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Abstract. The basic helix-loop-helix (b HLH) family
of proteins is a group of functionally diverse tran-
scription factors found in both plants and animals.
These proteins evolved early in eukaryotic cells be-
fore the split of animals and plants, but appear to
function in ‘plant-specific’ or ‘animal-specific’ pro-
cesses. In animals bHLH proteins are involved in
regulation of a wide variety of essential develop-
mental processes. On the contrary, bHLH proteins
have not been extensively studied in plants. Those
that have been characterized function in anthocyanin
biosynthesis, phytochrome signaling, globulin ex-
pression, fruit dehiscence, carpel and epidermal de-
velopment. We have identified 118 different bHLH
genes in the completely sequenced Arabidopsis thali-
ana genome and 131 bHLH genes in the rice genome.
Here we report a phylogenetic analysis of these genes,
including 46 genes from other plant species and a
classification of these proteins into 15 distinct plant
clades. Results imply a polyphyletic origin for the
plant bHLH proteins related only by their bHLH
DNA binding motif. We suggest that plant bHLH
proteins are under weaker selective constraints than
their animal counterparts and that lineage specific
expansions and subfunctionalization have fashioned
regulatory proteins for plant specific functions.
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Introduction

The basic helix-loop-helix (b HLH) family of proteins
is a group of functionally diverse transcription factors
found in both plants and animals (reviews in Garrell
and Campuzano 1991; Mol et al. 1998; Quail 2000;
Wright 1992). The distinguishing characteristic of the
family is a bipartite domain consisting of approxi-
mately 60 amino acids. This bipartite domain is
comprised of a DNA-binding basic region, which
binds to a consensus hexanucleotide E-box and two
o-helices separated by a variable loop region. The two
a-helices promote dimerization, allowing the forma-
tion of homo- and heterodimers between different
family members. While the bHLH domain is evolu-
tionarily conserved (Atchley and Fitch 1997), there is
little sequence similarity between clades beyond the
domain (Morgenstern and Atchley 1999).

In animals, bHLH proteins are involved in regu-
lation of a wide variety of developmental processes
including neurogenesis, myogenesis, cell proliferation
and differentiation, cell lincage determination, sex
determination, and other essential processes (re-
viewed by Massari and Murre 2000). Phylogenetic
analysis using only the bHLH domain uncovered 27
evolutionary lineages or clades, that represented
groups of functionally similar proteins (Atchley and
Fitch 1997). Further phylogenetic analysis of com-
pleted animal genomes has expanded the number to
44 orthologous families (Ledent and Vervoort 2001).

These clades are classified into five major groups
based on their basic DNA-binding patterns (Atchley
and Fitch 1997; Ledent and Vervoort 2001). Group A
proteins bind to the hexanucleotide CAGCTG E-box



and include proteins such as Lyl, Twist, dHand,
Achaete-Scute, Atonal, MyoD, and E12. Group B
proteins bind to the CACGTG E-box, also known as
G-box in plants, and include Srebp, Tfe, Myc, Mad,
Mxil, Cbfl, ESC, R, and G-box. Group C proteins,
including Sim, Trh, and Ahr, have an uncharacter-
istic basic region and contain a pair of PAS repeats,
which facilitates dimerization with other PAS-
containing proteins. Group D proteins lack the basic
DNA binding region and act as dominant negative
regulators of other bHLH proteins and include Id
and Emc. Recently an additional group E has been
described that includes Gridlock, E(spl), Hey, and
Hairy (Ledent and Vervoort 2001). This latter group
contains proline or glycine residues within the basic
region and shows a preference to bind the sequence
CACGNG (Steidl et al. 2000; reviewed by Fisher and
Caudy 1998).

Most bHLH proteins characterized to date have
been restricted to animals and only a few are known
from plants. Those bHLH proteins previously de-
scribed from plants belong to group B (Atchley and
Fitch 1997) and function in transcriptional regulation
associated with anthocyanin biosynthesis, phyto-
chrome signaling, globulin expression, fruit dehis-
cence, as well as carpel and epidermal development.
Anthocyanin biosynthesis was first characterized in
maize and is regulated by Cl1 (a helix-turn-helix Myb
oncogene) with four bHLH genes of the R gene
family (Mol et al. 1998; reviewed by Weisshaar and
Jenkins 1998). The R clade belongs to the DNA
binding group B proteins, but has not been shown to
bind DNA directly (Sainz et al. 1997). The four R
genes known from maize (R, B, Lc, Sn) have homo-
logs in snapdragon (delila) (Goodrich et al. 1992),
petunia (anl, jafl3) (Spelt et al. 2000), gerbera
(gmycl) (Elomaa et al. 1998), Arabidopsis (ttg)
(Walker et al. 1999), and rice (Ral, Rb2) (Hu et al.
2000).

The characterized plant bHLH proteins which
have been demonstrated to bind the specific group
B type E-box, know as a G-box in plants, belong in
the clades 7E/PG and GBOF (alternatively, G-box)
(Kawagoe 1996, Loulergue et al. 1998). In addition, a
soybean protein containing a bHLH domain has been
characterized as a symbiotic ammonium transporter
(Kaiser et al. 1998). Another family of functionally
and evolutionary distinct plant bHLH proteins, be-
longing to the PCF family has been described by
Kosugi and Ohashi (1997). However, the structure
and DNA binding specificity of their bHLH motif is
dissimilar and will not be discussed in the present
paper.

Here, we report the results of an extensive search
carried out using available protein sequence data-
bases to locate additional bHLH genes in plants. This
paper describes 118 and 131 potentially unique
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bHLH proteins found in the Arabidopsis thaliana and
the Oryza sativa genomes, respectively. Phylogenetic
analysis of these rice and Arabidopsis sequences to-
gether with an additional 58 bHLH sequences from
other plant and animal species permitted us to gen-
erate a classification of the known plant bHLH se-
quences. More specifically, most of the proteins
discovered, 93 from Arabidopsis and 64 from rice, can
be clustered into distinct clades; only 29 Arabidopsis
and 67 rice proteins appear as orphans (not closely
related) to the other clades. Our results imply a
polyphyletic origin for the plant bHLH proteins,
which are related only by a bHLH DNA binding
motif. We suggest that plant bHLH proteins are
under different evolutionary constraints compared to
their animal counterparts and that subfunctionaliza-
tion (Lynch and Force 2000) has partitioned their
function.

Materials and Methods

A large collection of bHLH domain containing proteins from
plants were assembled by searching three large sequence databases;
TIGR Arabidopsis thaliana genome project (http://www.tigr.org/
tdb/athl/htmls/index.html), and a database comprised of all plant
protein sequences available from NCBI. A newly developed se-
quence search program ProtFamDB (http://coltrane.gnets.ncsu.
edu/ProtFamDB.html) was implemented to facilitate database
construction and to identify putative bHLH domain containing
proteins. The search was initiated using representative bHLH se-
quences as “‘seeds” for BLASTP searches (Altschul et al. 1997). The
initial seed file included the bHLH domain for 196 proteins, pre-
viously analyzed by Atchley and Fitch (1997). A stringent E-value
(0.001) was used for the inclusion of sequences. This search pro-
cedure was repeated using the newly available Oryza sativa pre-
dicted protein sequences (Yu et al. 2002). The discovered predicted
bHLH proteins in rice were included in our analysis, but are not
shown in the neighbor-joining tree.

The bHLH domain of each resultant protein was aligned to a
consensus 19-element bHLH predictive motif. This motif was
previously shown by Atchley et al. (1999) to identify bHLH do-
main containing proteins with a high degree of accuracy. The
goodness of fit of each putative bHLH protein sequence to the
predictive motif was assessed by counting the number of mis-
matches between the sequences identified and the motif. Previous
analyses have shown that this predictive motif is biased for detec-
tion of only group A and B proteins (Atchley et al. 1999). Group C
and D bHLH domains have an atypical basic region and, as a
result, these latter groups generate higher number of mismatches.
To assure that atypical bHLH domain proteins were not eliminated
by lack of correspondence to the predictive motif, only sequences
with more than ten mismatches were discarded. This probably re-
sults in an exhaustive collection of proteins. Further, all sequences
with more than seven mismatches were examined by eye for
goodness of fit. Duplicate sequences within the bHLH domain were
discarded.

The flanking regions or non-bHLH components of the se-
quences were aligned within clades using DIALIGN2 (Morgen-
stern  1999). Alignments were manually improved by eye.
Maximum-likelihood pairwise distances were estimated using the
Blosum 62 distance matrix (Henikoff and Henikoff 1992) imple-
mented by TREEPUZZLE (Strimmer and Haeseler 1996). Neighbor-
joining and consensus trees were constructed using NEIGHBOR
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Table 1.
Oryza officinalis, and Oryza rufipogon were grouped together

Distribution of plant bHLH containing proteins in databases (Sequences from the rices Oryza australiensis, Oryza eichingeri,

Source Common name bHLH proteins
Arabidopsis thaliana Thale cress 118
Oryza sativa predicted proteins Rice 131
Oryza sativa from GeneBank Rice 45
Other rices not sativa 7
Zea mays Maize 6
Pennisetum glaucum Pearl millet 4
Petunia x hybrida Garden petunia 2
Phaseolus vulgaris Kidney bean 2
Sorghum bicolor Sorghum 2
Glycine max Soybean 2
Gerbera hybrida 1
Tripsacum australe 1
Tulipa gesneriana 1
Cicer arietinum Chickpea 1
Mesembryanthemum crystallinum Common ice plant 1
Antirrhinum majus Snapdragon 1
Phyllostachys acuta Woody bamboo 1

and CONSENSUS respectively from PHYLIP (Felsenstein 1993).
Sequences were bootstrapped 500 times using SEQBOOT
(Felsenstein 1993). Tree nodes with less than 35% bootstrap sup-
port were collapsed.

Results

A search of the sequence databases, implemented by
ProtFamilyDB, identified 118 proteins from the
Arabidopsis thaliana genome and 131 proteins from
the Oryza sativa genome that contained a putative
bHLH domain (See supplemental tables at http://
coltrane.gnets.ncsu.edu/plants/). A phylogenetic tree
was constructed using the neighbor-joining method
(Saitou and Nei 1987), which provided a hierarchical
classification of the bHLH domains of these 118
Arabidopsis and 131 rice proteins, together with 46
additional domains from other plants and 12 repre-
sentative animal sequences (Table 1). The relation-
ships of lowly supported groups, as evidenced by
small bootstrap values, were further explored by ex-
amining other conserved domains from full-length
sequence alignments (See supplemental figures at
http://coltrane.gnets.ncsu.edu/plants/).  Additional
conserved domains located beyond the bHLH do-
main are only found between sequences within the
same clade. The flanking regions for two proteins
from different clades may not be homologous, mak-
ing sequence alignments inappropriate and inaccu-
rate (Morgenstern and Atchley 1999). Clusters of
sequences from neighbor-joining analysis were con-
sidered as distinct evolutionary groups (clades), if
they met three criteria: (1) contained more than four
members from two or more species or the group
contained more than six distinct sequences from
Arabidopsis, (2) the sequences in the group were

delimited by a bootstrap value greater than 75% for
either domain or full-length sequence alignments, and
(3) the sequences within the group contained con-
served residues beyond the bHLH domain or con-
served loop length.

We suggest that of these 295 plant sequences, most
can be grouped into 15 separate families or clades.
The remaining sequences appear as orphans (not
closely related) to the other clades. The grouping of
these plant sequences into 15 distinct families most
likely underestimates the number of distinct families
found in plants. This analysis suggests the existence
of as many as 13 additional plant groups, which have
not been further delimited because of low statistical
support.

A set of representative sequences from each family
has been aligned along with five animal/yeast group B
proteins (Fig. 1). The predictive motif described by
Atchley et al. (1999) is provided together with the
numbering scheme for amino acids following the
structural analysis of the Max protein by Ferre-D’
Amare et al. (1993). The plant domains have several
characteristic residues for binding a group B E-box.
The glutamate at position 9 makes several contacts
with the E-box and is essential for specific DNA
binding within bHLH proteins (Bacsi and Hankinson
1996). This residue is absent from sequences that do
not bind DNA, whereas, it is conserved in 13 of the
15 distinct plant families, suggesting that all of these
families bind DNA. There are three sites, which are
important for distinguishing between group A and
group B DNA binding (Atchley and Fitch 1997).
Group A proteins have a configuration of xRx at sites
5, 8, and 13, where R is an arginine at site 8 and x is
another amino acid at site 5 and 13. Group B has the
5-8-13 configuration BxR with a basic amino acid
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| basic | Helix1 | Loop | Helix2 |
CLADE PROTEIN I 1 I I ]
0000000001111111111222222222233333333334444444444555555555566666
1234567890123456789012345678901234567890123456789012345678901234
bHLH Motif ++XXXXXXE+XRXXXONXXOXXL+X XXX XXX XXX XXX XX XXX XX XX+ XXKXXOLXXASXYUXXL
MYC MYC_HUMAN KRRTHNVLERQRRNELKRSFFALRDQIPELE- -~ - -~ = -~~~ NNEKAPKVVILKKATAYILSV
PHO4 PHO4_YEAST KRESHKHAEQARRNRLAVPLHELASLIPAEW-------- KQQNVSAAPSKATTVEAACRYIRHL
ESC ESC1_SCHPO LRTSHKLAERKRRKEIKELFDDLKDALPLDK- -~ ~===--=~~- STKSSKWGLLTRAIQYIEQL
MYOD MYOD_CHICK RRKAATMRERRRLSKVNEAFETLKRCTSTNP----------~-- NQRLPKVEILRNAIRYIESL
R Rb_MAIZE GAKNHVMSERKRREKLNEMFLVLKSLVPSIH---------~------ KVDKASILAETIAYLKEL
7E/PG PG1l_PHVULG EPLNHVEAERQRREKLNQRFYALRAVVPNVS--------------- KMDKASLLGDAISYINEL
GBOF GBOF1_TULIP ATDSHSLAERVRREKISERMKLLQALVPGCD----=--=~-=---~ KVTGKAVMLDEIINYVQSL
SAT SAT_SOY QPODHITAERKRREKLSQRFIALSALVPGLK--------------- KMDKASVLGEAIKYLKQM
SPATULA SPATULA_ARATH AAEVHNLSEKRRRSRINEKMKALQSLIPNSN-=-----=-=------- KTDKASMLDEAIEYLKQL
PbHLH-LZ At3gl19860 RKSQKAGREKLRREKLNEHFVELGNVLDPER-------------- PKNDKATILTDTVQLLKEL
PbHLH1 Atl1lg06170 KKRKIFPTERERRVHFKDRFGDLKNLIPNPT--------------- KNDRASIVGEAIDYIKEL
PbHLH2 At2gl16910 SOQAKNLMAERRRRKKLNDRLYALRSLVPRIT--------------~ KLDRASILGDAINYVKEL
PbHLH3 At2g41130 ALRNHKEAERRRRERINSHLNKLRNVLSCNS--------------- KTDKATLLAKVVQRVREL
PbHLH4 At5g46690 QRMTHIAVERNRRRQMNQHLSVLRSLMPQPF------------- AHKGDQASIVGGAIDFIKEL
PbHLHS At3g20640 SEAASPSPAFKRKEKMGDRIAALQQLVSPFG--------------~- KTDAASVLSEAIEYIKFL
PbHLHG6 At3g21330 STDPQTVAARQRRERISEKIRVLOTLVPGGT---------~-----~- KMDTASMLDEAANYLKFL
PbHLH7 At4g02590 ATDPHSIAERLRRERIAERIRALQELVPTVN--------------- KTDRAAMIDEIVDYVKFL
PbHLHS At5g56960 TQLQHMISERKRREKLNESFQALRSLLPPGT--------------~ KKDKASVLSIAREQLSSL
AbHLH1 At4g25410 KKLLHRDIERQRRQEMATLFATLRTHLPLKY------------ IKGKRAVSDHVNGAVNEIKDT
Fig. 1. Representative bHLH proteins, amino acid number yeast, MYOD is representative group A sequence from animals,

scheme, and components of the bHLH domain. Designation of
basic, helix, and loop regions and the numbering sequence for the
individual amino acids follow Ferre-D’Amare et al. (1993).
Predictive model and its relationship to the aligned bHLH
domain for representative sequence for major evolutionary
lineages according to Atchley and Fitch (1997). Top three
sequences are representative group B sequences from animals and

(either H or K) at site 5 and an arginine at site 13. All
of these plant sequences fit best to the group B con-
figuration. At site 5, 71% have a basic residue (66%
H, 5% K), at site 8 less than 5% have an arginine, and
at site 13, 97% of the sequences have an arginine.
Alternatively, none of the plant sequences examined
appear to fit the group A DNA binding pattern of
xRx. Two plant clades (PbHLHS5,6) do not appear to
bind directly to an E-box, because both clades lack
the essential glutamate at position 9. These proteins
may only function as heterodimers with other bHLH
proteins, or may have unique DNA binding proper-
ties.

The overall phylogeny constructed from plant
bHLH domains shows extensive sequence divergence
and many groups lack strong statistical support, i.e.,
the deep nodes of the tree have small bootstrap values
(Fig. 2). In plants, most lineages reflect evolutionarily
ancient divergence events occurring deep in the tree.
Deep nodes usually have a low statistical support,
due to the small size of the conserved sequence and
the existence of numerous ancient paralogs. Never-
theless, the phylogeny provides support for 15 dis-
tinct apparently monophyletic groups (Table 2); four
previously characterized groups (7E/PG, SAT, R,
GBOF) and at least 11 new phylogenetic lineages,
which probably reflect functionally distinct groups of
proteins. Table 2 describes the plant bHLH families
characterized in this paper, together with the

bottom 15 sequence are representative for the distinct plant clades.
The predictive motif from Atchley et al. (1999) is represented above
the sequences. Arabidopsis thaliana sequences are abbreviated with
At. + =K, Ria=LL V;¢=FLLd=1V,T;,and K, R,
E, and N are as defined; and X = any residue. Mismatches to the
bHLH motif are underlined.

bootstrap support for both the bHLH domain and
full-length alignments, the number of Arabidopsis and
rice sequences in each family, the species distribution,
and the extent of functional characterization per-
formed on members of the family. All animal bHLH
sequences used in this study cluster within three
monophyletic groups in the tree.

The largest group of bHLH sequences in Arabid-
opsis belongs to the GBOF family and includes thir-
teen proteins. This family was formally named the G-
box family (Kawagoe 1996); however this name can
be misleading because the name “G-box’ also refers
to a well-studied collection of basic-leucine zipper
proteins (Foster et al. 1994). Thus, we distinguish
bHLH proteins from bZIP proteins naming the
former as GBOF. This group of proteins only ex-
hibits sequence similarity within the conserved bHLH
domain. Since the domain is small and there is not
another conserved domain, further clarification of
this group will require functional characterization.

The R family is composed of a collection of or-
thologous genes found in many species that are in-
volved in anthocyanin regulation. For the R proteins,
use of only the bHLH domain does not provide the
level of support (<35% bootstrap value), described
above as the threshold for designating a mono-
phyletic group, while full-length sequence alignments
are highly supported (95%). R proteins have two
additional conserved domains, a N-terminal
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Fig. 2. A neighbor-joining tree
showing the evolutionary relationship
of most of the Arabidopsis bHLH
domains. The tree rooting is arbitrary
and tree should be considered
unrooted. The branch lengths are not
proportional to distances between
sequences. Branches with less then
35% bootstrap support have been
collapsed. Bootstrap support by

0 = 50-75%; ¢ = >75% support.
Each plant clade is labeled in the
shaded box. All animal bHLH
sequences used in this study cluster
within three monophyletic groups.
Species abbreviations for uncharac-
terized sequences are as follows:

At, Arabidopsis thaliana; Os, Oryza
sativa (rice); Ms, Mesembryanthemum
crystallinum (common ice plant).



Table 2. The 15 distinct bHLH families in plants
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Family Name bHLH support Full length support Arabidopsis Rice Species Characterization
PbHLHI Inter High 3 1 b None
PbHLH2 Low High 4 3 b None
PbHLH3 High High 4 3 b None
PbHLH4 High Inter 10 6 b None
PbHLHS High Low 4 9 b None
PbHLHG6 Low Inter 12 12 b None
PbHLH7 Low Inter 9 8 b None
PbHLHS High Inter 1 2 b None
PbHLH-LZ Low High 7 5 b None
AbHLH1 Inter High 6 0 a None
Spatula Low High 2 1 b Inter
SAT Low High 3 5 c Low
7E/PG High Inter 7 5 c Inter
R Low High 2 4 c High
GBOF High High 13 11 c Low

Families have been named according to the name of the first dis-
covered or best known member for the family. For uncharacter-
ized families with members from both Arabidopsis thaliana
and Oryza sativa are named with the abbreviation PbHLH for
plant bHLH, families with members from just Arabidopsis thaliana
are named with the abbreviation AbHLH for Arabidopsis bHLH.
The plant bHLH leucine zipper family is named PbHLH-
LZ. Bootstrap support has been classified as high (>75%), inter-

transactivation domain and a weakly conserved
C-terminal domain, which can be used to better de-
limit the evolutionary boundaries of this family.

The 7E/PG family contains three characterized
members MYC7E, RAP-1, and PGl1, six uncharac-
terized Arabidopsis sequences and three uncharacter-
ized rice sequences. The characterized members of this
family have varied functions, but have been demon-
strated to bind to a group B type E-box (de Pater et al.
1997; Kawagoe 1996; Loulergue et al. 1998).

The SAT family has representatives in four plant
species: soybean, Mesembryanthemum crvstallinum
(common ice plant), Arabidopsis, and rice. Within
Arabidopsis the three SAT related proteins are closely
linked on chromosome II and may represent a recent
duplication event. The soybean protein SATI has
been characterized as a symbiotic ammonium trans-
porter, which is localized to the peribacteroid mem-
brane (Kaiser et al. 1998). Kaiser suggests that the
bHLH domain in this protein does not appear to
function as a DNA binding domain. Rather, the he-
lix-loop-helix domain could mediate dimerization or
could be the hydrophilic portion that confers channel
activity (Kaiser et al. 1998). This seems unlikely since
the proteins in this clade contain the conserved resi-
dues needed for DNA binding and a potential nuclear
localization sequence within the bHLH domain.
Other researchers suggested that SATI1 could be
cleaved from the membrane and subsequently trans-
located into the nucleus where it would function as
transcription factor (Dommelen et al. 2001).

The Spatula clade contains two characterized
Arabidopsis genes, SPATULA and ALCATRAZ. The

mediate (50-75%), or low (<50%). The number of members
from the Arabidopsis and rice genome are indicated. The num-
ber of species is indicated by a = only in Arabidopsis; b =
Arabidopsis and rice; ¢ = three or more species. Characterization
status is: none = sequence only; low = preliminary functional
data exist for one member; inter = functional data for multi-
ple members; high = exhaustive characterization has been done.

ALCATRAZ protein is required for the development
of a specialized cell layer which is nonlignified and
capable of autolysis, for fruit dehiscence (Rajani and
Sundaresan 2001). The SPATULA protein is re-
quired to promote the growth of carpel margins and
of pollen tract tissues derived from them (Heisler et al.
2001). Spatula expression was also seen in valve dehis-
cence zones indicating a possible role in abscission
(Heisler et al. 2001). Both of these proteins may share
a common developmental function in abscission.

Nine new families contain sequences only from the
two most sequenced plant genomes, Arabidopsis and
Oryza sativa. These families were named plant bHLH
(PbHLHI1-8, LZ). One additional group contains
only members from Arabidopsis and may represent
paralogous genes (AbHLH1). These ten groups con-
tain sequences, which have not had any functional
characterization yet.

The PbHLH-LZ group contains seven sequences
from Arabidopsis and five predicted rice proteins, and
involves a bHLH domain followed by a putative
leucine zipper (Fig. 3). In animals, there are six
bHLH protein families containing a leucine zipper
dimerization motif with the bHLH motif, including
Myc/Max, Mad, Srebp, Ap4, USF, and Tfe families.
They are group B proteins and bind the core CAC-
GTG hexanucleotide and have a specific HXR con-
figuration for the 5-8-13 amino acid sites (Atchley
and Fitch 1997). The leucine zipper expands the di-
merization surface by expanding the second o-helix.
Although both the animal bHLH-LZ and the plant
PbHLH-LZ proteins belong to group B, the plant
PbHLH-LZ proteins do not share the specific HxR
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KPAILDDAIRILNQLRDEALKLEETNQKLLEEIKSLKAEKNELREEKLVLKADKE
KSAILDDAIRVVNQLRGEAHELQETNQKLLEEIKSLKADKNELREEKLVLKAEKE
KAATLSDATRMVIQLRAEAKQLKDTNESLEDKIKELKAEKDELRDEKQKLKVEKE
KSSILNDAIRVMAELRSEAQKLKESNESLOEKIKELKAEKNELRDEKQKLKAEKE
KAAILVDAVRMVTQLRGEAQKLKDSNSSLQODKIKELKTEKNELRDEKQRLKTEKE
KVATINDATIRMVNQARDEAQKLKDLNSSLOEKIKELKDEKNELRDEKQKLKVEKE
KANILSDAARLLAELRGEAEKLKESNEKLRETIKDLKVEKNELRDEKVTLKAEKE
KATILTDTVQLLKELTSEVNKLKSEYTALTDESRELTQEKNDLREEKTSLKSDIE
KASVLTDTIQMLKDVMNQVDRLKAEYETLSQESRELIQEKSELREEKATLKSDIE
KACILTDTTRILRDLLSQVKSLROQENSTLONESNYVTMERNELODENGALRSEIS
KASILCEATRFLKDVFGQIESLRKEHASLLSESSYVTTEKNELKEETSVLETEIS
KACVLGETTRILKDLLSQVESLRKENSSLKNESHYVALERNELHDDNSMLRTEIL

Fig. 3. The alignment of the leucine zipper region for the seven Arabidopsis and five predicted rice members of the clade PoHLH-LZ. The
second helix of the bHLH motif and the predicted leucine zipper region is labeled above.

configuration that is found in animal sequences.
PbHLH-LZ has a KRR configuration at the 5-8-13
amino acid sites. Furthermore, there is no phyloge-
netic evidence for an evolutionary relationship with
the animals bHLH-LZ proteins. This group repre-
sents a distinct plant bHLH-LZ clade, which is dif-
ferent from other animal bHLH-LZ groups.

Discussion

Of the 118 Arabidopsis bHLH domains characterized
in this paper 104 appear to be group B bHLH pro-
teins. The remaining 14 belong to PbHLHS5-6 and
appear to be members of unique, uncharacterized
DNA binding groups. Furthermore, group B bHLH
proteins are distributed throughout Eukaryota (Le-
dent and Vervoort 2001), whereas the alternative
binding groups (A, C—E) are not found within plants.
This suggests the ancestral state for both the plant
and animal bHLH domains was a group B protein.

Several striking differences occur when comparing
bHLH proteins from animals with those from plants.
First, the number of bHLH proteins found in Ara-
bidopsis and rice far exceeds the numbers found in
any other sequenced animal genome. Second, most
animal bHLH proteins appear to be essential for
development, while in plants bHLH proteins appear
to be less essential or partially redundant. Third,
plant bHLH appear to be evolving faster than animal
bHLH proteins which appear to be highly conserved.
These disparities suggest that the evolutionary forces
acting on bHLH proteins differ in plants and animals.
This might be expected due to their different devel-
opmental pathways. Plant development is partitioned
into many stages (embyrogenesis, root, shoot, leaf,
flower, etc.), whereas animal development is one
major cascade. The partitioning of development in
plants, permits duplicated regulator genes to be

preserved by subfunctionalization (Lynch and Force
2000) and diversifying selection may act to maintain
the nonredundant independent functions of both
genes (Pickett and Meeks-Wagner 1995).

In the Arabidopsis genome there is a total of 118
bHLH domain containing proteins, compared to 58
in Drosophila, 39 in C. elegans, and 125 in humans
(Ledent et al. 2002). Correcting for genome size,
Arabidopsis has 1.3 to 2.7 fold more bHLH proteins
than animals. bHLH proteins appear to have been
amplified within plants by five linecage-specific ex-
pansions containing 96 bHLH proteins (Lespinet
et al. 2002). These results indicate that the bHLH
family has been amplified to regulate plant-specific
processes.

Some evidence suggests that plant bHLH are
partially redundant because mutations have limited
phenotypic effects. Mutations in plant bHLH genes
have been shown to disrupt development of the pol-
len tract (Heisler et al. 2001), hypocotyls elongation,
and cotyledon expansion (Soh et al. 2000), or to
prevent dehiscence of fruit (Rajani and Sundaresan
2001). On the contrary, in animals nearly all bHLH
genes are essential for normal development. The lit-
erature is filled with examples of mutations of animal
bHLH which have drastic effects on development; i.e.
misexpression of Hesl causes severe affects in the
brain, eye, and pancreas (Kageyama et al. 2000),
mutations in dHAND or eHAND disrupt organo-
genesis in mesodermal and nueral creast derivatives
(Srivastava 1999), the null mutation of Mash1 results
in loss of olfactory and autonomic neurons and de-
lays differentiation of retinal neurons (Kageyama
etal. 1997). Overall, animal bHLH proteins appear to
play important roles in regulating developmental
processes; therefore, their variability is tightly con-
strained by negative selection. On the other hand,
plant bHLH appear to be partially redundant,



allowing diversifying selection to transform the
function of these regulatory proteins.

There is evidence that plant bHLH genes from the
R clade are undergoing rapid evolution. Purugganan
and Wessler (1994) suggest that either most of the R
proteins are under little functional constraints or that
selection is acting to diversify the products of these
regulatory loci. This seems contrary to the bHLH
protein in animals, which are highly conserved within
clades from C. elegans to humans (Atchley and Fitch
1997; Ledent and Vervoort 2001). These differences
between plant and animal bHLH proteins suggest
that within their lineage the selective forces are dis-
similar and lineage-specific expansions of the bHLH
protein family in plants, have fashioned regulatory
proteins to control plant-specific processes. This
higher rate of diversifying selection in plants may be
attributed to a higher occurrence of genome dupli-
cations in plants compared to animals (Lawton-Rauh
2003; Wolfe and Shields 1997).

The bHLH proteins are not the only family of
transcription factors that have evolved along different
pathways in animal and plant lineages. The MYB
proteins in animals are helix-turn-helix proteins that
function as transcriptional regulator activators in-
volved in the regulation of cell proliferation (proto-
oncogenes). In plants, on the other hand, most MYB
proteins are involved with regulating processes spe-
cific to plants, including secondary metabolism, re-
sponses to plant hormones, and regulating cellular
morphogenesis (Martin and Paz-Ares 1997).

There are several similarities between the MYB
and bHLH proteins in plants. First of all, there are
many more MYBs in plants (136) than in flies (3).
MYB proteins like bBHLH proteins have been greatly
amplified to regulate plant-specific processes (Stracke
et al. 2001) and there have been two lincage-specific
expansions of these proteins in plants accounting for
nearly all of the MYB proteins (Lespinet et al. 2002).
Second, both MYB and bHLH proteins have a
polyphyletic origin in plants (Rosinski and Atchley
1998). Lastly, MYB proteins interact directly or in-
directly with bHLH proteins to regulate several sec-
ondary metabolic pathways. The bHLH protein R
and the MYB gene Cl interact by an N-terminal
transactivation domain to regulate pigmentation in
plant tissues (Goff et al. 1992). MYB and bHLH
proteins also co-regulate epidermal cell patterning
(Payne et al. 2000) and the circadian clock (Martinez-
Garcia et al. 2000). On the whole, the bHLH and the
MYB proteins appear to have diversified in plants.

The results reported in this paper demonstrate that
the bHLH family consists of numerous heteroge-
neous evolutionary lineages and there is evidence that
plant and animal lineages are unrelated beyond the
conserved DNA-binding domain. Our analysis sug-
gests that the ancestor of plants and animals
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contained several group B type bHLH proteins
which, by lineage-specific expansions in both lines,
fashioned many regulatory proteins to control plant-
specific or animal specific functions.
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