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Abstract

Five arabidopsis knl-like homeobox genes were cloned through low-stringency screening of Arabidopsis cDNA
libraries with the kn/ homeobox from maize. These five genes were named KNAT!-5 (for knl-like Arabidopsis
thaliana). An analysis of KNATI and 2 has been presented previously [19]. Here we present an analysis of the genes
KNAT3, 4 and 5. On the basis of sequence and expression patterns, these three genes belong to the class II subfamily
of knl-like homeobox genes [16]. Low-stringency Southern analysis suggests several additional members of the
class II genes exist in the Arabidopsis genome. The predicted amino acid sequences of the three genes share
extensive homology outside of the homeodomain, including 84% between KNAT3 and KNAT4. Northern analysis
shows that although all three genes are expressed in all tissues examined, the level of KNAT3 RNA is highest in
young siliques, inflorescences and roots, KNAT4 RNA level is strongest in leaves and young siliques, and KNATS
RNA level is highest in roots. The specificity of these patterns was confirmed by RNA fingerprint analysis. KNAT3
and 4 are light-regulated as they show reduced expression in etiolated seedlings and also in Ay3, copl and detl

mutant backgrounds.

Introduction

The study of development often and naturally leads
to the study of evolutionary conservation and homo-
logy between species. Finding underlying principles
of development becomes simpler when different sys-
tems can be compared for their common features. This
was true for experimental embryologists at the turn
of the century and is true today, the main difference
being the tools and the characteristics used in studying
development.

As researchers have begun describing the molecular
mechanisms underlying development in a wide variety
of systems, many similarities have been revealed. In
some cases homology is limited to short stretches of

The nucleotide sequence data reported will appear in the EMBL,
GenBank and DDBIJ Nucleotide Sequence Databases under the
accession numbers X92392 (KNAT3), X92393 (KNAT4) and X92394
(KNATS).

protein sequences that appear in proteins with very
different roles. In other cases similarities extend to
entire coding sequences, the arrangements of genes
within genomes, interactions between proteins, and
general pattern-forming mechanisms. It has been sug-
gested that a least some of these more complex levels
of homology might serve as major if not predominant
criteria for assigning phylogenetic groupings [1, 11].
For example, having a Hox cluster, a linear complex
of homeobox genes found in mammals, Drosophila,
nematodes and other organisms, has been proposed as
a defining characteristic for metazoans [35].

Our work has focused on members of a conserved
gene family, the homeobox genes of Arabidopsis.
Homeobox genes are among the most studied of the
genes known to be involved in development. Hundreds
of homeoboxes have been discovered and characterized
in diverse animal, fungal and plant systems [12, 18,
39]. Some homeobox genes have been closely main-
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tained in function and sequence over millions of years
of evolutionary divergence. Others appear to have been
recruited and modified for new roles. The protein motif
encoded by the homeobox binds DNA. Homeodomain
proteins act as transcription factors [24]. Mutational
analyses have demonstrated that many homeodomain
proteins act as switches during development, turning
cascades of genes on and off.

The plant homeobox genes present a particular
challenge to study. Of the identified genes, only KN/
and RS/ in maize, Hooded in barley, and gl2, stm
and bell in Arabidopsis have an associated mutant
phenotype [2, 22, 30, 32, 33, 43]. Furthermore, an
interpretation of the maize and barley phenotypes is
complex, as KNI, RS1, and Hooded are dominant, neo-
morphic mutations. KN/ and RS/ cause aberrant leaf
morphology and Hooded causes the development of a
second flower in each floret. g2, a recessive mutation,
causes plants to lack normal trichomes. Plants lacking
stm gene expression do not form vegetative meristems.
bell results in ovules lacking outer integuments.

The plant homeobox genes without associated
mutant phenotypes have been isolated in a variety of
ways. Some, such as the Homeodomain-Zip class,
were obtained through low stringency screening or
PCR with degenerate oligonucleotides [5, 10, 27, 34,
37]. Others were obtained through cross-hybridization
to knl [16, 19, 23, 26], and still others such as
ZmHox1a through binding to promoter elements [3,
17, 38].

We have focused our analysis on three knl/-like
homeobox genes in Arabidopsis. As none have an asso-
ciated mutant phenotype, we have chosen a comparat-
ive approach to discern their function. Expression pat-
terns and sequence data from our studies of Arabidop-
sis are compared with similar information from maize
and other species. Examining the similarities and the
differences should stimulate hypotheses about how dif-
ferent members of the gene family may be involved in
developmental patterns. Here we describe KNAT3, 4
and 5 (knl-like Arabidopsis thaliana), three members
of the knl-like class of homeobox genes.

Materials and methods

c¢DNA library screening, clone isolation and
characterization

We screened ca. 1x 10° plaques of a young plant
(ecotype Wassilewskija) cDNA library at low strin-

gency with the homeobox-containing fragment of the
maize knl gene. Hybridization was carried out in 9x
SSC (1x SSC is 0.15 M NaCl, 0.015 M sodium cit-
rate), 2% SDS, 2 mM EDTA, 10 mM Tris-HC1 pH 7.5,
200 pg/ml salmon sperm DNA, 5x Denhardt’s solu-
tion, and 20 mM sodium phosphate buffer at 58 °C.
Filters were washed at 58 °Cin 1 x SSC, 0.2% SDS for
1 h. From this screen we obtained partial cDNAs for
KNAT2 and KNAT3. An additional young plant cDNA
library (ecotype Wassilewskija) and two flower cDNA
libraries (ecotype Landsberg erecta) were screened at
low stringency with the homeoboxes of kn/, KNAT2
and KNAT3. Both seedling libraries were constructed
in AZAPII and obtained from K. Feldmann. One of the
flower libraries was constructed in Agt10 and the other
in AZAPIIL. Both flower libraries were obtained from
E. Meyerowitz. From these screens we obtained sever-
al additional clones of KNAT2 and KNAT3, as well as
clones of KNATI, KNAT4 and KNATS. Clones ranged
in size from 0.5 to 1.7 kb.

Both strands of cDNAs were sequenced using the
dideoxy-chain termination method. Sequences presen-
ted correspond to Landsberg erecta genes. Sequencing
was performed with the USB Sequenase 2.0 kit on
double-stranded plasmid templates. To obtain com-
plete sequences, 5’ and 3’ deletions were generated
using the Erase-A-Base kit (Promega). Sequences were
aligned and analysed with the Intelligenetics software
or by hand.

Southern analysis and mapping

Genomic DNA isolated from seedlings of ecotype
Wassilewskija was digested with HindIll and separ-
ated by electrophoresis through agarose TBE gels at
a concentration of 1-3 ug of DNA per lane. High-
stringency Southerns were performed as described
[36]. Low-stringency Southerns were hybridized and
washed under the same conditions as the cDNA library
screens.

All three genes were tested for polymorphisms
between La-O and Col-O, the two parent ecotypes
for the recombinant inbred lines generated by Car-
oline Dean and Claire Lister [21]. Polymorphisms were
found with Clal for KNAT3 and HindIll for KNATS.
DNA was made from the 100 recombinant inbred lines,
digested with the appropriate enzymes and probed with
KNAT3 and KNATS. The resulting segregation patterns
were analysed using the Map Manager Software [25].



RNA isolation and northern analysis

Tissue for RNA isolations was collected from plants
grown under long-day conditions (16 h light/8 h
dark) at 22 °C in a Percival growth chamber, except
for young plants and roots and etiolated seedlings,
all of which were grown on plates of germination
media (Gambourg’s B5 salts with minimal organ-
ics, 1% sucrose, 0.1 mg/l biotin, 0.5 mg/l 2-[N-
morpholinoJethanesulfonic acid, pH 5.8). Etiolated
seedlings were grown for ten days in the dark and then
collected. As tissue was collected it was quick-frozen
in liquid nitrogen. The mutations detl-1, copl-4 and
hy3cno-02 were used for light expression analysis.

RNA was isolated by the method of Condit er al.
[8]. 10 ug total RNA per lane was efectrophoresed
through a formaldehyde-agarose gel, transferred onto
Hybond N nylon membranes (Amersham), and UV
cross-linked. Membranes were hybridized with either
DNA or RNA probes. DNA probes were labelled
with [a-*2P]-dCTP (3000 Ci/mmol, ICN Pharmaceut-
icals) using random hexamer labelling. RNA probes
were generated by transcription of linearized cDNA-
containing plasmids with either T7 or T3 RNA poly-
merase. RNA probes were labelled with [a->2P]-dUTP
(>600 Ci/mmol, ICN Pharmaceuticals).

Hybridization conditions for DNA probes were 5 x
SSC, 3x Denhardt’s solution, 0.5% SDS and 50 pg/ml
tRNA at 65 °C. Hybridization conditions for RNA
probes were as above plus 50% formamide. In both
cases blots were washed in 1x SSC, 0.1% SDS for
20 min at room temperature followed by 3x 20 min in
0.2x SSC, 0.1% SDS at 65 °C. As a loading control,
blots were hybridized with either a random hexamer-
labelled 18S ribosomal cDNA fragment or cyclophilin
cDNA [15, 20].

RNA fingerprinting

RNA fingerprinting analysis followed the general pro-
cedure of Bohl and Apel [4] with the following modi-
fications. 1 pmol of the primer 5’ RNAamp was added
to 5 ug of total RNA in 10 ul of hybridization buffer
(60 mM NaCl, 50 mM Tris-HCI pH 8.3, 10mM DTT).
Samples were placed in a 90 °C water bath which was
allowed to cool to ca. 30 °C over an hour’s time. 2 ul
of 36 mM MgCl, in hybridization buffer was added. A
third of each sample was mixed with 6 ul of reverse-
transcription mix (60 mM NaCl, 6 mM MgCl,, 50 mM
Tris-HCI pH 8.3, 10 mM DTT, 375 yM dATP, dGTP,
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dCTP and dTTP, and 1 unit AMYV reverse transcriptase)
and placed at 50 °C for 30 min.

PCR was performed in 25 pl reaction volumes
using an MJ Research Programmable Thermal Cycler.
Reactions contained primers at a final concentration
of 1 uM each, nucleotides at a final concentration of
0.2 mM each and 1 x Boehringer Mannheim 7aq Poly-
merase buffer. Reactions were heated to 94 °C before
2.5 units of Taq Polymerase were added and the reac-
tion overlaid with mineral oil. The cycling program
was: (1) 3 min at 94 °C; (2) 20 x 1 min at 94 °C, 2 min
at 54 °C, 2 min at 72 °C; (3) 5 min at 72 °C. After
PCR, samples were extracted once with chloroform to
remove mineral oil and precipitated with 1 volume of
4 M ammonium acetate and 2 volumes of ethanol.

Samples were resuspended in 40 ul of distilled
water and a tenth of this used for labelling through
one additional PCR cycle. Reaction conditions for
the labelling cycle included 0.2 uM of each primer,
20 puM for dATP, dGTP and dTTP, 10 uCi [a-32P]-
dCTP (3000 Ci/mmol, ICN Pharmaceuticals) and 1 x
Taq Polymerase Buffer. Samples were overlaid with
mineral oil and heated to 94 °C at which point 0.2
units of Tag Polymerase were added. The final cycle
ran 3 min at 94 °C, 2 min at 45 °C and 10 min at
72 °C. Samples were again extracted and precipitated.
Each sample was resuspended and digested with Hinfl.
After digestion, 10 000 cpm were loaded and electro-
phoresed through a 6% non-denaturing acrylamide gel.

The two primers used were synthesized by Operon
Technologies, Inc and had the following sequences.
3'RNA amp: 5'-TYGCCTTATCTTCCTCAG-3';
5'RNAamp: 5'-TYGCCTTATCTTCCTCAG-3'. Con-
trol fingerprinting experiments were performed on
plasmids containing cDNAs for KNAT3, KNAT4 and
KNATS. Otherwise all procedures were the same.

Results
Sequence analysis of Arabidopsis KNAT genes

The maize kn/ homeobox was used as a probe at
low stringency to isolate 5 different cross-hybridizing
cDNAs from Arabidopsis. KNAT1 and 2 were most
similar to knl and have been analysed further else-
where [19]. The homeoboxes of KNAT3, 4 and 5
were sequenced and their amino acid translations com-
pared to other known maize and Arabidopsis KN1-like
homeodomains in Fig. 1A. The KN1-like homeodo-
mains can be subdivided into two main classes: Class I
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Figure 1. Homeodomain sequence comparisons. A. The homeodomains and ELK domains of KNAT3, 4 and 5 are shown in comparison with
KNOX1 and knl of maize, and KNAT1 and KNAT2 of Arabidopsis. A consensus sequence is shown below. The four amino acids invariant
in nearly all known homeodomains are marked with asterisks (*). Homologous amino acids are shaded when shared between at least three
sequences. B. The homeodomain of KNAT3 is shown in alignment with several plant and animal homeodomains {3, 5, 12, 17, 23, 29-31, 33,
34, 37]. BNHDIBOX is from Brassica napus; SHB1 is from soybean; HYKNOX3 is from barley; ATH1, PRHA, ATHB1, HAT4 and GL2 are
from Arabidopsis;, ZMHOXI1A is from maize; PBX2 is a paired-related homeodomain from humans; ANTP is from Drosophila; and MATPi is
from yeast. A three amino acid insertion has been added to several sequences to maximize alignments. Amino acids homologous to those in

KNAT?3 are represented by a dash (—).

genes share greatest similarity to kn/, and class I genes
have greatest homology to knox! {for knl-like maize
homeobox [16]). These classes predate the establish-
ment of monocots and dicots as separate lineages since
representatives of both classes are found in Arabidop-
sis (this report and [19]). The three genes we have
studied belong to class II and share both sequence and
expression pattern similarities with their maize coun-
terparts. The similarities between the maize and Ara-
bidopsis amino acid sequences extend N-terminal to
the homeodomain into the ELK domain, a conserved
20 amino acid stretch adjacent to the homeodomain.
The function of the ELK motif is unknown but has been
postulated to play a role in protein-protein interactions
[42]. The homeodomain of KNAT3, a representative
member of the class II genes, is shown in alignment
with several other plant, animal and fungal homeodo-

mains in Fig. 1B. The divergence of the KNAT genes
from these other homeobox genes serves to contrast
how strongly the kn/-like genes have been conserved
as a group.

A comparison of the full-length sequences of
KNAT3 and KNAT4 in Fig. 2 shows remarkable con-
servation N-terminal to the homeodomain. An unusu-
al feature of both polypeptides are the amino acid
stretches including strings of prolines, glutamines,
alanines and asparagines. Poly-proline and -glutamine
stretches have been described in other transcription
factors [13] and can aid in activating transcription, but
the function of the other repeated stretches is unclear.

QOverall, KNAT3 and KNAT4 share 84% homo-
logy (98% in the homeodomain). The level of identity
between KNAT3 and 4 is only slightly less (80%, data
not shown). An interesting observation is that many
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Consensus TPVDQLPRIDAQLAQSQ-VVAKYS-L~AA---L-GDDKELD~ FMTHYVLLLCSFKEQLQQOH
KNAT3 245 VRVHAMEAVMACWEIEQSLOS1TGVSPGEGRGATMSADEDEQVESDANMFDGYLDVLGFGP
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KNAT4 209 VRVHAMEAVMACWEIEQSLQS fTGVSPGEGtGATMSeDEDEQVESDAN 1 FDGSLDGLGFGP
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PRV ELEEERE TR L C TR b R e vl teee hitt
KNAT4 331 SKWPYPTEEDKARLVQETGLOLKQINNWE INQRKRNWHSNPSSSTVsKNKRTrSNAGENSGR
Consensus SKWPYPTEEDKARLVQETGLQLKQINNWE INQRKRNWHSNPSSSTV-KNKR ~ SNAG-NSGR
KNAT3 428 eRfa
|
KNAT4 392 AR
Consensus ~R--

Figure 2. Comparison of KNAT3 and KNAT4 ORFs. The KNAT3 and KNAT4 amino acid sequences were aligned using the GENALIGN
program of the Intelligenetics suite. Several regions were anchored to improve overall alignment. The strings of poly-amino acids have been
underlined.
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stretches of nucleotide homology are invariant, show-
ing no third position substitutions. The lack of conser-
vative changes may indicate that the exact nucleotide
sequences of these stretches have a functional import-
ance, such as recognition sites for nucleic acid binding
proteins. We have not yet obtained a complete KNATS
c¢DNA with its entire open reading frame but the avail-
able amino acid sequence (consisting of approximately
the C-terminal two-thirds of the protein) shows KNATS
also shares many of the conserved N-terminal regions
(data not shown).

KNAT3 and KNAT5 have been mapped by RFLP
analysis with the recombinant inbred lines generated
by Lister and Dean [21]. 100 lines were used in the
analysis. KNAT3 maps to the top half of chromosome
5 ca. 9.3 cM distal to marker m291 and 9.5 ¢M proxim-
al to marker g4560. We have not mapped KNAT4 as we
have not yet found an RFLP associated with this gene.
KNATS maps to the bottom of chromosome 4 approx-
imately 4.2 cM distal to marker g8300 and 5.7 cM
proximal to marker g3088. Confidence intervals from
these experiments can be found elsewhere [21].

KNAT3, 4 and 5 hybridize with several bands when
used as probes on genomic Southern blots at low strin-
gency as shown in Fig. 3. The probes used for low-
stringency screening consisted of the homeobox of
each gene and some flanking sequences. The hybridiz-
ation patterns seen at low stringency overlap partially
between genes: KNAT3, 4 and 5 cross-hybridize with
each other, and each gene also detects novel fragments,
suggesting several other class II KNAT genes exist in
the genome of Arabidopsis. In addition to the bands
detected by each probe at high stringency (arrows,
Fig. 3), each lane contains several other weakly hybrid-
izing bands. Hybridization of genomic DNA after inde-
pendent digestion with a second enzyme (EcoRI) also
revealed several weakly hybridizing bands, although
not as many as seen with HindIIl. After taking into
account the overlap in hybridization patterns we estim-
ate that perhaps at most ten to eleven additional class
I1 genes exist in the Arabidopsis genome although the
number could be substantially lower if some of the
bands seen represent the products of restriction sites
within a single gene rather than hybridization to inde-
pendent genes.

RNA expression patterns of KNAT genes
We probed blots containing total RNA extracted from

several plant organs. The blots were hybridized at
high stringency with both RNA probes made from 3'-
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Figure 3. Low-stringency southern analysis. The homeobox contain-
ing regions of KNAT3, 4 and 5 were used as probes in low stringency
Southern analysis. Genomic DNA from ecotype Wassilewskija was
cut with HindIIl and separated on an agarose gel and blotted. Each
lane represents the hybridization patterns seen with one of the three
genes. Several similarly migrating and unique bands are visible for
each. In each lane, the band(s) that a probe detects at high stringency
(data not shown) is marked by an arrow. These bands correspond
to the gene used as the probe for that lane. In other lanes, similarly
migrating bands are not marked and represent cross-hybridization
among KNAT3, 4 and 5 under low stringency. Where non-gene-
specific, similarly migrating fragments are detected by two or three
probes, the fragments are labelled by open arrowheads in all lanes
in which those fragments appear. Fragments only detected by one
probe are labelled with bars.

untranslated sequences and DNA probes made from
our longest cDNAs. Both probes gave the same results
and representative autoradiographs are shown in Fig. 4.
Each probe detected a message of ca. 1.5-1.7 kb. Like
many of the maize class II genes, KNAT3, 4 and 5, are
expressed in almost all organs [16] and are expressed
preferentially in one or more organ types. KNAT3 has
its highest steady state message level in young sil-
iques, inflorescences and roots. KNAT4 signal appears
strongest in leaves and young siliques. KNAT5 RNA is
found mainly in roots.
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Figure 4. Northern analysis. RNA was isolated from different tis-
sues and used in a northern analysis. RNA from 3-week old plants
(YP1), roots (R), leaves (L), inflorescence axes (St), inflorescences
(I), young (<5 mm) siliques (YSi) and older (>5 mm) siliques (Si)
was isolated. Blots were probed with both RNA and DNA probes.
Shown are autoradiographs from DNA probes. The bottom set of
lanes represents a blot stripped and reprobed with an 188 ribosomal
probe as a loading control.

The high homology between the three KNAT genes
raises the question of whether our northern analys-
is accurately reflects expression patterns. To rule out
the possibility of cross-hybridization and confirm the
above analysis, we used a PCR-based RNA fingerprint-
ing technique [4]. This technique can be used to mon-
itor relative expression levels between different mem-
bers of a gene family within a particular RNA sample,
as long as all members of a gene family are ampli-
fied equally. In this technique, universal PCR primers
are designed from conserved regions in a multigene
family. These primers are used to reverse transcribe
and amplify total RNA. The resulting PCR fragments
are amplified for one more round in the presence of
radiolabelled nucleotides, and subsequently cut with a
restriction enzyme giving a diagnostic restriction pat-
tern for each member of the gene family. This strategy
when applied to KNAT3, 4 and 5 is diagrammed in
Fig. 5A. The fragments are separated on an acrylamide
gel and the intensities among bands within a sample are
compared. In this way, the relative levels of expression
among the KNAT genes in a particular RNA sample
can be compared.

Controls for amplification of KNAT3, 4 and 5 were
performed using plasmid DNAs of the three genes.
Each pairwise combination of genes was amplified
and examined for signs of preferential amplification.
KNAT4 was found to amplify preferentially to KNAT3
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Figure 5. RNA fingerprint analysis. A. This diagram presents a
schematic of the fingerprint analysis. Shown are the regions of the
three homeobox genes to be amplified by the technique of Bohl
and Apel [4] using the primers 3'RNAamp and 5’ RNAamp, and the
expected sizes of the fragments produced upon digestion with Hinfl
(H). In this technique the relative levels of expression among closely
related genes within an RNA sample can be determined. B. The first
three lanes are control loadings of amplified plasmid DNA labelled
and cut with Hinfl to show their respective sizes. The next seven
lanes represent amplified RNA from each of the tissue types probed
in Fig. 4. Comparisons of intensity can only be made between bands
in a single lane and not between separate lanes.

and 5 but this discrepancy could be alleviated if a small
(£20) number of amplification cycles was used (data
not shown). KNAT3 and 5 amplified equally well in
control reactions.

As shown in Fig. 5B, the RNA fingerprint data
agree with that from our northern analysis (Fig. 4).
The levels of KNAT3 and 5 RNAs are greater in the
roots than KNAT4 RNA as expected since KNAT3 and
5 are high in roots and KNAT4 is not; in leaves, KNAT4
RNA is present at a higher level; and in inflorescences,
young siliques and siliques, KNAT3 and 4 RNAs are
found at higher levels than that of KNATS.
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Figure 6. Light regulation of KNAT3 and 4. RNAs from etiolated (Et)
and light-grown (S) wild-type seedlings, light-grown /y3, and dark-
grown det] and copl mutant plants grown for 10 days were probed
with KNAT3 and 4, and cyclophilin control. The autoradiograph
shown is a six day exposure.

KNAT3 and 4 show light-regulated expression

Some homeobox genes in plants are regulated by light
[5,31]. To see if any of the genes we study are similarly
regulated, we examined the levels of KNAT3, 4 and 5
RNA in etiolated and light grown seedlings. We found
both KNAT3 and 4 RNAs were greatly reduced in eti-
olated tissues, as shown in Fig. 6. Levels of KNATS5
remained unchanged (data not shown). To determ-
ine what aspect of light-regulated growth is necessary
for normal expression of KNAT3 and KNAT4, we per-
formed a northern analysis using RNA isolated from
light-grown seedlings of the mutant Ay3, and dark-
grown seedlings of the mutants det/ and copl. Dur-
ing early seedling development, light-grown sy3 plants
resemble etiolated seedlings but still undergo chloro-
plast development and chlorophyll accumulation [41].
Dark-grown cop! and det] plants have the morphology
of wild-type light-grown plants but lack chlorophyll
accumulation [7, 9]. KNAT3 and 4 are expressed at
reduced levels relative to wild-type light-grown seed-
lings in all three mutants, although their expression is
not reduced to the extent seen in etiolated seedlings
(Fig. 6).

Discussion

Comparisons of knl homeobox genes between maize
and Arabidopsis reveal similarities in sequence and
general expression patterns

Here we characterize three Arabidopsis knl-like
homeobox genes. The data suggest the knl-like genes
have been highly conserved over evolutionary history.

Conservative estimates place the divergence between
the monocots and dicots at 100 million years ago, but
the class II homeodomains of Arabidopsis and maize
only differ by 8-10 amino acids out of 61. A compar-
ison between available maize and Arabidopsis amino
acid sequences outside of the homeodomains shows
that homology comparable to that seen within the Ara-
bidopsis genes exists N-terminal to the homeodomain
(data not shown, R. Kerstetter, personal communica-
tion.) A similar degree of conservation exists between
the maize and Arabidopsis class I genes [19].

Southern analysis suggests other class II genes exist
in the Arabidopsis genome. Further evidence comes
from work by Kerstetter et al. [16] who assembled
a dendrogram based upon the sequence similarities
among the homeodomains of all kn/-like homeobox
genes. In their dendrogram, KNAT) falls on the outer-
most branch of the class II genes while KNAT3 and 4
are more identical to each other and to a tomato gene,
THB12 than they are to any of the four known class
II maize genes. If a general one-to-one correspond-
ence between class II members among species exists
(after taking into account the duplication of the maize
genome), it is likely that maize genes corresponding
to KNAT3, 4 and 5 remain to be described. It is also
probable that Arabidopsis genes corresponding to class
IT maize genes on other branches of the dendrogram
have not yet been isolated. Alternatively, a lack of
direct correspondence between Arabidopsis and maize
genes may reflect the evolutionary divergence between
these two species, with gene duplication events having
occurred independently in one species or the other.

Do the amino acid similarities reflect conserved
functions for the kni-like homeobox gene classes
between these different species? Both class I and
class II genes display similar expression patterns
between maize and Arabidopsis. Class I genes are
mainly expressed in meristematic tissues while class
II genes are expressed in most tissues, with elevated
levels in some organ types (present studies as well
as [16, 19]). These data suggest a functional separa-
tion between the class I and class 1I genes as groups,
and potentially a functional conservation within each
group.

In a more direct assay for function, overexpression
studies with the class I genes have shown that KXNAT/ of
Arabidopsis and knl of maize produce similar phen-
otypes when driven by the CaMV 35S promoter in
transgenic tobacco and Arabidopsis [19, 40]. When
ectopically expressed, knl and KNATI cause produc-
tion of shoot bearing leaves in tobacco and highly lobed



and serrated leaves in Arabidopsis. Given this similar-
ity, are genes of the same class redundant? Four maize
class I genes were examined through in siru analys-
is and their expression patterns found to contain both
overlapping and unique domains. This finding suggests
each gene has a specific and separate role [14]. Unfor-
tunately, as stm is the only loss-of-function knl-like
homeobox mutation in maize and Arabidopsis [22],
the question of redundancy is difficult to answer.

KNATS3, 4 and 5 may play roles in development

No maize or Arabidopsis class II gene has been found
to correspond to a known mutant. Despite this lack, it
may be possible to clarify the functions of these genes
through molecular approaches. Our northern analysis
indicates that the steady-state message level of each
gene is at a higher level in some organ types, possibly
reflecting unique functions for each gene. KNAT3 RNA
is highest in young siliques, inflorescences and roots;
KNAT4 RNA is highest in leaves and young siliques,
and KNATS RNA is highest in roots.

Our analysis of the expression of KNAT3, 4 and 5
RNAs in light and dark-grown seedlings, and in three
mutants in the light signal-transduction pathway also
reveals gene specific differences. While message levels
of KNATS are the same in both etiolated and light-
grown seedlings, both KNAT3 and 4 are reduced in
etiolated tissues. Possibly the RNA expression level of
KNATS, a mainly root specific gene, is the same irre-
spective of which light-regulated developmental path-
way the shoot is following, since root development is
not as greatly affected as shoot development by the
presence or absence of white light.

To better understand which aspects of light-grown
development result in increased KNAT3 and 4 expres-
sion, we examined the levels of both genes in the
Arabidopsis mutants hy3, copl and detl. Plant lack-
ing hy3 have aspects of the etiolated phenotype when
grown in white light, including elongated hypo-
cotyls and reduced cotyledon expansion, although
they still undergo chloroplast development and chloro-
phyll accumulation [41]. Mutants in copl and det]
fail to repress photomorphogenesis in the dark [7, 9].
The alleles of copl and det]l we used were chosen
because they undergo photomorphogenesis in the dark
but do not have the anthocyanin accumulation, retarded
growth and adult lethality characteristic of the strongest
alleles [28].

If KNAT3 and 4 were regulated solely by pho-
tomorphogenesis, we would expect wild-type light-
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grown levels of both genes in the dark-grown copl
and det] mutant lines, which show photomorphogen-
esis in the dark, and reduced levels in light-grown Ay3,
which shows dark-grown morphogenesis. If, on the
other hand, KNAT3 and 4 were regulated in some way
by chloroplast development and chlorophyll accumu-
lation, we might expect normal RNA levels in light-
grown hy3, which has normal chloroplast development
and chlorophyll accumulation, and reduced levels in
dark-grown copl and detl, both of which show no
chlorophyll accumulation.

Surprisingly, the levels of KNAT3 and 4 are reduced
in all three mutant backgrounds, although not to the
extent seen in etiolated wildtype seedlings. This sug-
gests KNAT3 and 4 may require both photomorphogen-
esis and greening for normal, light-grown expression.
Clearly, since levels of KNAT3 and 4 are lower than
wild-type in the Ay3 background, more than greening
is necessary for the full expression of these two genes.
Examinations of the expression of a KNAT3 promoter-
GUS fusion in seedlings grown under red or far-red
light indicate KNAT3 is regulated in different ways by
PhyA and PhyB (manuscript in press).

Homeobox genes in evolution

Homeobox genes are interesting not only because they
regulate key biological pathways but also because they
provide evidence for the historical pathways evolution
took and constrain the directions evolution may pro-
ceed in the future. Examples can be found in studies
of the homeobox genes in metazoans. Evidence sug-
gests that some of the patterns of development among
the winged insects can be traced to differences in the
regulation and targets of homeobox genes like Ubx [6].

Nature abhors many things and one of them is ori-
ginality. This is the case with homeobox genes, which
arose early during the evolution of eukaryotes and
appear in all major eukaryotic taxa. So far the number
of homeoboxes described in plants is relatively small
but evidence strongly supports that many more exist.
Studying the homeoboxes of plants should provide
not just an understanding of the molecular basis of
development, but also a phylogenetic framework upon
which to hang the diverse morphological patterns seen
among plants.
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