfamily. One member of each family plus the two
orphan Drosophila genes, CG11450 and delilah are represented. The evaluation of percentage conservation was done using the Blosumé62
Similarity Scoring Table. Background intensities represent conservation (dark, 100% conservation; medium 80% or greater conserved;
light, 60% or greater conserved). In this and all subsequent figures, the following abbreviations for species names are used: Bb,
Branchiostoma belcheri (amphioxus); Bf, Branchiostoma floridae (amphioxus); Cc, Ceratitis capitata (a lower diptera); Ce, Caenorhabditis
elegans; Ci, Ciona intestinalis (an ascidian); D and Dm, Drosophila melanogaster; Dp, Drosophila pseudoobscura; Dr, (Brachy)danio rerio
(zebrafish); Ds, Drosophila simulans; Dy, Drosophila yakuba; Gg, Gallus gallus (chick); Hs, Homo sapiens; Hv, Hydra vulgaris; |c, Juonia coenia
(buckeye butterfly), Mm, Mus musculus; Ol, Oryzias latipes (Japanese medaka); Os, Oryza sativa (rice); Rn, Rattus norvegicus; Sb, Soybean
(Glycina max); Sc, Saccharomyces cerevisiae (yeast); Tg, Tulipa gesneriana; Tr, Takifugu rubripes (pufferfish); XI, Xenopus laevis; Zm, Zea
mays (maize).
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Table 2. The Complete List of bHLH Genes from Drosophila melanogaster

Gene name Localization Family Status Accession no.
tap (biparous) 74B1-2 Neurogenin 3 emb|CAA65103.1
daughterless 31D11-E1 E12/E47 4 pir||A31641
nautilus 95B3-5 MyoD 3 SW:P22816
achaete 1B1 Achaete-Scute 4 gblAAF45498.1
scute 1B1 Achaete-Scute 4 gblAAA28313.1
letal of scute 1B1 Achaete-Scute 4 gblAAF45500.1
asense 1B1 Achaete-Scute 4 gblAAF45502.1
CG8667 39D3 Mist 2 gblAAF53991.1
CG5545 36C6-7 Beta3 2 gblAAF53631.1
cato 53A1-2 Atonal 2 gblAAF58026.1
ato 84F6 Atonal 4 gblAAF54209.1
amos 37A1-2 Atonal 3 gblAAF53678.1
delilah 97B1-2 NeuroD? 3 gblAAF56590.1
CG11450 (net) 21A5-B1 NeuroD? 3 gblAAF51562.1
HLH54F 54E7-9 MyoR 2 gblAAF57795.1
CG12952 85D7-10 Mesp 2 gblAAF54351.1
CG12648 9A4 Paraxis 1 SPTREMBL:Q9W275
twist 59C2-3 Twist 4 emblCAA32707.1
CG6913 86F1-2 PTF1 2 gblAAF54684.1
CG5952 89B9-12 PTF1 2 gblAAF55280.1
CG10066 84C3-4 PTF1 2 gblAAF54058.1
CG18144 31D1-6 Hand 2 gblAAF52900.1
HLH3b 3B3-4 SCL 2 gblAAF45802.1
HLH4C 4C6-7 NSCL 2 gblAAF45967.1
max 76A3 Max 2 gblAAF49179.1
CG17592 4C4 USF 2 gblAAF45953.1
cp 35F6-7 AP4 1 gblAAF53510.1
CG3350 97F5-6 TF4 1 gblAAF56696.1
CG18362 39D1-2 TF4 1 gblAAF53989.1
HLH106 76D1-3 SREBP 1 gblAAF49115.1
diminutive 3D3-4 Myc 3 gblAAB39842.1
clock 66A11-B1 Clock 4 gblAAD10630.1
Rst(1) JH 10C6-8 Clock ? 3 gblAAC14350.1
CGe6211 13C1 Clock ? 2 gblAAF48439.1
CG12561 96F14-97A1 AHR 1 gblAAF56569.1
spineless 89C1-2 AHR 4 gblAAD09205.1
single-minded 87D12-13 Sim 4 gblAAF54902.1
trachealess 61C1 Trh 4 gblAAA96754.1
Hif-TA 99D5-F1 Hif 2 gblAAC47303.1
tango 85C5-7 ARNT 4 gblAAF54329.1
cycle (MOP3) 76D2-3 BMAL 3 gblAAF49107.1
extramacrochaete 61D1-2 Emc 4 gblAAF47413.1
Hey 43F9-44A1 Gridlock 1 gblAAF59152.1
Sticky chl 86A5-6 Gridlock 3 gblAAF24476.1
hairy 66D11-12 Hairy 4 mblCAA34018.1
deadpan 44B3-4 Hairy 4 gblAAB24149.1
E(spl) m3 96F10-12 E (spl) 4 gblAAF56550.1
E(spl) m5 96F10-12 E (spl) 4 emblCAA34552.1
E(spl) m8 96F10-12 E (spl) 4 splP13098

E(spl) m7 96F10-12 E (spl) 4 emblCAA34553.1
E(spl) mB 96F10-12 E (spl) 4 gblAAA28910.1
E(spl) mC 96F10-12 E (spl) 4 gblAAA28911.1
E(spl) mA 96F10-12 E (spl) 4 gblAAA28909.1
CG10446 37B9-11 Hairy 2 gblAAF53741.1
CG5927 17A3 E (spl) 2 gblAAF48810.1
collier 51C2-5 COE 4 gblAAF58204.1

Sequences are listed by the family in which they are included (or stated as orphan genes), their chromosomal localization (position
on the polytene chromosomes map as found in Flybase), their accession number and their characterization status (1, sequence only;
2, expression pattern known; 3, preliminary functional data exist; 4, exhaustive characterization has been done).

specific data set (data not shown; for details, see our Gene and Genome Duplications
Web site at http://www.cnrs-gif.fr/cgm/evodevo/bhlh/ Most bHLH families, as other gene families, comprise
index.html). more members in vertebrates than in other phyla
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Table 3. The Complete List of bHLH Genes from Caenorhabditis elegans

Gene name Localization Family Status Accession No.
C34E10.7 (cnd-1) I: —2,01 NeuroD 3 splP46581
Y69A2AR ol Neurogenin 1 ok

HLH-2 (MO5B5.5) 1: 1,82 E12/E47 3 TR:Q17588
HLH-1 (BO304.1) Il: —4,51 MyoD 4 SW:P22980
HLH-3 (T29B8.6) II: 1 Achaete-Scute 1 gblAAB38323.1
C18A3.8 I: 1,11 Achaete-Scute 1 TR:Q09961
F57C12.3 X: —19,47 Achaete-Scute 1 TR:Q20941
C28C12.8 IV: 3,86 Achaete-Scute 1 TR:Q18277
F38C2.2 IV: 24,06 Beta3 1 TR:045489
DY3.3 I: 3,04 Beta3/Misti 1 TR:045320
lin-32 (T14F9.5) X: =15,13 Atonal 3 TR:10574
ZK682.4 V: 1,87 MyoR 1 TR:Q23579
HLH-8 (CO2B8.4) X: —0,63 Twist 4 gblAAC26105.1
C44C10.8 X:5,8 Hand 1 TR:Q18612
F48D6.3 X: —8,42 PTF1 1 TR:Q20561
C43Hé6.8 X: —14 NSCL 1 TR:Q18590
F46G10.6 X:12,32 Max 1 TR/Q18711
T19B10.11 V: 3,05 Max 1 TR:P90982
F40G9.11 l: —28,29 USF 1 gblAAC68792
W02C12.3 V: —1,14 MITF 1 TR:P91527
F58A4.7 I11: 0,63 AP4 1 SW:P34474
Y47D3B.7 I: 8,9 SREBP 1 TR:Q9XX00
C15¢C8.2 V: 4,63 AHR 1 emblCAA99775.1
C41G7.5 I: 3,75 AHR 1 emblCAB51463.1
F38A6.3 V: 27,08 Hif/Sim/Trh 1 pirT21944
C25A11.1 (AHA-1) X:0,43 ARNT 1 TR:002219
unc-3(Y16B4A.1) X:19,39 COE 4 gblAAC06226.1
lin-22 IV: 6,9 E (spl) 3 gblAAB68848.1
C17C3.10 Il: —1,28 E (spl) 1 gblAAB52693.1
Y39A3CR.6 l: —=19,16 Orphan 1 gblAAF605231
T01D3.2 V:5,39 Orphan 1 TR:P90953
T15H9.3 I: 1,51 Orphan 1 emblCAA87416.1
TOTE8.2 II: 2,22 Orphan* 1 emblCAA88744.1
F31A3.4 X: 24,06 Orphan* 1 TR:Q19917
C17C3.8 I: 1,28 Orphan* 1 TR:Q18053

The localization of the genes referred to the worm recombination genetic map as found in Wormbase. Sequences marked with an
asterisk form a group with good bootstrap support (70%) which is found at the root of group A. The Y69A2AR gene was not found
in the databases. Its sequence comes from Hallam et al. (2000).

(Table 1). It has been proposed that this may reflect
the occurrence of two rounds of genome duplication
during the early vertebrate evolution (Sidow 1996;
Meyer and Schartl 1999), but this idea, mainly based
on mapping of gene clusters, remains controversial
(Skrabanek and Wolfe 1998; Hughes 1999; Smith et al.
1999; Martin 2001). Many gene families in vertebrates
have less than four genes (Skrabanek and Wolfe 1998;
Smith et al. 1999). However, this might result from
gene loss during or after the rounds of duplication
(Meyer and Schartl 1999). Within our set of bHLH
genes, the most usual case was two mouse genes
per family, but we know this set is likely to be in-
complete because the entire genomic sequence of
the mouse is not available. Even within this incom-
plete set, we observe that up to one-fourth of the
families comprise four or more members (Table 1).
As pointed out by Hughes (1999), the presence of
four vertebrate members, by itself, does not support

762 Genome Research
www.genome.org

the genome duplication hypothesis. Support only
may come from families whose phylogenetic tree
shows a topology of the (AB) (CD) form (i.e., two
pairs of two closely related paralogs) (Hughes 1999).
Hughes (1999) discussed the phylogenies of 13 protein
families important in development and found that
only one of them shows a (AB) (CD) topology. We
constructed individual trees for each bHLH family
(available at http://www.cnrs-gif.fr/cgm/evodevo/
bhlh/index.html) and often found one or two duplica-
tion(s) during vertebrates radiation (e.g., the Achaete-
Scute family; Fig. 4). We checked the topology of the
trees of families with four or more vertebrate members
(nine families, see Table 1) and observed that none of
the five families showing a reliable phylogeny, has a
(AB) (CD) topology (data not shown; see http://
www.cnrs-gif.fr/cgm/evodevo/bhlh/index.html).
Hence, our data set does not support the hypothesis of
two rounds of genome duplication. Figure 4 also shows
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a feature we observed in several families: the existence
of extra closely related genes in the tetraploid Xenopus
and in ray-finned fishes such as the zebrafish Brachy-
danio rerio (actinopterygia). The latter observation is
consistent with the hypothesis than actinopterygia ge-

nome underwent a duplication, which took place after
actinopterygian-sarcopterygian lineage divergence
(the sarcopterygian lineage include coelacanths, lung-
fishes, and all tetrapods) (reviewed in Wittbrod et al.
1998; Meyer and Schartl 1999).
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Figure 2 (See following page for legend.)
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Duplications of Ecdysozoan bHLH

A few families contain more than one gene in fly and/
or nematode, and in some cases, more genes than in
vertebrates: the Achaete-Scute, Atonal, PTF1, Enhancer
of split, Hairy, AHR, and TF4 families in Drosophila and
AHR, Enhancer of split, and Max families in C. elegans
(Table 1). The different protostome members of these
families arose by duplications that occurred after the
arthropod/nematode split within the ecdisozoan clade:
For example, the four Drosophila achaete-scute genes are
collectively orthologous to the two vertebrate genes
and to the four nematode genes (Fig. 4); the three Dro-
sophila Atonal genes are collectively orthologous to the
two vertebrate and the single nematode genes (Fig. 3).
We retrieved the chromosomal localizations of these
genes from Flybase and Wormbase and observed that,
in most cases, the members of a given family have very
different localizations, often on different chromo-
somes (Table 2 and 3). The three Drosophila Atonal
genes, for example, are found on three different chro-
mosomes arms (2L, 3L and 3R; see Table 2). These lo-
calizations suggest that the duplications that gave rise
to the paralogs are rather ancient events. However, in
some cases, the duplications might have occurred
more recently, as the paralogs are localized close to
each other in the genome: this is, for example, the case
of the four achaete-scute genes and the seven Enhancer
of split genes which are known for long time to form
gene complexes in Drosophila. We found one similar
case in C. elegans: C17C3.10 and C17C3.8 are adjacent
genes and are on the same DNA strand. In addition,
two worm members of the Achaete-Scute family are
found at a similar chromosomal localization (Table 3),
although separated by several unrelated genes. Infor-
mation about the timing of duplication events may
come from evolutive comparisons with increasingly
distantly related species. For example, clear orthologs
of three of the four achaete-scute genes have been found
in another dipteran, Ceratitis capitata (Wiilbeck and
Simpson 2000), while a single ortholog to the four ach-
aete-scute genes is found in the buckeye butterfly, Juo-

nia coenia, a lepidoptera, and in the flour beetle, Tri-
bolium castaneum, a coleoptera (Figure 4; Galant et al.
1998). Duplication, in this case, probably has occurred
after the divergence of diptera from other insects.

Phylogenetic Relationships of bHLH Families:
A Reappraisal of High-Order
Although the bHLH motif has good resolving power to
delimit families of proteins and describe their evolu-
tionary relationships at the tips of the clades, the very
early evolutionary history of the motif is more prob-
lematic (Atchley and Fitch 1997). Deep nodes usually
have a low statistical support (small bootstrap values).
This is mainly a result of the small size of the conserved
sequence and the existence of numerous ancient para-
logs. Nevertheless, we found recurrent topologies
when constructing trees with different sequences sets
and different tree reconstruction procedures [maxi-
mum parsimony (MP), distance, and maximum likeli-
hood (ML)]. The congruence between trees obtained
with different methods and different data sets is usu-
ally considered in phylogenetic reconstructions as a
good argument in favor of the validity of a given phy-
logeny (Adoutte et al. 2000); however, it is not a dem-
onstration of its reliability. A representative tree of the
different bHLH families is shown in Figure 2. Our re-
sults agree largely with those of Atchley and Fitch
(1997) who described the four high-order groups (A-D)
found in a neighbor-joining (NJ) tree and subsequent
work of Atchley and collaborators (Atchley et al. 1999;
Morgenstern and Atchley 1999). Although the high-
order groups were supported only by low bootstrap val-
ues, their validity was confirmed by MP analyses of
particular sites at different positions in the bHLH
(Atchley and Fitch 1997), analyses of bHLH flanking
regions (Morgenstern and Atchley 1999) and math-
ematical modeling (Atchley et al. 1999). The inclusion
of the 44 orthologous families in the high-order groups
is shown in Table 1.

Our results diverge from the previous analyses in a
few points, however. First, we have had to revise the

Figure 2 A neighbor-joining (NJ) tree showing the evolutionary relationships of the 44 bHLH families listed in Table 1 as well as the
orphan genes delilah (putative D. melanogaster neuroD gene) and F31A3.4 (as a representative of a group of three C. elegans genes that
cluster together with high bootstrap value; see Table 3). We used one gene (usually from mouse) per family to construct this tree.
Although there are strong theoretical reasons for preferring the unrooted tree, we show a rooted tree because it is easier to display
compactly and more clearly represents the relationships at the tip of the branches. This tree is just a representation of an unrooted tree
with rooting that should be considered arbitrary. We used the four plant bHLH families as outgroup. For similar sake of simplicity, we show
a tree in which branch lengths are not proportional to distances between sequences. A tree with meaningful branch lengths can be found
at http://www.cnrs-gif.fr/cgm/evodevo/bhlh/index.html. The two monophyletic high-order groups A + D (large, dark-gray box and
arrows) and E (very light-gray box) are highlighted. The Emc family (the high-order group D of Atchley and Fitch 1997; represented in
our tree by Mm 1d2) is shown in a black box and the group F (COE family) in a dark gray box. The bHLH-PAS families (the high-order
group D of Atchley and Fitch 1997) are shown in intermediate gray boxes. Their last common ancestor (arrowhead) is also that of non
bHLH-PAS families and the group is hence paraphyletic. Finally, all the other families were included in the high-order group B of Atchley
and Fitch (1997), a group that appears to be paraphyletic (the common ancestor of these families is that of all bHLH genes). The Atonal
superfamily is pointed out (black square) and is detailed in Figure 3. Abbreviations are as listed in Figure 1. The alignment on which this
tree is based and complementary phylogenetic analyses are available at http://www.cnrs-gif.fr/cgm/evodevo/bhlh/index.html.
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Figure 3 A rooted neighbor-joining (NJ) tree showing the evolutionary relationships of Atonal superfamily
members. We used the closely related paraxis sequence (see Figure 2) as outgroup. The different constituting
families are pointed out. Numbers above branches indicate percent support for the nodes defining the families
in distance bootstrap analyses (1000 replicates). Italicized numbers below branches indicate percent reliability in
a puzzle maximum-likelihood (ML) tree. The Mesp family is not supported by ML analyses. Deep nodes are not
supported by resampling methods. Note that delilah and CG11450 cluster together but are not associated to any
vertebrate or nematode genes. As in Figure 2, the tree shown has branch lengths that are not proportional to
distance between sequences. The alignments of which this tree is based as well as maximum parsimony (MP), ML,
phylogram, and bootstrapped trees can be found at http://www.cnrs-gif.fr/cgm/evodevo/bhlh/index.html.

Abbreviations are as listed in Figure 1.
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Figure 4 A neighbor-joining (NJ) tree showing the evolutionary relationships among Achaete-Scute family
members. Numbers above branches indicate percent support in bootstrap analyses (1000 replicates). This tree is
rooted using the single cnidarian (Hv CNASH) member as outgroup. As in Figure 3, the rooting should be
considered arbitrary. The four fly achaete-scute genes are collectively orthologous to the four worm genes and to
two subfamilies of vertebrate genes, the MASH-1 and MASH-2 related genes, respectively. The three closely related
actinopterygians sequences (TrASH1, OIASHB, and DrASHb) and the two closely related Xenopus sequences are
pointed out (black squares). Note also the basal position of the Juonia coenia sequences (Jc ASHT), inside the
arthropod clade, that indicates that this gene is most probably the single ortholog of the three or four achaete-
scute genes found in diptera. The alignments of which this tree is based as well as maximum parsimony (MP),
maximum likelihood (ML), phylogram, and bootstrapped trees can be found on our Web site. Abbreviations are
as listed in Figure 1.
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relationship between groups A and D, and to include
group D within group A. Second, our analysis suggests
that group B is paraphyletic and closest to the ancestral
bHLH motif. Third, we have evidence that group C is
not monophyletic but includes several independent
occurrences of the bHLH-PAS association. Finally, the
more extensive data set used in the present study led us
to define two additional groups, E and F.

Our phylogenetic analysis (Fig. 2) reveals a large
monophyletic group that corresponds to the group A
defined by Atchley and Fitch (1997). This group in-
cludes the E12/E47 family genes and several other
families whose members are able to heterodimerize
with the E12/E47 proteins (Cabrera and Alonso 1991;
Lassar et al. 1991; Van Doren et al. 1992). The phylo-
genetic analysis (Fig.2) clearly shows that the Emc fam-
ily is deeply embedded into the group A family. Fur-
thermore, although group D proteins lack the DNA-
binding motif, they are able to dimerize with several
group A proteins (Benerzra et al. 1990; Ellis et al. 1990;
Garrell and Modolell 1990; Van Doren et al. 1991,
1992), but not with other types of bHLH motifs. There-
fore, our results indicate that the Emc family, previ-
ously considered to define group D, should also be con-
sidered as belonging to group A.

We believe that group B is paraphyletic rather than
monophyletic (Fig. 2). This group is probably closest to
the ancestral bHLH type from which groups A, C, D, E,
and F bHLH arise. The distribution of these proteins in
various groups of organisms stongly supports this sug-
gestion: Group B proteins are found in plants, yeast,
and animals, whereas the other groups (A, C, D, E, and
F) are found only in animals. Likewise, we did not find
the group C of Atchley and Fitch (1997) to form a
monophyletic group (Fig. 2). As this group comprises
the bHLH-PAS genes, one obvious explanation for its
paraphyly is that the association between the bHLH
and the PAS domains occurred several times indepen-
dently, consistent with the hypothesis of a modular
evolution of the bHLH proteins by domain shuffling
(for discussion, see Morgenstern and Atchley 1999).

We found that all Hairy and Enhancer of split-
related proteins form a well-supported monophyletic
group that we named group E in accordance with Atch-
ley and Fitch nomenclature (Fig. 2). The monophyly of
this group is confirmed by the presence of several con-
served amino acids flanking the bHLH and the pres-
ence of the WRPW peptide (Fisher and Caudy 1998).

Similarly, the HLH domain of the COE proteins
appears well conserved among them and much diver-
gent with respect to other bHLH families. Furthermore,
all COE proteins contain a highly conserved domain,
the COE domain, not found in any other proteins.
Taken together, this strongly indicates that the COE
proteins form a clearly distinct monophyletic group,
which we named group F.

Conclusions: An Overview of bHLH Evolution

We have not been able to identify procaryotic genes
that would match our bHLH sequences. Therefore, it
seems that the bHLH motif has been established in
early eukaryote evolution. The bHLH genes of yeast are
involved in general transcriptional enhancement and
cell cycle control, suggesting that this may have been
the original function of the bHLH genes in primitive
eukaryotes. An important diversification occurred in-
dependently in the animal and plant lineages, as seen
by the 36 different families found exclusively in ani-
mals and 30 different bHLH genes found in A. thaliana,
compared to the five genes found in yeast.

In animals, bHLH genes generally are involved in
development and in tissue-specific gene regulation.
The 38 families have representatives in the two major
subdivisions of the animal kingdom, protostomes and
deuterostomes, and must therefore have been repre-
sented in their common ancestor prior to the Cam-
brian radiation, which saw the emergence of all pre-
sent-day phyla and many extinct ones. Morphologi-
cally, these ancestors (also called Urbilateria; De
Robertis and Sasai 1996) probably were coelomates
with antero-posterior and dorso-ventral polarity, rudi-
mentary appendages, some form of metamerism, a
heart, sense organs such as photoreceptors, and a com-
plex nervous system (Knoll and Carroll 1999). Geneti-
cally, they possessed numerous Hox genes (at least
seven; de Rosa et al. 1999) as well as other homeobox
genes, several intercellular signaling pathways (TGE-B,
Hedgehog, Notch, EGF), and several Pax genes (Galliot
et al. 1999). Our analysis indicates that their genome
contained at least 35 different PHLH genes. The func-
tional conservation that often is observed between fly
and vertebrate bHLH orthologs indicates that some of
the developmental functions associated with present-
day bHLH genes already were established in these an-
cestral organisms, further indicating the genomic and
developmental complexity of this ancient ancestor.

METHODS

Protein sequences were obtained mostly by BLASTP search
(Altschul et al. 1990) at the National Center for Biotechnology
(NCBI) and the Sanger center, as well as from Swissprot, Gen-
Pept, and TrEMBL through SRS (LION Bioscience AG) and
Nentrez (NCBI) software. A table containing all sequences and
their accession numbers is available on our Web site (http://
www.cnrs-gif.fr/cgm/evodevo/bhlh/index.html). Protein
alignments were carried out using cCLUSTALW (Thompson et
al. 1994) with no adjustment of the default parameters, and
were subsequently edited and manually improved in Genedoc
Multiple Sequence Alignment Editor and Shading Utility, Ver-
sion 2.6.001 (Nicholas et al. 1997). The evaluation of percent-
age conservation of residues in multiple sequence alignments
was done using the Blosum62 Similarity Scoring Table (Heni-
koff and Henikoff 1992). Only the bHLH motif (determined as
in Ferre-D’Amar et al. 1993), plus a few flanking amino acids,
was used in most of our analyses because the remaining part
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of proteins from independent clades are either not homolo-
gous or have so diverged that the alignments are meaningless.
The facilities of the Belgian EMBnet Node (http://
be.embnet.org) were used for all database searches through
SRS and sequence analysis using Genedoc software, and for
most of the protein alignments using CLUSTALW. Trees were
built using unweighted maximum parsimony (MP) and
neighbor-joining (NJ) algorithms with the PAUP 4.0 program
(Swofford 1993). The MP analysis was performed with the
following settings: heuristic search over 100 bootstrap repli-
cates, MAXTREES set up to 1000 because of computer limita-
tions, other parameters set to default values. When large
numbers of sequences (>150) were handled, as a result of com-
puter limitations, bootstraps were made by “fast” stepwise-
additions (1000 replicates) in PAUP 4. 0. Extensive computer
simulations have shown that such fast algorithms are as effi-
cient as more extensive search algorithms when a large num-
ber of sequences is used (Takahashi and Nei 2000). Distance
trees were constructed with the NJ algorithm (Saitou and Nei
1987) using PAUP 4. 0 based on a Dayhoff’s PAM 250 distance
matrix (Dayhoff et al. 1978). Bootstrap replicates of the NJ
trees (1000) also were made with PAUP 4.0, parameters set to
default values.

Some alignments also were analyzed by maximum like-
lihood (ML) using Puzzle 4.0.2 (Strimmer and Von Hae-
seler 1996). The ML was performed using the quartet puzzling
tree search procedure with 10000 puzzling steps, using the
Jones-Taylor-Thornton (JTT) model of substitution (Jones et
al. 1992), the frequencies of amino acids being estimated from
the data set (Strimmer and Von Haeseler 1996).

The trees were displayed with the Treeview (Version
1.5) (Page 1996), saved as PICT files, converted into JPEG files
using Graphic Converter, and then annotated using Adobe
Photoshop.
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