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During postembryonic development of higher plants, the shoot
apical meristem produces lateral organs in a regular spacing
(phyllotaxy) and a regular timing (plastochron). Molecular analysis
of mutants associated with phyllotaxy and plastochron would
greatly increase understanding of the developmental mechanism
of plant architecture because phyllotaxy and plastochron are
fundamental regulators of plant architecture. pla? of rice is not
only a plastochron mutant showing rapid leaf initiation without
affecting phyllotaxy, but also a heterochronic mutant showing
ectopic shoot formation in the reproductive phase. Thus, pla1
provides a tool for analyzing the molecular basis of temporal
regulation in leaf development. In this work, we isolated the PLA1
gene by map-based cloning. The identified PLA7 gene encodes a
cytochrome P450, CYP78A11, which potentially catalyzes sub-
stances controlling plant development. PLA1 is expressed in de-
veloping leaf primordia, bracts of the panicle, and elongating
internodes, but not in the shoot apical meristem. The expression
pattern and mutant phenotype suggest that the PLA7 gene acting
in developing leaf primordia affects the timing of successive leaf
initiation and the termination of vegetative growth.

In higher plants, all above-ground organs originate from the
shoot apical meristem (SAM) (1-3). During postembryonic
development, SAM produces lateral organs in a regular spacing
(phyllotaxy) and a regular timing (plastochron); this fact has
fascinated many plant biologists (4-9). The pattern of lateral
organ initiation determines the plant morphology directly.
Therefore, the diversity of shoot architecture among plant
species would be attributable mainly to the regulatory modifi-
cation of lateral organ initiation patterns.

Many studies have attempted to elucidate the mechanism that
regulates leaf initiation pattern (2, 10). An inhibitory field model
was proposed through surgical experiments (6, 7). This model
predicts that a diffusible substance emanating from the center of
the SAM and preexisting leaf primordia inhibits the initiation of
a new leaf primordium. Alternatively, a biophysical model
suggests that the phyllotactic pattern is generated spontaneously
as a result of physical force in the SAM (8, 11, 12). This model
is supported by studies in which phyllotaxy was modified by local
application of expansin, which promoted cell wall extensibility
(13-15). Both models have been widely accepted, but their
molecular basis remains elusive.

Genetic and molecular analyses have identified several genes
associated with lateral organ initiation. In maize, the terminal ear
1 (tel) mutant shows rapid leaf production, aberrant phyllotaxy,
and abnormal phytomers (16). The TE! gene contains several
RNA binding protein motifs and appears to inhibit phytomer/
leaf initiation in the SAM. Another mutant, Arabidopsis altered
meristem program 1 (ampl), was reported to have altered plas-
tochron and phyllotaxy. The AMPI gene encodes putative
glutamate carboxypeptidases. Potential substrates of AMPI are
small acidic peptides or folate polyglutamate, suggesting that the
AMPI gene product modulates the level of a small signaling
molecule involved in leaf initiation (17, 18). These mutations and
genes would be useful, but pleiotropic defects in these mutants
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in which both plastochron and phyllotaxy are simultaneously
affected make it difficult to interpret the gene function explicitly.
Mutations that specifically affect plastochron or phyllotaxy
would be more useful for comprehensive understanding of the
regulatory mechanism.

To date, only a few mutants have been identified that affect
the plastochron specifically, but not the phyllotaxy. The rice
plastochronl (plal) mutant exhibits the rapid initiation of veg-
etative leaves without affecting phyllotaxy and ectopic shoot
production in the reproductive phase because of the conversion
of primary rachis meristems to vegetative shoot meristems (19).
This unique phenotype suggests that the PLAI gene regulates
the rate of leaf initiation and the vegetative-reproductive phase
change.

Here, we describe molecular cloning of the rice PLAS-
TOCHTRONTI] gene and the expression pattern of its mRNA.
PLAI encodes a member of cytochrome P450 proteins,
CYP78A11, and is expressed exclusively in developing young leaf
primordia and elongating internodes, but not in SAM. Based on
the expression pattern and its mutant phenotype, we suggest a
possible role of PLAI as a timekeeper of plant development.

Materials and Methods

Plant Materials. We used four allelic mutants of plal: plal-1,
plal-2, plal-3, and plal-4. plal-1 was derived from +y-ray irradi-
ation; the other three were derived from chemical mutagenesis
with N-methyl-N-nitrosourea. Background strains for plal-1 and
plal-2 mutants were Fukei71 and Kinmaze, respectively; plal-3
and plal-4 were from Taichung65. These strains were grown in
pots under natural conditions. Transgenic plants were grown in
abiohazard greenhouse at 30°C during the day and 25°C at night.

Sequence Analysis of Candidate Genomic Region. The genomic
region covering the P450 gene was amplified through 30 PCR
cycles (10 s at 98°C, 60 s at 58°C, and 120 s at 72°C) with the 5’
primer (5'-TCCCACCCCACTTCATCACA-3") and the 3’
primer (5'-CCACGTCTTACCTACGCTAA-3") that were de-
signed from the genomic sequence of Nipponbare. Amplified
products from plal mutant alleles and corresponding wild-type
plants were purified by SUPREC-02 (Takara Bio, Kyoto), and
used as templates for sequence reaction. Nucleotide sequences
of PCR products were determined by using primers designed
from the Nipponbare sequence data of the candidate region of
the P450 gene. Sequencing reaction was performed with a
BigDye terminator cycle sequencing kit (Applied Biosystems)
according to the manufacturer’s instructions.

Abbreviation: SAM, shoot apical meristem.

Data deposition: The sequence reported in this paper has been deposited in the GenBank
database (accession no. AB096259).

TK.M. and B.-O.A. contributed equally to this work.
$To whom correspondence should be addressed. E-mail: nkurata@lab.nig.ac.jp.

© 2004 by The National Academy of Sciences of the USA

PNAS | January 20,2004 | vol. 101 | no.3 | 875-880

>
O
(=]
=i
(=]
o
-
=
<
I~
o




Complementation Test. A 6-kb Spel restriction fragment contain-
ing only the P450 ORF with a 3.1-kb upstream sequence was
obtained from the bacterial artificial chromosome clone
B44A10, provided by the Clemson University Genome Institute
(Clemson, SC). The 6-kb Spel fragment was ligated to an
Agrobacterium binary vector, pBGHI1, a derivative of the
pIG121HM (20) with the hygromycin phosphotransferase (htp)
gene. The resultant plasmid, designated pBGH/P450, was in-
troduced into Agrobacterium strain EHA101 and then infected
into calli of the plal-2 mutant (21). As a control, the pBGH1
vector without P450 sequence was also introduced into plal-2.
Southern blot analysis with the htp gene probe confirmed that all
transgenic plants regenerated from hygromycin-resistant calli
that carried the introduced gene.

Screening of cDNA Libraries. A 1.8-kb genomic DNA fragment with
the P450 putative ORF was labeled to screen two rice cDNA
libraries. Approximately 10° plaques each were screened from a
2-week-old seedling library and an immature panicle library.
Phage clones that hybridized to the probe were isolated, and then
plasmids with inserts were excised by an in vivo protocol rec-
ommended by the manufacturer (Stratagene).

RNA Extraction and cDNA Synthesis. Total RNA was extracted from
seedlings 2 weeks after germination by a single-step method (22)
with minor modifications. Poly(A)" RNA was recovered from
total RNA by using Oligotex-dT30 (Takara Bio). A first-strand
cDNA was synthesized from poly(A)* RNA by using Superscript
II reverse transcriptase (GIBCO/BRL). Reverse transcription
was performed at 30°C for 10 min, 50°C for 1 h, and 80°C for 2
min. The cDNA fragment containing the entire P450 ORF was
amplified through 30 PCR cycles (10 s at 98°C, 60 s at 58°C, and
120 s at 72°C) with primers used for amplification of P450
genomic fragment in the Sequence Analysis of Candidate
Genomic Region (see above). Amplified products were purified
by SUPREC-02 (Takara Bio) and used as templates for sequenc-
ing reaction.

In Situ Hybridization. Paraffin-sectioned shoot apices were sub-
jected to in situ hybridization as described (19, 23), except that
hybridization was carried out at 55-60°C to compensate for the
high GC content of the PLAI gene. Templates for RNA probes
were generated from 1.8-kb genomic fragments of CYP78A11.
Digoxigenin-labeled UTP (Boehringer Mannheim) probes of
antisense and sense were used.

Results

Phenotype of pla1 Mutant. The plastochronl mutants (19) were
identified by their rapid emergence of vegetative leaves (Fig. 1a).
During vegetative growth, plal plants doubled the number of
leaves compared with wild-type siblings. The large number of
leaves in plal plants was a consequence of rapid leaf initiation
because the duration of vegetative phase was comparable among
plal and wild-type plants (19) (Fig. 1la and Table 1). The SAM
of plal plants was enlarged via activated cell divisions (19) (Table
1), but leaf size and plant height were reduced to about half that
of the wild type (Fig. 1). Many pla! leaves showed strong bending
at the lamina joint (Fig. 1a). Despite the size change in SAM and
leaves, the spatial pattern of leaf initiation of plal plants was
completely normal (19). Therefore, plal is specifically involved
in temporal patterning but not in spatial patterning. This finding
contrasts with other mutations, which simultaneously affect both
plastochron and phyllotaxy (16, 17, 24).

The plal mutation also affects the panicle development in the
reproductive phase. Many primordia of primary rachis branches
(inflorescence branches) were converted into vegetative shoots
in the strong allele plal-1 (Fig. 1b). Ectopic shoots eventually
produced small panicles. In the weak allele plal-2, only a few
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Fig. 1. Phenotypes of wild-type, plal mutant, and transgenic pla7-2 plants.
(a) Seedlings of wild-type (WT) and pla7-2 plants 17 days after germination,
showing that many more leaves are formed in pla7-2 than in wild type.
Arrowheads indicate lamina joint. (b) Panicles of wild type, plal-1 with
vegetative shoots instead of primary branches, and pla7-2 with truncated
panicle, one shoot (arrowhead), and enlarged bract (arrow). (c) Scanning
electron microscopy of a wild-type young panicle. (d) Scanning electron
microscopy of a plal-1 young panicle. Asterisks indicate ectopic vegetative
shoots with an enlarged bract. (e) pla7-2-like transgenic plants carrying
pBGH1 alone. Normal transgenic plants carrying pBGH1/P450 are shown to
the right. (f) Panicles of transgenic plants: left, a pla1-2-like panicle with
enlarged bract (arrowhead) in transgenic plant carrying pBGH1; right, normal
panicle in transgenic plant carrying pBGH1/P450.

proximal primary branch primordia developed into vegetative
shoots with abnormally elongated bracts; and the remaining
primordia formed a small panicle in which the internodes of
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Table 1. Phenotype of plastochron1 alleles

Line Plastochron No. of ectopic shoots SAM width, um SAM height, um
Fukel71* 4.8 + 0.1 0 61.7 £ 1.1 348 £ 1.3
Kinmaze* 48 0.0 0 63.2*+ 1.4 35.0=1.0
Taichung65* 5.0 =0.0 0 62.9 + 1.6 34.1 = 0.8
pla1-1* 2.5+ 0.1 3.2*x03 69.3 £ 1.5 374 £ 1.6
plal-2* 2.8 +0.0 1.3+0.2 69.6 = 1.0 37.3 0.9
pla1-3* 3.1 = 0.1 1.1 +0.2 69.5 £ 1.0 369 £ 1.0
pla1-4* 2.3 *=0.1 3.2*x0.2 73.5 0.8 40.6 = 0.8
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Average data of five plants of each genotype.

*plal-1 and pla1-2 were derived from Fukei71 and Kinmaze, respectively.

*plal-3 and pla7-4 were derived from Taichung65.

rachis and branches were extremely truncated (Fig. 10). The
elongated bracts subtending ectopic vegetative shoots are foliage
leaf-like because they have a leaf blade and a sheath interrupted
by a ligule (data not shown). Because the number of primary
branches converted into vegetative shoots was correlated with
the leaf initiation rate in the vegetative phase, it is considered
that vegetative growth activity (leaf initiation rate) is reflected
in the extent of vegetative program expression in the reproduc-
tive phase (Table 1).

Molecular Cloning of PLA1. In the previous work (25), we mapped
the PLAI locus on the long arm of chromosome 10 between the
two RFLP markers. By using high-density markers and 578 F,
homozygous plants for plal-2, the PLAI gene was revealed to
locate on a bacterial artificial chromosome clone of B44A10.
Multiple markers designated on the bacterial artificial chromo-
some enabled tracking of the gene within the interval of 74-kb
between markers B44A10-142 and B44A10-16 (25). Gene
prediction analysis by GENSCAN (http://genes.mit.edu/
GENSCAN) and HMM (http://rgp.dna.affrc.go.jp/RiceHMM/
index.html) programs identified three candidate genes within the
74-kb sequence. Nucleotide sequences of the candidate genes
were compared among the wild-type and all four mutant alleles.
Among these genes, a gene carrying cytochrome P450 sequence
showed four independent mutations in each of the four plal
alleles (Fig. 2a). The plal-1 allele has one base deletion in the
first exon, resulting in frameshift of ORF. Single base changes
causing amino acid substitution from alanine to valine and
proline to serine were detected in plal-2 and plal-3, respectively.
plal-4 has one base change from G to A at the splicing donor site.
Among the four alleles, plal-1 and plal-4, which showed severe
phenotypes, are considered to be null alleles because they seem
to produce no functional proteins, whereas plal-2 and plal-3,
which showed mild phenotypes, had the amino acid substitution
that may cause partial loss of protein function. Thus, PLAI is
likely to encode a cytochrome P450 protein.

We conducted a complementation experiment to confirm
whether the P450 gene rescued the plal phenotype. A 6-kb Spel
restriction fragment containing only the P450 ORF with a 3.1-kb
upstream sequence was cloned into pBGHI1. The resultant
plasmid pBGH/P450 was introduced into the plal-2 mutant. As
a control, the pPBGH1 vector without the P450 sequence also was
introduced into plal-2. Ten plants transformed with the
pBGH1/P450 and 14 plants transformed with pBGH1 devel-
oped to maturity. Southern blot analysis detected one to five
bands in the transgenic plants, indicating that all transformants
carried at least one copy of the introduced gene (date not
shown). These transgenic lines were subjected to phenotypic
observation.

In vegetative phase, all of the control transgenic plants
carrying only the vector were indistinguishable from the plal-2
homozygous plant (Fig. 1e). In contrast, 10 transgenic plants with
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pBGH1/P450 developed normally in both vegetative and repro-
ductive phases (Fig. 1 e and f). The phenotypic differences in
vegetative and reproductive growth were not apparent among
transformants with different copy numbers of P450. We con-
cluded that the PLAI gene encodes the cytochrome P450 protein
because abnormal characters of plal-2 mutant were rescued only
when P450 was introduced.

Structure of the PLA1 Gene. To determine the coding region and
gene structure of PLA1, two cDNA libraries made from young
seedlings 2 weeks after germination and from developing
panicles were screened by a 1.8-kb genomic fragment containing
the P450 ORF sequence. However, no cDNA clones correspond-
ing to PLA1 were obtained, probably because of low abundance
of PLAI mRNA. Then, the PLAI cDNA sequence was examined
by RT-PCR method. The PLAI transcript was amplified from
first strand cDNAs of shoot apices by using primers set to cover
the P450 ORF sequence. The nucleotide sequence of RT-PCR
product was determined and compared with the genomic se-
quence. PLAI cDNA has two exons split by a small intron (Fig.
2a). The predicted PLA1 protein consists of 555 aa with a
predicted molecular mass of 59 kDa (Fig. 2b). The deduced
amino acid sequence of this protein contains a hydrophobic
region in the N terminus and putative oxygen and heme-binding
domains that are characteristic of microsomal cytochrome P450
(26) (Fig. 2b). According to the recommendation of the Cyto-
chrome P450 Gene Nomenclature Committee (27), the PLA1
protein was designated as CYP78A11 (GenBank accession no.
AB096259). The CYP78A class comprises 11 members including
rice CYP78A11. Rice CYP78A11 forms a cluster with maize
CYP78A1 (GenBank accession no. 1.23209) and Arabidopsis
CYP78A7 (GenBank accession no. AC016893) (Fig. 2c).
CYP78A11 exhibits the highest similarity to the CYP78A1 of
maize (71% amino acid identity) (28), and strong similarity to
Arabidopsis CYP78A7 (61% identity) and Pinus radiata
CYP78A4 (59% identity; GenBank accession no. AF049067).
Genes in the CYP78A class belong to the group A cytochrome
P450 in plants (http://drnelson.utmem.edu/CytochromeP450.
html). They are phylogenetically more closely related to each
other than to non-group A cytochrome P450s and seem to be
involved in plant-specific reactions (29).

In Situ Expression Pattern of PLA1. For further investigation of
PLAI function, PLAI expression was examined with RT-PCR.
PLAI mRNA was detected in seedlings, shoot apices, and young
panicles but not in mature leaves, calli, and roots (data not
shown), suggesting that PLA1 was expressed in shoot apices that
contained developing leaf primordia and SAM. Temporal and
spatial expression patterns of PLA1 were examined in detail by
in situ hybridization. For convenience, developmental stages of
leaves are designated as follows. The youngest leaf primordium
is termed plastochronl (P1); the second and third youngest
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a plai-1 plat-4 plai-2 plai-3
AC(1029)  G(1036)>A  C(1348)>T C(1572)—T
frameshift splicing site Al421]—>V P[496]—S

— -

b MAMATATASSCVDATWWAYALPALLGADTLCAHPALLAGAVLLAFATAAV 50

LAWAASPGGPAWAHGRGRLGATPIEGPRGLPVFGSIFALSRGLPHRALDA 100
MSRDAAAPRARELMAFSVGETPAVVSSCPATAREVLAHPSFADRPLKRSA 150
RELLFARAIGFAPSGEYWRLLRRIASTHLFSPRRVAAHEPGRQADATAML 200
SAMAREQSATGAVVLRPHLOARALNNIMGSVFGRRYDVSSSSGAAADERE 250
QLKSMVREGFELLGAFNWSDHLPWLAHLYDPNHVARRCAALVPRVQAFVR 300
GVIRDHRLRRDSSSTAADNADFVDVLLSLEAHENLAEDDMVAVLWEMIFR 350
GTDTTALVTEWCMAEVVRNPAVQARLRAEVDAAVGGDGCPSDGDVARMPY 400
LOAVVKETLRAHPPGPLLSWARLATADVGLANGMVVPAGTTAMVNMWAIT 450
HDGEVWADPEAFAPERFIPSEGGADVDVRDGDLRLAPFGAGRRVCPGKNL 500
GLATVSLWVARLVHAFDWFLPDGSPPVSLDEVLKLSLEMKTPLAARAATPR 550
RRRAA 555

C CYPT78A6
(Arabidopsis)

CYP78A3 CYP78A9
(Soybean) (Arabidopsis)
CYP78A4
. : CYP78A8
(Pinus radiata) (Phalaenopsis)

CYP78A2

C(Lﬁ:s‘ (Arabidopsis)
(Rice) CYP78A7 (Arabidopsis)
(Arabidopsis)
CYP78A10
(Arabidopsis)

Fig. 2. Structure of the PLAT gene. (a) Exon/intron structure of PLAT. Two
open boxes indicate protein coding regions composed of two exons split by a
small intron. Mutations in four alleles are indicated as follows: (i) deletion of
C at the position of 1,029 bp in plaT-1 resulting in frameshift of the ORF, (ii)
nucleotide transition of C to T at position 1348 in plal-2 resulting in the
substitution of A to V at the position of 421 aa, (iii) transition of C to T at
position 1687 in pla7-3 1-2 resulting in the substitution of Pto S at position 496,
and (iv) transition of G to A at position 1151 in plal-4 resulting in the
disruption of the splicing donor site. (b) Deduced amino acid sequence of PLA1
protein. In a and b, hydrophobic regions, oxygen binding motifs, and heme
binding motifs are indicated by green, blue, and red, respectively. (c) Phylo-
genetic relationship among CYP78A proteins. The phylogenetic tree was
generated based on the entire amino acid sequences by using the cLustaL w
program (www.ddbj.nig.ac.jp/e-mail/clustalw-e.html).

primordia are termed P2 and P3, respectively. The preprimordial
founder cell population in the meristem is termed PO (30). The
first PLAI expression was observed in PO leaf founder cells (Fig.
3 a and b). In the P1 leaf, the expression was detected at the leaf
margin and the abaxial side of the proximal region that later
differentiated into the sheath (Fig. 3 a and b). In the P2 leaf,
PLAI mRNA was localized at the leaf margin and the abaxial
side of the basal region (Fig. 3 a and b). In the P3 leaf, PLAI
expression was restricted to the lamina joint just above the

878 | www.pnas.org/cgi/doi/10.1073/pnas.2636936100

Fig. 3. In situ expression of PLAT in vegetative and reproductive apex of
wild-type plant. Dark blue stains represent PLAT gene expression. (a) Median
longitudinal section of shoot apex 1 month after germination. (b) Schematic
representation of a. (c) Longitudinal section of shoot apex just after transition
to reproductive phase. Two bracts of primary branches are formed. Arrows
indicate PLAT expression in the internodes of an elongating stem. (d) Longi-
tudinal section of a young panicle at a slightly later stage of c. (e) Longitudinal
section of a developing panicle in which spikelets are being formed. Arrows
indicate PLAT expression in the rachis internodes. (f) Longitudinal section of
young spikelet. PO, plastochron0 leaf founder cells; P1, plastochron1 leaf; P2,
plastochron2 leaf; P3, plastochron3 leaf; Br, bract; Ibr, incipient bract; Rm,
rachis meristem; Pr, Primary branch primordium; Fm, floral meristem; Le,
lemma primordium; Eg, empty glume primordium; Rg, rudimentary glume
primordium.

blade-sheath boundary. The PLAI expression was not observed
beyond the P3 stage. These results show that PLAI is expressed
in developing young leaves but not in the SAM.

PLAI expression was also observed in early reproductive
phase. After transition to reproductive growth, a young rachis
(inflorescence) meristem produces several bracts of primary
rachis branches in a helical pattern. In young inflorescence
apices, PLA1 expression was observed strongly in developing
bract leaves and their incipient primordia before their emer-
gence but not in the rachis and primary rachis branch meristems
(Fig. 3 ¢ and d). PLAI expression disappeared in developing
spikelets or was down-regulated to a very low level (Fig. 3 e and
f). No specific expression was observed in the leaf-like organs
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such as glumes and lemmas. In addition, PLAI expression was
observed in the peripheral region of elongating internodes in
stem and rachis (Fig. 3 ¢ and e).

Discussion

In this study, we have cloned the PLAI gene, which regulates the
rate of leaf initiation and the duration of vegetative phase. Apart
from several other genes such as TEI (16) and SHO (24), which
show abnormal patterns of leaf initiation in both phyllotaxy and
plastochron and other abnormal traits, PLAI is the first cloned
gene exclusively associated with temporal regulation of leaf
initiation. Plastochron affects the number of leaves and then the
number of tillers (branches), which determines the number of
panicles. Thus, the PLAI gene is agronomically important when
considering the innovation of plant forms and seed production.

Molecular cloning revealed that the PLAI gene encodes a
cytochrome P450 protein, CYP78A11. The CYP78A subclass
(http://drnelson.utmem.edu/CytochromeP450.html) comprises
11 members, including rice CYP78A11. Several of them show
flower- or meristem-specific expression (28, 32, 33). Overex-
pression of Arabidopsis CYP78AS5 (33) and CYP78A9 (34) cause
abnormal flower development, suggesting the roles of these
genes in reproductive organ formation. However, because of the
lack of loss-of-function mutants, biological functions of CYP78A
genes are almost unknown. The identification of CYP78A11
from PLAI provides a new tool for further study of CYP78A
genes.

Some members of the plant P450 family are known to be
involved in important biochemical pathways, such as biosynthesis
of phenylpropanoids, alkaloids, terpenoids, lipids, cyanogenic
glycosides, and glucosinolates, and plant growth regulators such
as gibberellins, jasmonic acid, and brassinosteroids (reviewed in
refs. 35-37). CYP78A11 showed highest homology to maize
CYP78A1 (71% identity) that is preferentially expressed in
developing inflorescences (28). Biochemical analysis showed
that CYP78AL catalyze the 12-monooxygenation of a fatty acid
(38). It has also been shown that plants synthesize many fatty acid
derivatives, several of which act as signaling molecules such as
jasmonic acid (39). Like maize CYP78A1, CYP78A11 might be
involved in a metabolic pathway of fatty acid synthesis required
for leaf development.

In situ experiments showed that the PLA1 gene is expressed in
the abaxial side of young leaf primordia, bracts of primary rachis
branches, and peripheral cells of internodes in stem and rachis,
but not in the SAM. This expression pattern is consistent with
mutant phenotypes such as short leaves, overgrowth of bracts,
and dwarfism of the stem and rachis. These phenotypes suggest
that the PLAI gene promotes the growth of leaves and inter-
nodes. Biosynthesis or distribution of hormone(s) such as auxins
or brassinosteroids is likely to be affected in plal mutant because
the growth of leaves and internodes is known to be regulated by
such plant hormones (40—42). In addition, the angle at lamina
joint is enlarged in plal. It is known that auxins and brassinos-
teroids control bending at the lamina joint (43-46). Although it
is yet unclear that CYP78A members are related to plant
hormones, the mutant phenotypes strongly suggest that PLAI
regulate leaf and internode growth via the regulation of plant
hormone(s).

It is unexpected that the PLAI gene is not expressed in the
SAM, despite the rapid initiation of leaf primordia, enlargement
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of the SAM, and activated cell divisions that are observed in
plal. As for plastochron, PLAI seems to negatively regulate the
initiation of leaf primordia. It has been argued that the preex-
isting leaf primordia inhibit the leaf primordia initiation in their
vicinity (6, 7). This inhibitor model has been discussed mainly in
relation to phyllotaxy, and not to plastochron. However, it is
possible that preexisting primordia also suppress the precocious
initiation of new leaves. The PLA1 expression in the basal region
of leaf primordia does not contradict this assumption. On the
basis of this model, however, it is difficult to explain the
enlargement of SAM and activated cell divisions. In addition,
PLAI is expressed in the abaxial side of leaf base, and not in the
adaxial side, making it difficult to assume the direct inhibitory
effect of PLAI on leaf initiation. It is well known that enlarged
SAM and/or activated cell divisions promote the production of
lateral organs. For example, c/v mutations in Arabidopsis and
abphyl mutation in maize cause SAM enlargement together with
the increase of lateral organs (47, 48). Thus, the rapid leaf
initiation would result from the enlarged SAM mediated by
activated cell divisions. Because the phyllotaxy of pla! is normal,
positional regulation of leaf primordia is not affected, suggesting
that in plal, enlarged SAM is differently organized from that of
abphyl. It was reported that exogenous application of a gibberel-
lic acid resulted in the enlargement of SAM via activated cell
divisions, and that rapid leaf initiation and phyllotactic change
in Xanthium pennsylvanicum (49-51). Also, the inhibition of
auxin transport affects the phyllotaxy and leaf emergence rate in
Arabidopsis and tomato (52, 53). In several species, developing
young leaves, but not SAM, are estimated as one source of these
phytohormones (53, 54). Together with other phenotypes (short
leaves, dwarfism, and leaf bending), hormonal regulation ap-
pears to be modified in plal to promote cell divisions in the
SAM, most probably through its non-cell-autonomous function.

Another interesting feature of plal is the heterochrony attrib-
utable to ectopic expression of vegetative program in the repro-
ductive phase. Although many heterochronic mutants thus far
reported are associated with juvenile—adult phase change (31,
55-58), plal is specifically associated with vegetative—
reproductive phase change without affecting flowering time. The
earliest sign of heterochrony in pla! is the overgrowth of bracts.
The mutant bracts are foliage leaf-like in that they are differ-
entiated into blades and sheathes interrupted by ligules. PLA1
expression in bract leaves was much stronger and broader than
in foliage leaves, suggesting the differential roles of PLAI
between bract and foliage leaves. In fact, plal mutation caused
size reduction of foliage leaves, but overgrowth and conversion
to foliage leaf in bracts. The negative regulation of bract growth
by PLAI may play a crucial role in the suppression of the
vegetative program in the reproductive phase.

The primary function of PLAI would reside in leaf and stem
development; however, the lack of PLAI function eventually
affects the temporal regulation of leaf initiation and the termi-
nation of vegetative program. Further analysis of the PLA1 gene
and the mutants would provide valuable insights on the rela-
tionship between leaf development and SAM organization,
and on the mechanism driving vegetative-reproductive phase
transition.
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