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ABSTRACT Homeobox genes are present in both plants
and animals. Homeobox-leucine zipper genes, however, have
been identified thus far only in the small mustard plant
Arabidopsis thaliana. This observation suggests that ho-
meoboxleucine zipper genes evolved after the divergence of
plants and animals, perhaps to mediate specific regulatory
events. To better understand this gene family, we isolated
several sequences containing the homeobox-eucine zipper
motif and carried out a comparative analysis of nine ho-
meobox-eucine zipper genes (HATI, HAT2, HAT3, HAT4,
HATS, HAT7, HAT9, HAT14, and HAT22). Gene structures,
sequence comparisons, and chromosomal locations suggest a
simple model for the evolution of these genes. The model
postulates that a primordial homeobox gene acquired a leucine
zipper by exon capture. The nascent homeobox-eucine zipper
gene then appears to have undergone a series of gene duplica-
tion and chromosomal translocation events, leading to the
formation of the HAT gene family. This work has general
implications for the evolution of regulatory genes.

Gene families in higher organisms tend to be more complex
than those found in simple eukaryotes (1), suggesting a
correlation between gene family size and regulatory com-
plexity. Studies on actin, for example, reveal the presence of
multiple actin genes in all multicellular organisms, whereas
only a single actin gene is found in yeast (2). Sequence
comparisons of related genes suggest molecular models for
the evolution of gene families. Members of the steroid
receptor superfamily, for example, are thought to have arisen
from an ancestral gene through a series of gene duplication
and chromosomal translocation events (3). Gene conversion
(4), exon shuffling (5), and unequal crossing-over (6) have
also been implicated in the evolution of genes in animal
systems.
Higher plants afford the opportunity to examine gene

family evolution in organisms whose biology differs signifi-
cantly from members of the animal kingdom. Of particular
interest are genes that are unique to higher plants. One class
of genes that has been described only in plants is the
homeobox-leucine zipper gene family from Arabidopsis
thaliana (7-9). Homeobox-leucine zipper genes encode ho-
meodomain proteins with a tightly linked leucine zipper
motif. These genes constitute a subset of the Arabidopsis
homeobox gene superfamily estimated to contain as many as
50 members (9). Nearly 350 homeobox genes have been
characterized from animal systems (10), and none of these
contains a leucine zipper; thus, it seems likely that the
homeobox-leucine zipper motif arose after the divergence of
plants and animals.
The goal of this work focuses on understanding how

homeobox-leucine zipper genes evolved in higher plants.

The interest in this gene family is underscored by previous
experiments that suggest an important developmental regu-
latory role for these genes (11). Ectopic expression of the
homeobox-leucine zipper gene HAT4 causes a series of
developmental changes in plants including hypocotyl elon-
gation, early flowering, altered leaf morphology, and dark
green pigmentation. To understand this gene family in greater
detail, we isolated and characterized additional homeobox-
leucine zipper genes. Reported here is a comparative study of
a homeobox-leucine zipper gene family.t

MATERIALS AND METHODS
Screening the cDNA Library. A A-YES cDNA library (9)

prepared from adult A. thaliana plants (Col-O) was plated at
a density of 7500 plaques per 15-cm dish. A total of 225,000
plaques were transferred to Colony/Plaque Screen filters
(DuPont) and screened exactly as described (9), except that
the probe used to screen the library was a 512-fold degenerate
23-mer (5'-GTNGAA/GGTNTGGTTT/CCAA/GAAT/
CA/CG) designated PAN39. Of the 70 clones that scored
positive initially, 67 scored positive upon rescreening with
PAN39. The 67 A clones were converted to plasmids and
blotted onto a Nytran filter (DuPont), and the filter was
subjected to a series of successive hybridizations using each
of the newly isolated sequences as probes. This analysis
revealed that the 67 positives represented 10 unique se-
quences, 7 of which were shown to contain a homeobox-
leucine zipper motif. None of the clones exhibited cross
hybridization under the wash conditions employed (0.1 x
SSPE/1% SDS at 650C for 30 min).

Isolating Genomic Sequences. The HAT genes were ampli-
fied from A. thaliana (Col-O) genomicDNA usingPCR under
standard conditions (12). The primer pairs used for the
amplification were as follows: HAT) was amplified using
PAN47 (5'-GCGGCGTCTAGATATTCTCATTTTCTAC-
CAAG) and PAN49 (5'-GGGCGGGAGCTCACAATGAC-
CCACACACAACCC), HAT3 was amplified using PAN59
(5'-GGGCCGTCTAGAAATTCTTCTTTCTTCTTTCTG)
and PAN60 (5'-GGCGGGGAGCTCCACCAAACCTAT-
TATCTTTAG), HAT9 was amplified using PAN57 (5'-
GGGCGCTCTAGAAGGCATATTTTTTTCATTTCG) and
PAN58 (5'-GCCCGGGAGCTCCGAATTAACTATTCAA-
CAAGC), and HAT22 was amplified using PAN55 (5'-
GCCGGGTCTAGATACGAAGAGAAAATTCAAATGG)
and PAN56 (5'-GGGGCCGAGCTCATTTATCTTCTAAC-
TAATTCC).
DNA Sequencing. The cDNA clones were liberated from

the vector with EcoRI, subcloned into plasmid pBS+ (Strat-
agene), and sequenced on both strands using an automated

Abbreviations: UPGMA, unweighted pair group method with arith-
metic mean; cM, centimorgan(s).
*To whom reprint requests should be addressed.
tThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. U09332-U09342).
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sequencer (Applied Biosystems). The genomic clones were
cleaved with Xba I and Sac I (sites introduced by the 5' and
3' primers, respectively), and inserted into pBS+. Nucleo-
tide sequences were determined as above, except that ge-
nomic samples contained at least 100 clones to avoid se-
quencing errors resulting from the PCR. Nested deletions
spanning each of the sequences were made using restriction
enzymes followed by religation.

Sequence Alnments. Basic sequence manipulations were
carried out using DNA STRIDER 2.1 (Apple). Sequence com-
parisons and evolutionary analyses were performed using
GENEWORKS software (IntelliGenetics).
Gene Mapping. Chromosome assignments for HAT),

HAT2, and HAT22 were made using restriction fragment
length polymorphisms (13).

RESULTS
Isolation of a cDNA Family. A 512-fold degenerate oligo-

nucleotide probe (PAN39) was used to screen an Arabidopsis
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cDNA library. The degenerate 23-mer was designed to detect
sequences encoding residues VEVWFQNR of the HAT4
homeodomain (9). Under conditions of high stringency, the
degenerate PAN39 oligonucleotide hybridized to 67 plaques
out ofa total of225,000 screened (%0.03% ofthe clones in the
cDNA library). These 67 A clones were converted to plasmid
DNA and the cDNA inserts were analyzed by hybridization
andDNA sequencing. Of the 67 clones isolated, 51 contained
a homeobox-leucine zipper motif; the remaining 16 clones
exhibited extensive homology to the PAN39 probe on the
noncoding strand but did not contain a homeobox or a leucine
zipper (unpublished data). Of the 51 clones that contained a
homeobox-eucine zipper motif, 34 corresponded to cDNAs
reported previously (9); in particular, 31 hybridized to HAT4
and 3 hybridized to HA 722. The 17 remaining clones repre-
sented five additional genes designated HAT), HAT2, HAT3,
HAT9, and HAT14 (Fig. 1). The extent to which these five
sequences corresponded to cDNAs isolated previously (9)
was not evaluated. The HATS and HA77 cDNAs, which
contain several mismatches to PAN39, were not recovered in
the screen (data not shown).
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FIG. 1. Homeodomain and
leucine zipper sequences. (A) The
presumptive homeodomains of
the HAT and Athb proteins. Res-
idues that are invariant in the ho-
meodomains (second line) are
given. The 13 most highly con-
served residues among 346 ho-
meodomain sequences are also
shown (top line). Numbers (bot-
tom line) demarcate the 60 resi-
dues ofthe homeodomain. (B) The
presumptive leucine zippers ofthe
HAT and Athb proteins. The in-
variant residues (top line) and hep-
tadic leucines (boldface type) are
shown. Note that HATS and
Athb-1 contain an isoleucine at the
presumptive third leucine. Num-
bers (bottom line) demarcate the
36 residues encompassing the leu-
cme zipper.
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Sequence Alinents of the Proteins. The HAT genes en-
code proteins that contain invariant residues at 28 of 60
positions (%47%) within the homeodomain (Fig. 1A). Nearly
all of the invariant residues are also highly conserved in
homeodomains from other organisms (10). The presumptive
leucine zippers exhibited less sequence identity than the
homeodomains; only 5 of the 36 residues (:14%) within the
leucine zippers are conserved in all ofthe HAT proteins (Fig.
1B). Three of the five invariant residues within the leucine
zipper correspond to the heptadic leucines.
To assess the evolutionary relatedness of the HAT and

other homeodomain-leucine zipper proteins, an unweighted
pair group method with arithmetic mean (UPGMA) analysis
(14, 15) was performed. This analysis indicates that the
currently identified HAT proteins make up two evolution-
arily distinct subfamilies (Fig. 2). The UPGMA dendrogram
contains a major branch that separates subfamily 1 (HAT1,
HAT2, HAT3, HAT4, HAT9, HAT14, and HAT22) and
subfamily 2 (HATS and HAT7). Direct sequence compari-
sons of the homeodo'main-leucine zippers corroborate the
UPGMA data (Fig. 1). In all cases, members of subfamily 1
exhibit greater sequence identity to each other (69-93%) than
to members of subfamily 2 (31-44%). It is also noteworthy
that the UPGMA diagram suggests a pairwise grouping of
HAT1 and HAT2 and of HAT9 and HAT22 (Fig. 2). An
evolutionary tree using the neighbor-joining method (16)
yielded results similar to the UPGMA analysis (data not
shown).
Comparisons of intact proteins reveals that the homeodo-

main-leucine zipper region bears the highest degree ofamino
acid identity between any two proteins. Alignment of HAT9

0.331

and HAT22, for example, reveals 90%o identity in the homeo-
domain-leucine zipper region and 71% identity overall (data
not shown). Except for HAT9 and HAT22, little homology is
seen outside of the homeodomain-leucine zipper region for
any two proteins (data not shown).
Sequence Determination of Intact cDNAs and Genes. The

largest cDNA from each gene was subcloned and sequenced.
Sequence analysis revealed that a cDNA encompassing the
entire coding region had been identified for HATI, HAT3,
HAT9, and HAT22. The cDNAs ranged in size from 1.0 to 1.3
kb and encoded proteins of 274-315 residues. The homeo-
domain-leucine zipper motif in each characterized sequence,
as in HAT4, mapped to the central portion of the coding
region.
The polymerase chain reaction was used to isolate genomic

sequences for HAT), HAT3, HAT9, and HA722. Primers
derived from the cDNAs yielded amplification products with
Arabidopsis genomic DNA ranging in size from 1.1 to 1.6 kb.
Nucleotide sequence determination of genomic clones re-
vealed the presence of three introns in HAT) and HAT3, and
two introns in HAT9 and HA122 (Fig. 3). The splice sites for
the intervening sequences in each gene conformed closely to
the AG/GT consensus. The positions of the introns in the
homeobox-leucine zipper regions of HAT], HAT3, HAT9,
and HAi22 were identical to those found in the HAT4 gene
(11); thus, all five genes share a similar intron/exon organi-
zation (Fig. 3).
Chromosomal Locations of the Genes. To determine the

map positions of the HAT genes, each of the cDNAs (Fig. 1)
was used to detect restriction fragment length polymor-
phisms inDNA prepared from crosses ofvarious Arabidopsis
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FIG. 2. Evolutionary rela-
tionships of homeodomain-leu-
cine zipper proteins. Shown is a
UPGMA dendrogram depicting
the calculated evolutionary rela-
tionships of the HAT and Athb
protein sequences. A 96-amino
acid segment encompassing the
homeodomain-leucine zipper
motif (Fig. 1) from each protein
was aligned. The estimated ge-
netic distance between the se-
quences is proportional to the
length of the horizontal lines
connecting the sequences. The
error bars (hatched lines) at
branch points in the dendrogram
denote the standard error of
each branch position.
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FIG. 3. Schematic representation of a HAT gene subfamily.
Shown are diagrammatic representations ofthe HATgenes for which
the complete nucleotide sequence is known. The exons (boxes),
introns (lines), homeodomain (shaded), and heptadic leucines of the
leucine zipper are depicted. The approximate size of the genes in

kilobases is shown.

ecotypes (13). Restriction fragment length polymorphisms
were detected with HAT), HAT2, and HA722 (data not
shown). The HAT22 gene maps to end of chromosome 4 at
75.1 centimorgans (cM) (Fig. 4), which is =1.2 cM distal to
compacta-3 (17). The HAT2 gene maps to chromosome 5 at
83.5 cM, -0.6 cM distal to leafy (18).

DISCUSSION

This work was undertaken to investigate the evolution of
homeobox-eucine zipper genes in A. thaliana. Homeobox-
leucine zipper genes are of evolutionary intrigue in that this
multigene family appears to be unique to higher plants.
Ectopic expression causes a diverse array of developmental
changes in plants, suggesting that these genes probably play
an important regulatory function. A simple model described
here may explain the evolution ofa homeobox-leucine zipper
gene subfamily.

Several lines of evidence implicate homeobox-leucine
zipper genes in developmental control (11). Perhaps the most
compelling of these is the observation that overexpression of
HAT) orHAT4 causes a series ofdevelopmental changes that
include early flowering, dark green pigmentation, hypocotyl
elongation, and altered leaf morphology. Plants overexpress-
ing other transcription factors do not show any of the

1 2 3 4 5

Icp-3

I-1AT22 ifr
<HAT2

FIG. 4. Map positions of two HAT genes. Shown is a diagram-
matic representation of the five Arabidopsis chromosomes. The
chromosomal locations of HA722 and HA72 are shown relative the
compacta-3 (cp-3) and leafy (fy) mutations, respectively.

phenotypes that are observed upon HAT] or HAT4 overex-
pression (19-21); thus, it is likely that the phenotypes ob-
served with HAT) and HAT4 overexpression provide clues to
the biological role(s) of the genes. It will be informative to
determine the chromosomal locations of all of the HAT
genes. These map positions may reveal linkage to previously
characterized mutations.
The proteins encoded by the HAT gene family share amino

acid identity at 28 of 60 positions within the homeodomain.
It is noteworthy that 10 of these positions correspond to the
13 most highly conserved residues in homeodomains from
animals systems (10). This observation, coupled with some
genetic evidence (11), suggests that the HAT proteins prob-
ably contain a prototypic homeodomain. These results ex-
tend the observation that transcription factor function has
been highly conserved in eukaryotic organisms (22-25).
The sequence conservation of plant and animal ho-

meoboxes suggests that all of these genes probably arose
from a common ancestral homeobox gene prior to the sep-
aration of the plant and animal kingdoms. It is interesting,
however, that the positions of the introns in the HAT ho-
meoboxes (HAT), HAT3, HAT4, HAT9, and HA722) do not
correspond to the sites of intron insertion of any of the animal
homeoboxes (10). It may be that the primordial homeobox
gene has yet to be identified or that the HATgenes underwent
rearrangement during their evolution. It seems less likely that
homeobox genes in plants and animals arose by convergent
evolution.

It is-surprising that many of the homeobox genes from A.
thaliana contain a leucine zipper motif (7-9, 26, 27). This is
markedly different from the case in animal systems in which
none of the nearly 350 homeobox genes examined contains a
leucine zipper (10). Leucine zippers would potentially allow
homeodomain-leucine zipper proteins to interact with each
other and with other leucine zipper proteins (28). Several of
the HAT proteins (e.g., HAT9 and HAT22) show extensive
sequence identity in the leucine zipper region. This obser-
vation and the fact that many of the HAT genes have
overlapping expression patterns (unpublished data) suggest
that homo- and heterodimer interactions may be important in
the function of these proteins.
The similar structure of a homeobox-leucine zipper gene

subset (HAT), HAT3, HAT4, HAT9, and HAT22) suggests
that these genes share a common evolutionary history. The
fact that the leucine zipper motif lies on a separate exon raises
the possibility that this domain was acquired by a primordial
homeobox gene through exon capture (29). A subsequent
series of gene duplication and chromosomal translocation
events is a plausible model to explain the genesis of this gene
family (Fig. 5). This model is attractive in that all of its main
features can be subjected to molecular analysis.

It will be instructive to determine whether any of the
homeobox-leucine zipper genes are clustered like the animal
homeobox genes (30) or genetically dispersed as is seen for
the maize knotted genes (31). Given that at least two HAT
genes map to different chromosomes suggests that translo-
cations and gene duplications played a role in the evolution
of this gene family (Fig. 5). It is interesting that HA79 and
HAT22 lack an amino-terminal exon present in HAT), HAT3,
and HAT4. One explanation is that the genes with two introns
(HAT9 and HA722) arose by a relatively recent intron
deletion event from one of the genes that contains three
introns (HAT), HAT3, or HATP). Consistent with this
proposal, HAT9 and HAT22 share the greatest degree of
sequence identity of any of the HAT genes examined thus
far.

Previous experiments suggest that Arabidopsis may con-
tain as many as 50 homeobox genes (9). It will be interesting
to examine the sequences, gene structures, and chromosomal
locations of additional homeobox-leucine zipper sequences.

Proc. Nad. Acad Sci. USA 91 (1994)
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FIG. 5. One model for the evolution of the HAT gene family.
Shown is one possible scenario depicting the evolution of a ho-

meobox-leucine zipper gene subfamily. A primordial gene contain-

ing a homeobox (shaded), three exons (boxes), and three introns

(lines) recombines with a leucine zipper gene resulting in the capture

of a leucine zipper-containing exon (LLLL). The resulting ho-

meobox-leucine zipper gene is then duplicated, translocated, and

functionally altered. A repeated series of such events would give rise

to the HAT gene family.

A detailed view of the evolution of this gene family would be

greatly aided by the sequence determination of the Arabi-

dopsis genome.
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