The control of maize spikelet meristem

fate by

the APETALAZ2-like gene

Indeterminate spikeletl

George Chuck,* Robert B. Meeley,? and Sarah Hake'®*

1Department of Plant and Microbial Biology, University of California, Berkeley, California 94720, USA; ?Pioneer Hi-Bred
International, Johnston, lowa 50131, USA; ®Plant Gene Expression Center, US Department of Agriculture-Agricultural

Research Service (USDA-ARS), Albany, California 94710, USA

The orderly production of meristems with specific fates is crucial for the proper elaboration of plant
architecture. The maize inflorescence meristem branches several times to produce lateral meristems with
determinate fates. The first meristem formed, the spikelet pair meristem, produces two spikelet meristems,
each of which produces two floral meristems. We have identified a gene called indeterminate spikeletl (idsl)
that specifies a determinate spikelet meristem fate and thereby limits the number of floral meristems
produced. In the absence of idsl gene function, the spikelet meristem becomes indeterminate and produces
additional florets. Members of the grass family vary in the number of florets within their spikelets, suggesting
that ids1 may play a role in inflorescence architecture in other grass species. idsl is a member of the
APETALAZ2 (AP2) gene family of transcription factors that has been implicated in a wide range of plant
development roles. Expression of idsl was detected in many types of lateral organ primordia as well as
spikelet meristems. Our analysis of the ids1 mutant phenotype and expression pattern indicates that idsl
specifies determinate fates by suppressing indeterminate growth within the spikelet meristem.
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The development of the plant body is dependent on the
activity of apical meristems, groups of indeterminate
cells found at the growing tips. The ability of shoot api-
cal meristems to remain indeterminate allows them to
continually initiate the organs, tissues, and secondary
meristems required for normal development. This prop-
erty requires that the meristem set aside a population of
cells to renew itself and replenish the cells lost to each
lateral organ or secondary meristem. The failure of this
process to occur results in the termination of the grow-
ing tip. Some meristems, such as floral meristems, are
consumed in the production of lateral organs, and can be
described as having a determinate fate. The inflorescence
of maize is particularly useful for studying meristem de-
terminacy as it undergoes several well defined branching
events to produce meristems with increasingly restricted
fates.

Grass florets are organized into units called spikelets,
each consisting of a pair of sterile bracts called glumes
enclosing a fixed number of florets (Clifford 1987). The
regulation of floret number per spikelet is a prime deter-
minant of spikelet architecture among members of the
grass family. The spikelet of maize is determinate, pro-
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ducing only two florets in defined positions on an axis
called the rachilla (Weatherwax 1923). Relatives of
maize are characterized by spikelets with an indetermi-
nate number of florets, such as wheat, or contain only
one floret per spikelet, as in barley. One classical crite-
rion used to distinguish different grass species is whether
their spikelets contain a determinate or indeterminate
number of florets (Clifford and Watson 1977). The spike-
let itself is but one component of the complex branched
inflorescence of maize. In contrast to dicotyledonous
plants such as Arabidopsis in which flowers are pro-
duced directly by the apical and lateral meristems
(Hempel and Feldman 1994), there are at least two dis-
tinct inflorescence branching steps in maize before the
spikelet meristem terminates in the production of two
florets. These extra branching steps allow for greater
morphological diversity among the grasses.

A number of mutants have been described in maize
that result in an extra number of florets within the spike-
let (Veit et al. 1993). In the branched silkless mutants,
extra florets are initiated in male tassel spikelets (Kemp-
ton 1934), although a more extreme transformation is
seen in female spikelets of the ear in which florets are
transformed into long indeterminate branches (Veit et al.
1993). Studies of the Tasselseed6 mutation revealed that
the spikelet meristem undergoes a delay in acquiring de-
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terminacy, allowing it to initiate florets for a longer pe-
riod of time (Irish et al. 1994). The analysis of Tassel-
seed6 mutants led to a model (Irish 1997) in which the
inflorescence meristem and its branch derivatives pass
through an orderly, defined series of determinate devel-
opmental states, ending with the conversion of the ter-
minal spikelet meristem into the upper floret. Similar
branching mutants have also been described in other
grass species and include the multiflorous mutation of
barley (Bossinger et al. 1992) and the dominant Naked
mutant of oats (Ougham et al. 1996).

An abundance of genetic and molecular studies have
identified several genes important for floral develop-
ment. One such gene, the APETALA2 (AP2) homeotic
gene of Arabidopsis, has several functions in flower,
seed, and ovule development (Kunst et al. 1989; Jofuku et
al. 1994; Modrusan et al. 1994). In addition to its role in
determining floral organ identity, AP2 affects the regu-
lation of floral meristem identity. For example, double
mutants of the weak ap2-1 allele with floral meristem
identity mutants such as leafy or apetalal produce more
coflorescence side branches in the place of flowers (Bow-
man et al. 1993). Also, weak ap2 alleles under short days
cause the formation of tertiary floral shoots in the axils
of transformed sepals (Schultz and Haughn 1993). The
AP2 gene belongs to a large gene family, 12 of which
have been identified in Arabidopsis (Okamuro et al.
1997). Numerous homologs have been identified in both
monocots and dicots (Jofuku et al. 1994; Ohme-Takagi
and Shinshi 1995; Moose and Sisco 1997). Mutations in
the AP2-like gene, AINTEGUMENTA, are defective in
ovule development (Elliot et al. 1996; Klucher et al.
1996). The glossyl5 gene of maize has recently been
shown to be an AP2-like gene that functions to repress
adult leaf characters in juvenile leaves (Moose and Sisco
1997).

Here we describe a new branching mutant in maize,
indeterminate spikeletl (idsl), that we obtained by ana-
lyzing the phenotype conditioned by loss of function of a
maize AP2-like gene. idsl mutants have an indetermi-
nate spikelet in which several florets are produced in-
stead of the two found in wild-type maize. idsl expres-
sion was observed in a variety of lateral organs as well as
the spikelet pair and spikelet meristems. Our analysis
indicates that the ids1 gene is critical for the regulation
of spikelet meristem determinacy in maize.

Results
Isolation of the idsl gene

The AP2 gene from Arabidopsis was used to screen two
maize cDNA libraries at low stringency, one prepared
from immature ears and the other from vegetative me-
ristems. The same class of cDNA was isolated from each
library. The longest clone of this class was 1967 nucleo-
tides and contained an ORF of 433 amino acids (Fig. 1)
with several domains showing striking amino acid simi-
larity to the AP2 gene of Arabidopsis (Jofuku et al. 1994).
Two tandemly repeated 68 amino acid motifs were found
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GGCACGAGCTCCCACTGCACTGCTGCTCCGCTGCCGCTACCCTTTCCCTCTCCCTTCTCG 60
TCCTCGGTCCTCCCCAACCCATGGCCACGGCCACCACCACCCACTGCCCCTTCTCCCACC 120
ACGCTATTTATCGCCGCTGCACGACTCCTGCCCATCAGCGCGCCATAGAGACGCGTGGGAC 180
CGAAGCCGCCGATCAAGCGCTGCTCGGGGCGGAGCAGCGGCCGGCGGTGGTGAGTGCTGG 240
CAGACAGGCCGGCAGGTCAGGCAGAGTGACCAGCTGGTGAGTCGAAGCTTGAGCGGGGAG 300
CTGGACTTTGGGGGTTCCGGCGGGCTCCGGAGCGGAGATGGTGCTGGATCTCAATGTAGC 360
1 M VvV L DL N V A
GTCCCCGGCCCACTCGCCCACCTCCACCTCGTCCCTCCTCAACTCCGCCGACGGCGECTT 420
9 S PADSGT S S S SVLNSADSGGF

CCGGTTCGGCCTGCTCGGGAGCCCCGTCGACGACGACGACTGCTCCGGTGAGATGGCGCC 480
29 R F 6 L L G § P VDDDUDTZGCS8GEMHAFP

TGGCGCGTCCACGGGGTTCATGACGCGGCAGCTCTTCCCGTCCCCGACCCCGCCGGCCGA 540
49 6 A § T G F M TR QUL F P S P T P P A E

GCCGGAGCCGGAGCCGGTGGCGECGCCGETGCCGGTGTGGCAGCCGCAGCGCGCCGAGGA 600
69 P E P E P V A A P V P V W Q P Q R A E D

TCTCGGCATGGCCCAGAAGLK 'GCCAGCGAAGAATACCAGGCGCGGGCCTAGGTC 660
89 L G M A Q K P VAP AZ KNTRRGT®PR S

GCGGAGCTCGCAGTACAGGGGCGTCACCTTCTACAGGAGGACGGGCCGCTGGGAATCGCA 720
109 R S _Ss o ¥ R G V T F ¥ R R T G R W E S H

CA’I‘CTESGGATTGCGGGAAGCAAGTCTACCTAGG; 'GGTTTTGACACTGCGCACGCAGCCGC 780
129 1_W D € G K O V Y L, G G F D T A H A A A

GAVGGGCATACGATCGAGCTGCGATCAAG‘I‘TCCGCGGCCTCGACGCTGACATCAACTTCAG 840
149 R A Y D R A A 1 K F R G L D A DI NF §

TC'I‘GAGCGACTACGAGGATGAT’I’TGAAGCAGZTGAGGAATTGGACCAAGGAGGAGTTCGT 900
169 L_S D Y E D D L K Q M R N W T K E E F V

GCACATACTCCGGCGCCAGAGCACGGGGTTCGCGAGGGGAAGCTCCAAGTACCGTGGCGT 960
189 H I L R R Q@ 8§ T G F A R G K

GACGCTGCACAAGTCCGGCCGCTGGGAAGCTAGGATGGGGCAACTTCTTGGCAAGAAGTA 1020
209 T L H K C G R W E A R M G O L L G K K ¥V

CATCTATCTTGGGC! TCTTTGACAGCGAAGTTGAGGCGGCXGGGCTTATGACAGGGCTGC 1080
229 1 Y L G L F D S K V E A A R A Y D R A A

CCTTCGCTTCAATGGGAGGGAAGCTGTTACTAACTTTGAGCCTAGCTCCTACAATGCAGG 1140
249 LR F N G R E A V T N F E P 3 S Y N A G

AGATAATAACCTGCGTGACACCGAAACCGAGGCAATTGATGATGGTGATGCCATTGATTT 1200
260 DN N L RDTETTEA ATIUDUDTGTUDATITDTL

GGATTTGCGGATTTCACAGCCTAATGTGCAAGACCCCARAAGGGACAATACCTTAGCTGG 1260
289 D L R I 8§ ¢ P N V @ D P K R D NT UL A G

CCTCCAGCCAACATGTGATTCCCCTGAATCTTCARATACGATGGCTTCTCAGCCAATGAG 1320
309 L. ¢ P T C D S P E S§ 8§ NTMAS Q P M §

CTCATCATCCCCTTGGCCCGGGTATCACCAAAACCCAGCAGTGTCATTTCACCATCAGCG 1380
329 s 8 8 P WP G Y HQNUPAVYV S F HHOQR

CTTGTACTCGTCAGCTTGTCATGGCTTCTTTCCGAACCACCAGGTCCAGGAAAGGCCGGT 1440
349 L Y 5§ §$ A C H G F F P NH Q V Q E R PV

GGAGCGAAGGCCTGAGCTGGGCGCCCAGCCATTCCCCTCATGGECATGGCAAGCGCAGGG 1500
39 E R R P E L G A Q P F P S WA WOQA Q9 G

CTCCCCTCACGTGCCGTTGCACCACTCTGCAGCATCATCAGGATTCTCTACCGCCGCCGE 1560
389 § P H V P L HH S A A S S5 G F 8 T AAG

GGCCAACGGCGGCATGCCCCTGCCGTCTCACCCGCCGGCGCAGTTCCCGACTACTACAAA 1620
409 A N G G M P L P 8§ H P P A Q F P T T T N

CCCGTTCTTCTTCCCCTAGACCGCTTTTGACATGACAGCTTGCTGTTCCGGCTCAGCTCT 1680
429 P F F F P *

CGGCGTCTGGGATGGCAGCTGGTCTTGCGTGTGGCCTCTAGCAGCTCTGGTGATGGAAGA 1740
AAGTGATTGTGTTTTGTGTGCTCTGTGTGTGAGAGAGAGAGAGAGCCATAATAAGAAGCGA 1800
CATGGCTGGTCTCCCTCTGGTATGCGCCTGTTAGGATATGGGATATCTCCATGCATGGAT 1860
TGTTTCCGAGACAGTAGTACTATTTTCTTCTAGTCGACCATGCCTGTACATCAGTATAAC 1920
TGGATCTTTGAAGAGCTGAGATTTTATGACTCAACAAGCATTGACAT 1967

Figure 1. Nucleotide and deduced amino acid sequence of
IDS1. Amino acid humbers are shown to the left; nucleotides
are numbered on the right. Underlined amino acid sequences
represent the two AP2 domains (Jofuku et al. 1994). Serines and
acidic amino acids at the amino terminus are indicated with
short underlines. Amino acid sequences in bold represent the
basic region with putative nuclear localization activity. Bold
nucleotide sequences correspond to the ZAP2-1 primer used for
the PCR screen. (V) The six intron positions conserved between
IDS, AP2, and GL15; (V) the other intron.

that share 86% amino acid identity with the AP2 do-
main of the Arabidopsis AP2 protein. The AP2 gene fam-



ily can be classified into two groups, designated as
EREBP-like or AP2-like, on the basis of whether they
possess one or two of the AP2 repeats, respectively (Oka-
muro et al. 1997). The IDS1 protein belongs to the latter
class that includes the AP2, AINTEGUMENTA,
GLOSSY15, and RAP2.7 proteins (Fig. 2) (Jofuku et al.
1994; Klucher et al. 1996; Moose and Sisco 1997; Oka-
muro et al. 1997). The tobacco ERE-BP proteins, which
have only one of these repeats, bind DNA (Ohme-Takagi
and Shinshi 1995). Thus, by analogy it is likely that IDS1
functions as a transcription factor. In support of this, a
short stretch of basic amino acids that may function as a
nuclear localization domain is present in the IDS protein
between animo acids 100 and 110 (Fig. 1). The AP2 pro-
tein from Arabidopsis contains a serine-rich acidic do-
main at the amino terminus that may function as an
activation domain (Jofuku et al. 1994). Although a simi-
lar region is found at the amino terminus of the IDS1
protein at positions 9-45, the region is much smaller and
has fewer acidic and serine residues compared with AP2.
Outside the AP2 domain there is very little sequence
similarity between AP2 and IDS1. Given this finding, it
is surprising that the positions of six introns within the
AP2 domain are conserved between idsl and AP2 (Fig. 1).
A similar result was found for the gl15 gene of maize
(Moose and Sisco 1997).

idsl was mapped to the long arm of chromosome one
at position 192 by use of recombinant inbred lines (Burr
et al. 1988) probed with a nonrepetitive DNA fragment
from the 3’ end of ids1l. No known morphological mu-
tants have been mapped to this position.

1 50
AP2 SSQYRGVTFY RRTGRWESHI WDC....... ... GKQVYLG GFDTAHAAAR
IDs SSQYRGVTFY RRTGRWESHI WDC....... ... GKQVYLG GFDTAHABMAR
RAP2.7 SSQYRGVTFY RRTGRWESHI WDC....... ... GKQVYLG GFDTAHAAAR
GL15 SSQYRGVTFY RRTGRWESHI WDC....... ... GKQVYLG GFDTAQAAAR
ANT TSQYRGVTRH RWTGRYEARL WDNSFKKEGH SRKGRQVYLG GYDMEEKAAR
CONSENSUS -8QYRGVT-- R-TGR-E-H~ WD--——----- -—-- G-QVYLG G-D----AAR
51 100
AP2 AYDRAATIRFR GVEADINFNI DDYDDDLKOM TNLTKEEFVH VLRRQSTGFP
iDs AYDRAATKFR GLDADINFSL SDYEDDLKQM RNWTKEEFVH ILRRQSTGFA
RAP2.7 AYDRAATKFR GVDADINFTL GDYEEDMKQV QNLSKEEFVH ILRRQSTGFS
GL15 AYDQAAIKFR GLNADINFTL DDYKDEMKKM KDLSKEEFVL VLRRQGAGFV
ANT AYDLAALKYW GPSTHTNFSA ENYQKEIEDM KNMTRQEYVA HLRRKSSGFS
CONSENSUS AYD-AA-K-- G----- NF-- --¥------- ------E-V- -LRR---GF-
101 150
AP2 RESSKYRGVT .LHKCGRWEA RMGQFLGKKY VYLGLFDTEV EAARAYDKAA
IDs RGSSKYRGVT .LHKCGRWEA RMGOLLGKKY IYLGLFDSEV EAARAYDRAA
RAP2.7 RGSSKYRGVT .LHKCGRWEA RMGQFLGKK. .......... .... AYDKAA
GL15 RGSSRFRGVT .QHKCGKWEA RIGQLMG@KKY VYLGLYDTET EAAQAYDKAA
ANT RGASIYRGVT RHHOHGRWQA RIGRVAGNRD LYLGTFGTQE EAAEAYDVAA
CONSENSUS RG-8--RGVT --H--G-W-A R-G---G-K- --------—— --—-AYD-AA
151 171
AP2 IKCNGKDAVT NFDPSIYDEE L
IDs LRFNGREAVT NFEPSSYNAG D
RAP2.7 INTNGREAVT NFEMSSYONE I
GL15 IKCYGKEAVT NFDAQSYDKE L
ANT IKFRGTNAVT NFDITRYDVD R

CONSENSUS -=--G--AVT NF----Y--- -

Figure 2. Comparison between the AP2 domains of the AP2-
like genes. The deduced amino acid sequences of the AP2 do-
mains of IDS1 (GenBank accession no. AF048900), RAP2.7
(AF003100), GL15 (U41466), and ANT (U40256) are compared
with AP2 (ATU12546). The region in between the two AP2
repeats, i.e., the linker region, starts at amino acid 78 and ends
at 102. Gaps, represented by dots, were introduced to facilitate
the alignment. Amino acids shared by all five proteins are shown
in boldface type and on the consensus sequence at bottom.

Spikelet meristem defects in idsl mutants

Isolation of recessive idsl mutations

To elucidate the function of idsl1, we used a reverse ge-
netic strategy to generate loss-of-function alleles. PCR
was used on a large population of plants carrying Muta-
tor (Mu) transposons to find insertions into idsl (Bensen
et al. 1995; Meeley and Briggs 1995). Primers flanking
the AP2 domain of ids1 in combination with Mu primers
yielded two independent insertion events through this
screen. Sequencing of the PCR products localized the
insertions more precisely. As shown in Figure 3, the Mu
insertion in idsl-mum2l was localized to the fifth con-
served intron of the AP2 domain, whereas the idsl-
mum?2 insertion was localized to the first conserved in-
tron 6 bp away from a splice acceptor site. Because Mu
elements generate a 9-bp duplication upon insertion
(Bennetzen et al. 1993), the splice acceptor site is also
found at the 5’ end of Mu.

Lines carrying the ids1-mum1 and idsl-mum?2 alleles
displayed a recessive floral phenotype that was more se-
vere in idsl-mum2 lines. To verify that the insertions
into ids1 were responsible for the floral phenotype, we
analyzed DNA from 104 F2 plants using the ids1 gene as
a probe on DNA gel blots. Cosegregation of novel RFLPs
with the floral phenotype was observed for 29 chromo-
somes containing the idsl-mum1 allele and 91 chromo-
somes containing idsl-mumz2 (data not shown). No re-
combinants between the floral phenotype and idsl-mum-
specific polymorphisms were found for either allele.

We analyzed the phenotypes of idsl-mum plants fol-
lowing a backcross into A632 and self-pollination. The
most consistent phenotype in idsl-mum mutants was a
defect in the spikelet. Mature wild-type tassel spikelets
contain two florets each consisting of three stamens and
two lodicules enclosed within palea and lemma bracts
(Fig. 4B). The palea is distinguishable from the lemma by
virtue of its position and the fact that it is bi-keeled with
a double midrib (Clifford and Watson 1977). The spike-
lets of the idsl-mum2 tassels are larger than those of
wild type (Fig. 4A) because of the fact that extra florets
are present (Fig. 4C). The number of florets ranges from
at least 3 in idsl-mum1 plants to as many as 10 in ids1-
mum?2 plants. In addition to these florets, a thin rachilla
containing several smaller florets can usually be seen in
between the two uppermost florets (Fig. 4F). These
smaller florets tend to become progressively reduced,
such that the ones remaining at the tip of the rachilla are
barely visible. The larger extra florets show the normal
pattern of sexual differentiation and have the correct
number of stamens and lodicules surrounded by palea
and lemma (Fig. 4C).

The idsl-mum female spikelets also exhibit a larger
size as a result of the presence of extra florets (Fig. 4D,E).
Normal female spikelets contain only a single mature
floret because of the abortion of the lower floret (Delong
et al. 1993). The development of secondary sexual char-
acteristics in the female florets include the abortion of
stamens and the development of the gynoecium, as ex-
emplified by the formation of long silks composed of two
fused carpels (Randolph 1936). ids1-mum1 female spike-
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ids-muml insertion

Figure 3. Localization of the Mu elements in
idsl-muml and idsl-muma2. idsl intron and

intron 5 ;Mu %
exon sequences are shown in normal and bold- TACCAGCGTAGGCATCCTICTGGTGAG CTGGTGAGACAGAGAGTATCTCACAA

face lettering, respectively. Intron and exon
numbers are shown above the DNA sequences.
The underlined sequences represent the char-
acteristic 9-bp duplication associated with Mu
insertions.

lets often contain more than one silk located at ectopic
positions (Fig. 4D). These silks, however, usually do not
develop normally; they are often unfused and fail to elon-
gate to their proper length. If the developing ear is manu-
ally opened and pollinated, a few kernels develop, sug-
gesting that all other aspects of fertilization and fruit
development are normal. When grown to maturity, these
kernels display ids1-mum homozygous phenotypes, and
so do not represent germinal excisions of the Mu ele-
ments. The idsl-mum?2 allele appears more severe, in
that most of the extra florets fail to develop fully formed
lateral organs (Fig. 4E, left). Approximately 5% of the
ids1-mumz2 female spikelets show an elongating rachilla
that emerges from the spikelet (Fig. 4F). In such cases, it
can be observed that the rachilla does not terminate in
the uppermost floret further confirming its indetermi-
nate nature. No obvious and consistent phenotypes were
seen in the leaves and roots of idsl mutants despite the
fact that idsl is expressed in those organs.

Scanning electron microscopy analysis

Scanning electron microscopy was used to determine the
point at which idsl-mum spikelet meristem develop-
ment diverges from that of wild type. The inflorescence
meristem normally initiates spikelet pair meristems
acropetally, which, in turn, branch to form two spikelet
meristems (Fig. 5A) (Cheng et al. 1983). The spikelet me-

Figure 4. Phenotypes in ids1-mum male and female
spikelets. (A) Normal A632 tassel spikelet (left) and
ids1-mum?2 tassel spikelet (right). (B) Dissected nor-
mal A632 tassel spikelet showing lateral organs of
upper and lower florets. (C) Dissected idsl-mum?2
tassel spikelet showing four florets instead of two.
Each floret has three stamens surrounded by palea
and lemma as in A632. (D) Normal A632 ear spikelet
(left) and ids—mum1 ear spikelet (right). Arrowheads
point to silks. (E) Median longitudinal sections
through unfertilized 25-day-old idsl-mumz2 ear
spikelet (left) and A632 ear spikelet (right). Black ar-
rows point to florets. A632 spikelets have a single
floret with an enlarged nucellus; idsl-mum2 ear
spikelets have at least three florets with greatly re-
duced lateral organ development. (F) idsl-mum2 ear
spikelet with an elongating rachilla containing two
florets. The single arrowhead points to the tip of the
rachilla. (st) Stamen; (il) inner lemma; (pa) palea; (ol)
outer lemma; (ig) inner glume; (og) outer glume; (uf)
upper floret; (If) lower floret; (ra) rachilla; (fl) floret.
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ids-mum2 insertion

intron 1 : Mu ; exon2
GCTGCTCCTGCTTGATTTGAGCAGGGA GAGCAGGGATTGCGGGAAGCAAGTCTAC

ristems also branch to form the lower and upper florets.
These florets initiate in a distichous pattern, that is, al-
ternating 180 degrees from one another (Fig. 5B). Al-
though the lower floral meristem initiates first, lateral
organ development occurs in the upper floret much ear-
lier than in the lower floret (Fig. 5C,D). The palea is the
first lateral organ to differentiate, and the three stamens
develop soon after (Cheng et al. 1983). Sexual differen-
tiation occurs at later stages in which the gynoecium
aborts in male florets and the stamens abort in female
florets (Dellaporta and Calderon-Urrea 1993).
idsl-mum mutants show normal development until
the stage at which the spikelet meristem begins to
branch. At this point, the ids1-mum spikelet meristems
appear slightly elongated (Fig. 5E, top). In slightly older
spikelet meristems (Fig. 5E, middle), two distinct
branching events can be seen as shown by the presence
of two lemmas (arrows). Floral meristems then form in
the axils of these lemmas (Fig. 5E, bottom, and F). These
branching events occur on opposite sides of the spikelet
meristem in a distichous pattern. The spikelet meristem
persists after each branching event and remains in be-
tween the two last formed florets (Fig. 5G,H). This re-
sidual spikelet meristem continues to initiate extra lem-
mas and florets distichously (Fig. 5F,G). The rate of lat-
eral organ development between the first two ids1l-mum
florets is similar (Fig. 5H), in contrast to wild type in
which the organs in the upper floret develop first.




Spikelet meristem defects in idsl mutants

Figure 5. Scanning electron microscopy of normal
and ids1-mum?2 ears. (A) A632 ear primordium with
initiating spikelet pair primordia and spikelet pri-
mordia. Bar, 300 pm. (B) A632 unbranched spikelet
meristem (top) and slightly older branched spikelet
meristem (bottom). The older spikelet meristem un-
dergoes lateral branching to initiate the lower floret.
Bar, 102 um. (C) Development of lateral organs in
A632 ear spikelets. The lateral organs of the upper
floret develop first. Bar, 80 um. (D) Maturing lateral
organs of the upper floret of A632 ear spikelets with
initiating gynoecial ridge. Bar, 104 um. (E) Branching
idsl-mum2 spikelet meristems. The uppermost
spikelet meristem has not branched yet and appears
elongated. Simultaneous floret branching and lemma
initiation occurs on opposite sides of the middle and
lower spikelet meristems. Bar, 156 pm. (F) Further
development of ids1-mumz2 spikelet meristems with
glumes removed showing development of the floral
meristems within the axils of the lemmas. The
spikelet meristem persists after each branching
event. Bar, 58 pm. (G) Older ids1-mum2 spikelet me-

ristem with glumes removed. The residual spikelet meristem elongates to initiate another floret. Bar, 60 pm. (H) ids1-mum2 spikelet
showing maturing lateral organs. There is no distinction between upper and lower floret in terms of lateral organ development. The
youngest floret branching from the spikelet meristem is obscured by the lemma. Bar, 171 pum. (spm) Spikelet pair meristem; (sm)
spikelet meristem; (Ifm) lower floral meristem; (gy) gynoecium; (fm) floral meristem; (le) lemma.

We used the knottedl (knl) homeobox gene of maize,
which is expressed in meristems and not in determinate
lateral organs, to follow the branching events in idsl-
mum spikelets. knl is expressed in the spikelet and flo-
ral meristems of maize (Fig. 6A,B) (Jackson et al. 1994).
Hybridization with a knl anti-sense probe on idsl-
mum?2 spikelet meristems showed normal expression
within the spikelet meristem (Fig. 6C). However, as soon
as the idsl-mumz2 spikelet meristem branches to form
florets, the spikelet meristem becomes larger, and con-
sequently, the domain of knl expression expands (Fig.
6D). Strong knl expression is observed within the extra
florets initiating from the spikelet meristem at later
stages (Fig. 6E, arrowheads) confirming the meristematic
origins of the extra florets. All other aspects of knl ex-
pression within the florets, including absence from the
lateral organs and the L1 layer, appear normal.

Analysis of idsl expression

An initial characterization of idsl expression by use of
RNA gel blots indicated that the gene was expressed in
both vegetative and floral tissues. An RNA gel blot
probed with the 3’ portion of the ids1 cDNA shows that
idsl transcript is present in all tissues tested (Fig. 7A).
The lowest amount of expression was seen in embryo
tissue and the highest in inflorescence tissue.

To determine the levels of idsl transcript in idsl-
mum mutants, poly(A)" RNA was isolated from mutant
ears and compared with RNA from wild-type ears. As
shown in Figure 8A, no wild-type size transcript was
found in either idsl-mum allele. Instead, faint, higher
molecular weight transcripts were observed that may be
the result of chimeric or alternatively spliced transcripts.

Figure 6. In situ localization of knl within A632 and idsl-
mumz2 spikelet meristems. (A) knl expression within an un-
branched A632 spikelet meristem. Bar, 50 um. (B) knl expres-
sion within a branching A632 spikelet meristem. Expression
can be seen in the initiating lower floret. Bar, 50 pm. (C) knl
expression within an unbranched idsl-mum2 spikelet me-
ristem. Bar, 50 um. (D) kn1 expression within an early branch-
ing ids1-mum2 spikelet meristem. Initiating florets can be seen
on both sides of the spikelet meristem. Bar, 60 pm. (E) knl
expression within an older idsl-mum?2 spikelet. Strong expres-
sion persists within the developing florets. Bar, 80 um. Arrow-
heads point to initiating florets in B, D, and E.
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Figure 7. Analysis of ids1 expression in different organs of B73
maize. (A) An RNA gel blot containing 1 pg of poly(A)" RNA
isolated from embryos 17 days postpollination (E), shoot me-
ristems including unexpanded stem and the youngest leaf pri-
mordia (M), ear inflorescence primordia up to 2 cm long (1),
primary roots from seeds germinated in humid air (R), and the
blade portion of fully expanded juvenile leaves (L) was blotted
and hybridized to the 3’ portion of the idsl cDNA that does not
include the AP2 domain. (B) Control hybridization. The blot in
A was probed with the maize ubiquitin cDNA to show relative
loading.

This result demonstrates that the Mu element insertions
into idsl1 are not spliced out, and that both idsl-mum1
and ids1l-mum2 may represent loss-of-function alleles.

To localize the temporal and spatial pattern of idsl
expression more precisely, we used in situ hybridization.
Figure 9A shows longitudinal sections of a wild-type veg-
etative shoot apex probed with digoxigenin labeled anti-
sense RNA made from the 3’ end of the ids1 clone. The
positions of leaves within the maize shoot have been
described in terms of the plastochron index (Lamoreaux
et al. 1978) in which the youngest leaf is referred to as
plastochron 1 or P, and successive leaves as P, P, etc.
The position of the incipient leaf in the meristem is re-
ferred to as P,. idsl expression is detected on the flanks
of the meristem in a discrete zone (Fig. 9A). From the
position of the youngest leaf (labeled as P,), we assume
this zone of meristem expression is in the position in
which the next leaf will initiate (labeled as P,). Expres-
sion is also seen in the tips of the next two older leaves,
P, and P,.

In longitudinal sections of floral tissue, idsl expres-
sion is detected in several different lateral organ primor-
dia as well as the spikelet pair and spikelet meristems. In
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Figure 8. Analysis of idsl expression in idsl-mum mutant
ears. (A) An RNA gel containing 1 pg of poly(A)" RNA isolated
from 2-cm ears from A632 (1), idsl-mum?2 (2), and ids1-mum1
(3) was blotted and hybridized to the 3’ portion of the idsl
cDNA. (B) Control hybridization. The blot in A was probed with
the maize ubiquitin cDNA to show relative loading.
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Figure 9. Insitu localization in B73 vegetative and floral apices
by use of the 3’ portion of the idsl cDNA. (A) Shoot apical
meristem with young leaf primordia (P, and P,) and incipient
leaf primordia (Py). Bar, 65 pm. (B) Young ear inflorescence. idsl
expression can be seen in the acropetally initiating spikelet pair
primordia. Bar, 70 um. (C) Unbranched spikelet meristems. Ex-
pression can be seen in the spikelet meristem but not in the
glumes. Bar, 36 um. (D) Branching spikelet meristems. Strong
expression can be seen in the inner and outer lemmas as well as
the zone in between the initiating upper and lower florets (un-
labeled arrow). This zone of expression gradually disappears in
the older spikelet below. No expression is detected in the ini-
tiating floral meristems. Bar, 70 um. (E) Upper floret with ini-
tiating stamens. Discrete areas of idsl expression can be ob-
served in the initiating stamen primordia and palea. idsl ex-
pression persists in the expanding inner and outer lemmas. Bar,
70 pm. (F) Older floret with lodicules. Stamen expression now
localizes to the locule chambers of the anther. No expression
can be seen in the lodicules (lo). Bar, 70 pm. (G) idsl-mum2
spikelet probed with idsl. Little or no idsl transcript can be
detected. Arrowheads point to florets. Bar, 130 pm.

Figure 9B, longitudinal sections of early inflorescence
meristems probed with idsl show stripes of expression
in a repeating pattern that evidently corresponds to
spikelet pair primordia. At a later stage, after the pedi-



cellate and sessile spikelets form, idsl expression is
found throughout the spikelet meristem but not in the
first two lateral organ primordia formed from the spike-
let meristem, the outer and inner glumes (Fig. 9C). Soon
after floral meristems initiate (Fig. 9D), idsl expression
is present in the initiating inner and outer lemma bract
leaves subtending the florets, but is absent from the flo-
ral meristem itself. In addition, a strong band of expres-
sion is seen in the region between the upper and lower
florets (Fig. 9D, unlabeled arrow). In slightly older spike-
lets as shown at the bottom of Figure 9D, this band of
expression begins to disappear. A scanning electron mi-
crograph of spikelets at equivalent stages is shown in
Figure 5B. In more mature tassel florets (Fig. 9E), discrete
groups of cells of the floral meristem that are positioned
to form the stamens and palea express idsl. Expression
persists at later stages in the older expanded palea and
lemma and also the locule chambers of the anther (Fig.
9F). Little or no expression was seen in the lodicules or
the gynoecium of the ear (Fig. 9F; data not shown). As
shown in Figure 9G, when an anti-sense idsl probe is
used on idsl-mum spikelets, no idsl expression is
detected.

Discussion

Regulating the number of florets initiated by the spikelet
meristem is a critical step in the determination of spike-
let morphology. Mutations within the idsl gene affect
spikelet meristem determinacy. Instead of producing
only an upper and lower floret, the idsl-mum spikelet
meristemn continues to initiate additional florets in a dis-
tichous phyllotaxy. Understanding how idsl promotes
spikelet meristem determinacy requires an examination
of different models for maize floret initiation.

One model for floret initiation suggests that the lower
floret is initiated laterally whereas the upper floret is
terminal, produced by the transformation of the spikelet
meristem into the upper floret (Fig. 10A) (Irish 1997). In
some grass species such as anthoxanthum, the spikelet
terminates in a flower with the ovule being the terminal
structure (Clifford 1987). If the upper floret is a terminal
structure in normal maize development, the IDS1 pro-
tein may function to promote the transformation of
the spikelet meristem into the upper floret. IDS1 may
do this alone, or through the activation of floral me-
ristem identity genes such as orthologs of LEAFY and
APETELAZ1 that can transform inflorescence meristems
into floral meristems (Mandel and Yanofsky 1995; Wei-
gel and Nilsson 1995). If this were the case, we would
speculate that the transformation of spikelet meristem
to floral meristem is delayed in idsl-mum mutants, al-
lowing the spikelet meristem to persist and initiate more
florets. Such an interpretation has been invoked to ex-
plain the phenotype of the dominant Ts6 mutants of
maize in which extra florets form (Irish 1997). Ts6 mu-
tants differ from idsl-mum mutants, however, in that
they also affect sex determination and cause an absence
of carpel suppression within the tassel, but not in the
ear.

Spikelet meristem defects in idsl mutants

Figure 10. Models for maize floret initiation. (A) Terminal up-
per floret model. The spikelet meristem branches once laterally
to form the lower floret. The residual spikelet meristem (shown
in black) is then transformed into the upper floret (black). (B)
Lateral branching model. The spikelet meristem undergoes lat-
eral branching to form the lower and then upper florets. The
residual spikelet meristem (shown in black) is found in a small
region in between the florets. A rudiment of the spikelet me-
ristem in found in the rachilla in the mature spikelet (black).

An alternative model would suggest that both upper
and lower florets are lateral products of the spikelet me-
ristem. The two florets of maize have been interpreted as
lateral branches of the rachilla with little or no remnant
of the axis left in between the florets (Bonnett 1953). If
upper floret branching is lateral, then a greatly reduced
rudiment of the spikelet meristem might be found in the
rachilla after upper floret initiation (Fig. 10B). According
to this model, IDS1 would participate in suppression of
indeterminate growth within the spikelet meristem,
thus preventing the spikelet meristem from regenerating
after upper floret branching. In ids-mum mutants the
residual spikelet meristem proliferates and continues to
initiate florets.

On the basis of the expression pattern of idsl and the
timing of the idsl-mum defects, we favor the second
model and hypothesize that IDS1 functions to suppress
indeterminate growth within the spikelet meristem. Ac-
cording to the first model, the switch in spikelet me-
ristemn fate occurs only after the lower floret is initiated.
However, defects in ids1-mum spikelet meristems were
first observed in the spikelet meristem prior to lower
floret initiation (Fig. 5E). The timing of the defect sug-
gests that the change in fate determination occurs ear-
lier, in agreement with the ids1 expression observed in
the spikelet meristem before floret branching occurs
(Fig. 9C). The first model also suggests that the entire
spikelet meristem becomes transformed into an upper
floret, leaving no residual spikelet meristem. Yet, idsl
expression was detected in a zone between the upper and
lower florets in wild type (Fig. 9D) in which the residual
spikelet meristem would be expected to be located. Ad-
ditional evidence that this region represents the residual
spikelet meristem comes from the observation that it
regenerates after floret branching in ids1-mum mutants
(Fig. 5F,G). Furthermore, an expectation of the first
model is that idsl would be expressed throughout the
future upper floret to promote its transformation to flo-
ral identity. Instead, as shown in Figure 9D, we see no
idsl expression in either the upper or lower floral me-
ristems. Finally, if determinacy of the spikelet meristem
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were simply being delayed in ids1-mum mutants in ac-
cordance with the first model, one would expect to see
the rachilla eventually terminate in a floret. This was
not observed in either male and female ids1-mum spike-
lets (Fig. 4F; data not shown).

The development of a critical meristem size in maize
is thought to provide the cue for branching to occur
(Sundberg and Orr 1996). One mechanism by which IDS1
may suppress indeterminate growth is to restrict the size
of the residual spikelet meristem such that it can no
longer initiate florets. In idsl-mum mutants, the size of
the residual spikelet meristem may be deregulated and
expand to larger than normal. A larger spikelet meristem
could potentially allow greater numbers of branching
events to produce extra florets. In support of this idea,
the idsl-mum spikelet meristem appears more elon-
gated than normal before florets are initiated (Fig. 5E).
Also, a larger spikelet meristem diameter is observed
soon after the first floret is initiated in idsl-mum mu-
tants (Fig. 6D).

It is important to recognize, however, that meristem
fate is not always dependent on meristem size. For ex-
ample, the upper floral meristem is much larger that the
lower floral meristem at the time of initiation (Fig. 5B),
and yet both are equally determined to make florets.
Thus, having a larger spikelet meristem would not nec-
essarily endow it with greater indeterminacy. An equally
important component of the distinction between deter-
minate and indeterminate spikelet meristem fates is the
ability to regenerate after floret initiation. Meristems
with indeterminate fates may show a greater ability at
self-regeneration regardless of their initial size. The al-
tered morphology seen in the spikelet meristems of the
idsl-mum mutants may simply be a reflection of this
ability.

It is possible that one way IDS1 functions to maintain
spikelet meristem determinacy is to repress those factors
necessary for maintaining indeterminacy. The knl ho-
meobox gene is expressed in several types of indetermi-
nate meristematic tissues and not in determinate organs
such as leaves (Smith et al. 1992; Jackson et al. 1994).
Loss-of-function mutants of knl in maize show reduced
tassel branching and fewer spikelets. This phenotype has
been postulated to result from a loss of indeterminate
inflorescence cells which, in the absence of knl, have
adopted determinate fates (Kerstetter et al. 1997). If knl
is in fact maintaining meristem indeterminacy, then knl
expression should persist within the ids1-mum spikelet
meristem and show an expanded domain. Although this
was observed (Fig. 6D), it is important to note that knl is
normally expressed in both spikelet and floral meristems
(Fig. 6A,B). Thus, the fact that the domain of knl expres-
sion is expanded in idsl-mum mutants may simply re-
flect extra areas of floret initiation.

The idsl gene was cloned by homology to the AP2
gene of Arabidopsis and shown to contain two repeats of
the highly conserved AP2 domain. Although the IDS1
protein shows greater similarity to AP2 compared with
all other AP2-like genes cloned thus far, the idsl gene
may not represent the actual AP2 ortholog of maize. The
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amino acid homology between IDS1 and AP2 does not
extend outside of the AP2 domain. Furthermore, the ex-
pression of idsl was not detected in carpels, as is found
for AP2 (Jofuku et al. 1994). Finally, preliminary experi-
ments show that the overexpression of the ids1 cDNA in
Arabidopsis does not complement the ap2-1 mutant
phenotype (G. Chuck unpubl.). Additional AP2 gene
family members are likely to be present in the maize
genome, because low stringency hybridizations with the
idsl AP2 domain as a probe on maize Southern blots
show several hybridizing bands (data not shown). In ad-
dition, several expressed sequence tags from maize
cDNA libraries have been shown to have AP2 domains
(Klucher et al. 1996).

Even though idsl is expressed in vegetative and floral
lateral organ primordia, no obvious mutant phenotypes
were detected in those organs. A certain level of genetic
redundancy may operate in these organs, which can only
be uncovered through the analysis of double mutants.
For example, double mutants of ap2 and aintegumenta
show floral organ phenotypes not seen in either single
mutant in Arabidopsis (Elliot et al. 1996). Considering
the large number of AP2-like genes present in the ge-
nome of Arabidopsis (Okamuro et al. 1997), it would not
be surprising to find such functional redundancy occur-
ring in maize. Recently, it has been suggested that two
closely related MADS box genes, zagl and zmmz2, play
redundant roles in specifying carpel and stamen identity
in maize (Mena et al. 1996).

Although floral organs of idsl-mum tassel florets are
fully functional and resemble those of wild type, floral
organ defects were observed in ids1-mum female spike-
lets. A possible explanation for this defect may lie in the
fact that the lower floret aborts in normal female spike-
lets. If the distinction between upper and lower florets is
lost in idsl-mum mutants, then all the florets may re-
ceive the abortion signal that is normally only present in
the lower floret in wild type. Double-mutant analysis
with the tasseled 2 mutant, in which lower floret abor-
tion does not occur (DeLong et al. 1993) will be useful to
test this model.

In light of the fact that many members of the grass
family possess indeterminate spikelets, it is tempting to
speculate that AP2-like genes play a role in regulating
floret number in other grasses. Spikelets with many flo-
rets are assumed to be an ancient trait given that derived
species have almost universally evolved a reduction in
floret number (Stebbins 1987). A possible mechanism for
such a reduction may have involved a change in the
function or domain of expression of the idsl gene to
include the spikelet meristem in addition to the various
lateral organs where it is normally expressed. The analy-
sis of ids1 expression in both modern and ancient grasses
will be interesting to analyze in this regard.

Materials and methods
Cloning the ids1 gene

Forty thousand plaques of a B73 cDNA library constructed from
1- to 3-cm inflorescence ears (Jackson et al. 1994) were probed at



reduced stringency at 55°C in 50% formamide (Schmidt et al.
1993) with the full-length AP2 cDNA from Arabidopsis (Jofuku
et al. 1994). Approximately 75 positive clones were isolated.
Only the strongest hybridizing class was analyzed further. A
representative clone from this class was used to probe a B73
vegetative meristem cDNA library (Lambda Zapll, Stratagene)
from which a full-length 1.9-kb cDNA was isolated. The cDNA
was subcloned into pSK- and both strands sequenced with an
ABI sequencer. Sequence analysis was done by use of GCG (Wis-
consin Genetics Group) and the National Center for Biotech-
nology Information Blast E-MAIL server.

RNA gel blots and in situ hybridization

RNA was isolated from embryos, ears, vegetative meristems,
and roots as described previously (Kerstetter et al. 1994). In situ
hybridization was performed as described by Jackson et al.
(1994) by use of a 3’ end probe between nucleotides 1330 and
1835 outside the conserved AP2 domain. This same DNA frag-
ment was used to probe all RNA gel blots. A single band is
observed to hybridize to this probe on DNA gel blots (data not
shown), therefore, cross hybridization with other AP2 family
members is unlikely.

Isolation of recessive idsl alleles by PCR

Approximately 42,000 F, plants from crosses between stocks
containing active Mu transposable elements were grown and
screened by PCR by Pioneer Hi-Bred International for insertion
into idsl (Bensen et al. 1995) with the ZAP2-1 primer (5'-CC-
GGTGGCGCCAGCGAAGAA-3') and Mu-9242 (5'-CCCT-
GAGCTCTTCGTC(CT)ATAATGGCAATTATCTC-3'), a de-
generate primer that binds to the terminal inverted repeat of
Mu. PCR reactions were run on gels, blotted, and probed with
the ids1 cDNA. PCR products that hybridize to the ids1 cDNA
identified individuals that likely have Mu insertions into the
ids1 gene. Such a screen identified nine candidates by use of the
ZAP2-1 primer. DNA gel blot analysis of digested DNA made
from self-pollinated progeny of each candidate revealed poly-
morphisms for only two of the nine families when probed with
the idsl cDNA. These same two families were the only ones
that generated ids1 PCR products by use of the ZAP2-1 and Mu
9242 primers. It is likely that the seven other families that
showed no polymorphisms represent somatic insertion events
of Mu into idsl that did not transmit into the germ line. Each
ids1-mum allele was generated from a cross between a Mu ac-
tive line and the A632 inbred line. Both alleles were backcrossed
to A632 once and self-pollinated to observe phenotypes in the
homozygotes. The phenotypes were also observed after a second
backcross to A632 and a backcross to inbred W23.

Scanning electron microscopy

Tissue was fixed in FAA (50% ethanol, 5% acetic acid, 3.7%
formaldehyde) at 4°C overnight and dehydrated in a graded etha-
nol series to 100%. The samples were then critical point dried
and sputter coated with palladium. Samples were viewed on an
ISI 30 SEM at 10 KV accelerating voltage.

Acknowledgments

We thank J. Okamuro and D. Jofuku (University of California,
Santa Cruz) for the gift of the AP2 cDNA, R. Kerstetter for the
use of his RNA blot, and K. Canada (Pioneer Hi-Bred Interna-
tional) for identifying idsl1 insertions. We are also grateful to E.
Vollbrecht, P. McSteen, L. Reiser, F. Hempel, and the members

Spikelet meristem defects in idsl mutants

of the Hake laboratory for reviewing the manuscript and pro-
viding helpful discussions. G.C. was supported by a University
of California fellowship. This work was supported by the U.S.
Department of Agriculture and performed, in part, under a Co-
operative Research and Development Agreement with Pioneer
Hi-Bred International, Inc.

The publication costs of this article were defrayed in part by
payment of page charges. This article must therefore be hereby
marked ‘“‘advertisement” in accordance with 18 USC section
1734 solely to indicate this fact.

References

Bennetzen, J.L., P.S. Springer, A.D. Cresse, and M. Hendrickx.
1993. Specificity and regulation of the Mutator transposable
element system in maize. Critical Rev. Plant Sci. 12: 57-95.

Bensen, R.J., G.S. Johal, V.C. Crane, J.T. Tossberg, and P.S.
Schnable. 1995. Cloning and characterization of the maize
Anl gene. Plant Cell 7: 75-84.

Bonnett, O.T. 1953. Developmental morphology of the vegeta-
tive and floral shoots of maize. Ill. Agric. Exp. Stn. Bull. 568.

Bossinger, G., W. Rohde, U. Lundqvist, and F. Salamini. 1992.
Genetics of barley development: Mutant phenotypes and
molecular aspects, In Barley: Genetics, biochemistry, mo-
lecular biology and biotechnology, (ed. P.R. Shewry), pp.
231-264. Alden Press Ltd, Oxford, UK.

Bowman, J.L., J. Alvarez, D. Weigel, E.M. Meyerowitz, and D.R.
Smyth. 1993. Control of flower development in Arabidopsis
thaliana by APETALAL and interacting genes. Development
119: 721-743.

Burr, B., F.A. Burr, K.H. Thompson, M.C. Albertson, and C.W.
Stuber. 1988. Gene mapping with recombinant inbreds in
maize. Genetics 118: 519-526.

Cheng, P.C., R.l. Greyson, and D.B. Walden. 1983. Organ ini-
tiation and the development of unisexual flowers in the tas-
sel and ear of Zea mays. Am. J. Bot. 70: 450-462.

Clifford, H.T. 1987. Spikelet and floral morphology, in Grass
systematics and evolution, (ed. T.R. Soderstrom, K.W. Hilu,
C.S. Campbell, and M.E. Barkworth), pp. 21-30. Smithso-
nian Institution Press, Washington, DC.

Clifford, H.T. and L. Watson. 1977. ldentifying grasses: Data,
methods and illustrations. University of Queensland Press,
St. Lucia, Queensland, Australia.

Dellaporta, S.L. and A. Calderon-Urrea. 1993. Sex determina-
tion in flowering plants. Plant Cell 5: 1241-1251.

DeLong, A., A. Calderon-Urrea, and S.L. Dellaporta. 1993. Sex
determination gene TASSELSEED?2 of maize encodes a
short-chain alcohol dehydrogenase required for stage-spe-
cific floral organ abortion. Cell 74: 757-768.

Elliot, R.C., A.S. Betzner, E. Huttner, M.P. Oakes, and W.Q.J.
Tucker. 1996. AINTEGUMENTA, an APETALAZ2-like gene
of Arabidopsis with pleiotropic roles in ovule development
and floral organ growth. Plant Cell 8: 155-168.

Hempel, F.D. and L.J. Feldman. 1994. Bi-directional inflores-
cence development in Arabidopsis thaliana: Acropetal ini-
tiation of flowers and basipetal initation of paraclades.
Planta 192: 276-286.

Irish, E.E. 1997. Experimental analysis of tassel development in
the maize mutant Tassel seed 6. Plant Physiol. 114: 817-825.

Irish, E.E., J.A. Langdale, and T.M. Nelson. 1994. Interactions
between tassel seed genes and other sex determining genes
in maize. Dev. Genetics 15: 155-171.

Jackson, D., B. Veit, and S. Hake. 1994. Expression of maize
KNOTTED1 related homeobox genes in the shoot apical me-
ristem predicts patterns of morphogenesis in the vegetative
shoot. Development 120: 405-413.

GENES & DEVELOPMENT 1153



Chuck et al.

Jofuku, K.D., B.G.W. den Boer, M. Van Montagu, and J.K. Oka-
muro. 1994. Control of Arabidopsis flower and seed devel-
opment by the homeotic gene APETALA2. Plant Cell
6:1211-1225.

Kempton, J.H. 1934. Heritable characters in maize. XLVII -
Branched silkless. J. Hered. 25: 29-32.

Kerstetter, R., E. Vollbrecht, B. Lowe, B. Veit, and J. Yamaguchi.
1994. Sequence analysis and expression patterns divide the
maize knotted1-like homeobox genes into two classes. Plant
Cell 6: 1877-1887.

Kerstetter, R.A., D. Laudencia-Chingcuanco, L.G. Smith, and S.
Hake. 1997. Loss of function mutations in the maize ho-
meobox gene, knottedl, are defective in shoot meristem
maintenance. Development 124: 3045-3054.

Klucher, K.M., H. Chow, L. Reiser, and R.L. Fischer. 1996. The
AINTEGUMENTA gene of Arabidopsis required for ovule
and female gametophyte development is related to the floral
homeotic gene APETALA2. Plant Cell 8: 137-153.

Kunst, L., J.E. Klenz, J. Martinez-Zapater, and G.W. Haughn.
1989. The AP2 gene determines the identity of perianth or-
gans in flowers of Arabidopsis thaliana. Plant Cell 1: 1195-
1208.

Lamoreaux, R.J., W.R. Chaney, and K.M. Brown. 1978. The plas-
tochron index: A review after two decades of use. Am. J. Bot.
65: 586-593.

Mandel, M.A. and M.F. Yanofsky. 1995. A gene triggering flower
formation in Arabidopsis. Nature 377: 522-524.

Meeley, R.B. and S.P. Briggs. 1995. Reverse genetics for maize.
Maize Genet. Coop. Newsl. 69: 67,82.

Mena, M., B. Ambrose, R.B. Meeley, S.P. Briggs, and M.F. Ya-
nofsky. 1996. Diversification of C-function activity in maize
flower development. Science 274: 1537-1540.

Modrusan, Z., L. Reiser, K.A. Feldmann, R.L. Fischer, and G.W.
Haughn. 1994. Homeotic transformation of ovules into car-
pel-like structures in Arabidopsis. Plant Cell 6: 333-349.

Moose, S. and P. Sisco. 1997. Glossy15, an APETALAZ2-like gene
from maize that regulates leaf epidermal cell identity. Genes
& Dev. 10: 3018-3027.

Ohme-Takagi, M. and H. Shinshi. 1995. Ethylene-inducible
DNA binding proteins that interact with an ethylene-re-
sponsive element. Plant Cell 7: 173-182.

Okamuro, J.K., B. Caster, R. Villarroel, M. Van Montagu, and
D.K. Jofuku. 1997. The AP2 domain of APETALAZ2 defines a
large new family of DNA binding proteins in Arabidopsis.
Proc. Natl. Acad. Sci. 94: 7076-7081.

Ougham, H.J., G. Latipova, and J. Valentine. 1996. Morphologi-
cal and biochemical characterization of spikelet develop-
ment in naked oats (Avena Sativa). New Phytol. 134: 5-12.

Randolph, L.F. 1936. Developmental morphology of the cary-
opsis in maize. J. Agric. Res. 53: 881-916.

Schmidt, R.J., B. Veit, M.A. Mandel, M. Mena, and S. Hake.
1993. Identification and molecular characterization of ZAG1
the maize homolog of the Arabidopsis floral homeotic gene
AGAMOUS. Plant Cell 5: 729-737.

Schultz, E.A. and G.W. Haughn. 1993. Genetic analysis of the
floral initiation process (FLIP) in Arabidopsis. Development
119: 745-765.

Smith, L.G., B. Greene, B. Veit, and S. Hake. 1992. A dominant
mutation in the maize homeobox gene, Knotted1 causes its
ectopic expression in leaf cells with altered fates. Develop-
ment 116: 21-30.

Stebbins, G.L. 1987. Grass systematics and evolution: Past, pre-
sent and future, In Grass systematics and evolution, (ed.
T.R. Soderstrom, K.W. Hilu, C.S. Campbell, and M.E. Bark-
worth), pp. 359-367. Smithsonian Institution Press, Wash-
ington, D.C.

1154 GENES & DEVELOPMENT

Sundberg, M.D. and A.R. Orr. 1996. Early inflorescence and flo-
ral development in Zea mays land race chapalote (Poaceae).
Am. J. Bot. 83: 1255-1265.

Veit, B., R.J. Schmidt, S. Hake, and M.F. Yanofsky. 1993. Maize
floral development—new genes and old mutants. Plant Cell
5:1205-1215.

Weatherwax, P. 1923. The story of the maize plant. The Uni-
versity of Chicago Press, Chicago, IL.

Weigel, D. and O. Nilsson. 1995. A developmental switch suf-
ficient for flower initiation in diverse plants. Nature
377: 495-500.



