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SUMMARY

Organogenesis in plants is controlled by meristems. Shoot
apical meristems form at the apex of the plant and produce
leaf primordia on their flanks. Axillary meristems, which
form in the axils of leaf primordia, give rise to branches
and flowers and therefore play a critical role in plant
architecture and reproduction. To understand how axillary
meristems are initiated and maintained, we characterized
the barren inflorescence2mutant, which affects axillary
meristems in the maize inflorescence. Scanning electron
microscopy, histology and RNA in situ hybridization using
knottedl as a marker for meristematic tissue show that
barren inflorescence2nutants make fewer branches owing
to a defect in branch meristem initiation. The construction
of the double mutant between barren inflorescence?2
and tasselsheathreveals that the function of barren
inflorescence2is specific to the formation of branch
meristems rather than bract leaf primordia. Normal maize
inflorescences sequentially produce three types of axillary
meristem: branch meristem, spikelet meristem and floral

meristem. Introgression of the barren inflorescence2
mutant into genetic backgrounds in which the phenotype
was weaker illustrates additional roles of barren
inflorescencedn these axillary meristems. Branch, spikelet
and floral meristems that form in these lines are defective,
resulting in the production of fewer floral structures.
Because the defects involve the number of organs produced
at each stage of development, we conclude thafrren
inflorescence2s required for maintenance of all types of
axillary meristem in the inflorescence. This defect allows us
to infer the sequence of events that takes place during
maize inflorescence development. Furthermore, the defect
in branch meristem formation provides insight into the role
of knottedland barren inflorescence2n axillary meristem
initiation.
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INTRODUCTION

Steeves, 1984). The alternative ‘de novo’ model proposes that
axillary meristems are induced from previously differentiated

Organogenesis occurs throughout the lifetime of a plantells by the subtending leaf (McConnell and Barton, 1998).
through the action of meristems (Steeves and Sussex, 1988xillary meristems can form from apparently differentiated

Meristems achieve this continual

primordia by maintaining a central population

production of orgarcells in some species (Majumdar, 1942). Additional support for
of the de novo model comes from evidence that the adaxial

undifferentiated cells to replenish the meristem as primordigadjacent to the meristem or upper) surface of leaf primordia
are produced laterally. The shoot apical meristem forms at thes competence to form axillary meristems (Sinha et al., 1993;
apex of the plant and produces leaf primordia laterally. AxillaryChuck et al., 1996; McConnell and Barton, 1998; Lynn et al.,
meristems, which arise in the axils of leaf primordia, producd999). A major difference between the models is that the
branches and flowers and therefore play an important role ohetached meristem theory proposes that axillary meristem

the architecture and reproduction of plants.

initials remain undifferentiated while the de novo model

Two models for axillary meristem initiation have beenimplies that axillary meristems can arise from previously
proposed. The ‘detached meristem’ theory proposes that tluifferentiated cells.
shoot apical meristem gives rise to axillary meristems during During vegetative development, growth of the axillary
the production of leaf primordia (Steeves and Sussex, 1989eristem is often delayed relative to the subtending leaf
Evidence for the detached meristem theory is provided bgrimordium such that the axillary meristem is not visible until
histological analysis, which shows that cells in the axils of leafate in leaf development (Steeves and Sussex, 1989). Upon the
primordia do not undergo differentiation (Wardlaw, 1943;onset of reproductive development, growth of the axillary
Garrison, 1955; Sussex, 1955; Cutter, 1964; Remphrey amderistem accelerates such that the axillary meristem becomes
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prominent early in leaf development (Kaplan, 1967; Hempe

and Feldman, 1994). Coincident with the acceleration o Y€ main

axillary meristem growth, the subtending leaf grows less Jespike

forming a small bract leaf in some species (for example y uf pedicellate
Antirrhinum; Bradley et al., 1996), or is suppressed completel 3, I'stp " spikelet
in other species (such asabidopsisand maize; Bonnett, Y€ W spikelet

1948; Long and Barton, 2000). Thus in many species, th y \‘/ pairs

switch from vegetative growth (making leaves) to reproductive g€
growth (making flowers) is accompanied by a switch from I lateral
pronounced leaf development to pronounced axillary meristel 3y Dranches
development. \
In maize, the reproductive phase is complicated by th I Z
production of reproductive branches that bear the flower TN , y
(Bonnett, 1948; McSteen et al., 2000). The male inflorescenc ™
the tassel, is highly branched with long lateral branches at tt
base of the main spike (Fig. 1A). Short branches, calle
spikelet pairs, are produced by the main axis and the lor
branches. Each spikelet is composed of two reduced leaf-lit
glumes enclosing two florets (Fig. 1B). Each floret consists ¢
two reduced leaves called the lemma and palea, two lodicules

(the remnants of the petals) (Ambrose et al., 2000) threld9: 1.Diagram of a normal tassel and spikelet pair. (A) Diagram of
o ! normal tassel (male inflorescence). The tassel consists of a central

; : )
stamens and a trlcarpe_llate_ gynoecium. In the tassel, trﬁ‘?ain spike with long lateral branches at the base. Short branches
gynoecium aborts resulting in the formation of male florets.;jieq spikelet pairs cover the main spike and the lateral branches.

(Cheng et al., 1983; Irish, 1996). The female inflorescence (the) Diagram of a spikelet pair from a normal tassel. The pedicellate
ear shoot) forms from an axillary meristem located in the axigpikelet is borne on a pedicel while the sessile spikelet is attached at
of a leaf five to six nodes below the tassel. The ear does nibt base. Each spikelet contains two florets, the upper floret (uf) and
produce long lateral branches but does produce paired spikel#is lower floret (If) enclosed by two glumes, the inner glume (ig) and
with paired florets like the tassel. Subsequently, the lower floréite outer glume (og). Each floret consists of lemma (I), palea (p), two
and the stamens abort resulting in the formation of singlidicules (not shown) and three stamens (st).
female florets (Cheng et al., 1983; Irish, 1996).

To generate this complex inflorescence, three types daf606(P. Chomet, DeKalb, NJpif2-47330andbif2-1512(S. Briggs,
axillary meristem are produced sequentially in maize (Bonnetgioneer Hi-bred International, Johnston IA; Briggs and Johal, 1992),
1948; Irish, 1997; McSteen et al., 2000). The first axi||arybif2-70andbif2-77(G.Johal, University of Missouri, Columbia, MO)

meristems produced by the inflorescence meristem are tf§8d bif2-1504 (R. Schneeberger and M. Freeling, University of
ifornia, Berkeley, CA). Each of the alleles failed to complement

branch meristems. Branch meristems at the base of the tas%% , ' _
: . -2354and/orbif2-1606.Introgression of the alleles into standard
produce the long lateral branches while later arising brancl bred genetic backgrounds did not show significant differences in

mgrlstems (?"50 called splkelet pair prlmordla) produce tw henotype between alleles. Therefore, the phenotypic and double
spikelet meristems. Each spikelet meristem forms two glume&sant analysis was performed wiiti2-1606
and two floral meristems. Subsequently, each floral meristem
gives rise to the floral organs. Therefore, unlike modebif2 maps to chromosome 1
dicotyledons such a#ntirrhinum and Arabidopsis which  bif2-2354 had previously been assigned to the long arm of
produce floral meristems directly from the inflorescencehromosome 3 (Neuffer and Briggs, 1994) based on B-A translocation
meristem, the maize inflorescence meristem produces brangi@pping (Beckett, 1993). We subsequently showedbifixctually
and spikelet meristems before producing floral meristems. Mapped to the long arm of chromosome 1 using both B-A mapping
To identify genes required for axillary meristem and RFLP an_aly3|3)|f2-2354and b|f2-160_6were crossed by the B-
development, we isolated maize mutants with fewer branchdy_lranslocation  stocks, TBlla (Maize Coop Stock Center,
- . . Stock#122A, which tests most of the long arm of chromosome 1) and
f';md spikelets n the tassel. He_re, we characterizéaen TB3La (Maize Coop Stock Center, stock#327A, which tests the long
mflorescence_Zble) mutant, which makes fewer ear Shoots, 3y of chromosome 3)pif2-1606 and bif2-2354 plants that were
branches, spikelets, florets and floral organs owing to defect§poploid for the long arm of chromosome 1 had a severe barren
in the formation and maintenance of all reproductive axillarntassel phenotype, whilbif2-1606 and bif2-2354 plants that were
meristems. hypoploid for the long arm of chromosome 3 had a mild barren tassel
phenotype, implying thabif2 was either on the long arm of
chromosome 1 or 3. RFLP mapping showed lifatwas unlinked to
chromosome 3 and instead mapped near the centromere on the long
MATERIALS AND METHODS arm of chromosome hif2-1606 maps within 3 cM of the RFLP
markerumc67in bin 1.06 (0 recombinants out of 32 chromosomes).

J
r

sessile
spikelet

A B

Origin of bif2 alleles

The reference alleldjf2-2354was generated by EMS (ethylmethane Quantitative analysis

sulfonate) mutagenesis by M. G. Neuffer (obtained from the Maiz€uantitative analysis of thkif2 mutant phenotype was performed
Coop Stock Center (www.ag.uiuc.edu/maize-coop) stock #301Byith allele bif2-1606 that had been backcrossed four times to the
Neuffer and Briggs, 1994). Six additional alleles were identified frominbred lines B73 and A188, and three times to the inbred lines A619,
lines containing activéviutator (Mu) transposable elementbif2- W22 and W23. Branch and spikelet number were counted on plants
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grown in the field in the summer (Brentwood, CA). Analysis of floral
organ number was carried out withf2-1606 plants that had been
backcrossed three times to A619, grown in the spring in thi
greenhouse (Albany, CA). The results presented were from all 1C
spikelets of a single mutant plant, but similar results were observe
in other mutant plants from the same genetic background. Simile
trends, though with different severity, were obtained whé@
mutants were grown under different environmental conditions an
when bif2 mutants had been introgressed into other genembranches produce pairs of
backgrounds (B73, A188 and W22). spikelets. (BYif2 mutant

Double mutant analysis tassel in the B73 genetic

tasselsheath-5733@sh) was obtained from S. Briggs (Pioneer Hi- backgrc_;fund. In severe
Bred International, Johnston, 1A) in the A632 genetic backgroun(casc(jesbl ZmEtantsh d
(Briggs, 1992).bif2;tsh double mutants were identified as plants plro uce no _lr(arlw esan
exhibiting characteristics of both parents segregating one sixteenth a mols_t no splbe ets, hi
the B of a cross betweetsh-57333and bif2-1606 Plants withtsh rgsﬂu ting in a atrren rachis
phenotypes were self pollinated in the Bome of these families El(r:]) girfezsr%irt]gr?tstaesn;)a.l in
segregated one quarteif2;tsh double mutants in thesFeonfirming the A188 genetic
the double mutant phenotype. back rour?d The tassel has
ramosal-refral) was obtained from the Maize Coop Stock Center grse a : earance with 1
(stock#708A) and introgressed into the B73 genetic backgroun(?e\fvpgranch%g and few
bif2;ral double mutants were identified as plants with characteristic ikelet the b h
of both parents segregating one sixteenth in theff Erosses between SPIKEIELs on i € rar_1fc es
ral andbif2. Fs crosses were not performed because of sterility of th(and main SP'I e (r?)' 2
phenotype. However, the double mutant phenotype was observed muta?t tssslf In t 3A619
four separate families grown in the field over several seasons and V\%iennelécs ﬁ(%lg:so?grrﬁ on
never observed in families segregating for either mutant alone. the%achips The tio of the
tasselseed4-refts4) was obtained from the Maize Coop Stock his i : lit EpN |
Center (stock#316AYs4bif2 double mutants could not be identified rac |sh|sfsp| .I( ) Normal
in the B owing to the presumed epistasisbif?. Plants with thdés4 _er?llr (the female h
phenotype were self-pollinated in the. FSome of these families n ores_cence). The outer
segregated one quarteif2 mutant phenotype in the next generation protective husk leaves are

confirming thatif2 was epistatic tds4 removed to reveal rows of
female florets with

SEM and histology elongated silks covering

Families that were segregatimif2 and normal siblings in the B73 ;h;r rﬁ]csri'('fg 'EEEILZLJrsnkUIt:;]\t/es
genetic background were grown to 5-weeks old for tassels or 8-wee. .b his with no
old for ears. For scanning electron microscopy (SEM), inflorescence’> ‘.1 larte racﬂ IS vtw The ti
were dissected and molded with dental impression medium (Exaﬂez?'thi?;girs i?; r: Sli't Sgallg
Type 3 viscosity, GCAmerica Inc, Chicago, IL). The molds were therbar 57 om pit. E
filled with two ton epoxy resin (Ace Hardware, Oakbrook, IL), allowed ™" = ’
to harden overnight and cured in a 60°C oven overnight. The casts we. -

removed from the mold and allowed to outgas under vacuum for 3 daygpikelets in the tassel. Complementation tests showed that we
Casts were sputter coated with gold palladium and viewed by SEM (I$1ad identified seven independent allelebit# (see Materials

30 model) at 10 kv accelerating voltage. For sectioning, inflorescencesid Methods). Genetic analysis showed Hifwas a single,

were dissected and fixed at 4°C overnight in 4% formaldehyde ifpecessive nuclear mutationbif2 mapped close to the
phosphate-buffered saline for ears or FAA (3.7% formalin, 50%entromere on the long arm of chromosome one using genetic
ethanol, 5% acetic acid) for tassels, dehydrated in an ethanol s_eries molecular analysis (see Materials and Methods). As all
embedded in paraffin wax (Paraplast, Oxford Labware, St. Louis, Mogeven alleles had the same severity of phenotype, we performed

Sections 8 to 1fim thick were cut with a Microm HM340 microtome h VDI d doubl tant | ith .
and mounted on coated slides (Probe-On plus, Fisher Biotech). pi@Nenotypic and double mutant analyses with one albef;

labeled antisense RNA probeskofL were prepared and RNA in situ 1606 (hereafter referred to 4sf2).

hybridization performed according to the method of Jackson et asb. .

(Jackson et al., 1994). Immunolocalization with anti-KN1 antibody wa/f2 mutants produced fewer branches and spikelets

performed according to the method of Smith et al. (Smith et al., 1992hif2 mutants had fewer lateral branches in the tassel. To

For histological analysis, slides were dewaxed in histoclear (Nationguantify the defecthif2 mutants were backcrossed four times

Diagnostics, Atlanta, GA), hydrated in series, stained for 30 seconds jato standard inbred lines. The decrease in the number of

0.05% Toluidine Blue O (TBO), rinsed, dehydrated and mounted witlhranches produced Hyf2 mutants was dependent on genetic

Merckoglas (Mikroskopic, Germany). background (Fig. 2; Table 1). In the inbred line A188, which
produced many lateral branches in the tassel and was early
flowering (7 weeks to anthesis), th2 phenotype was weak.

RESULTS After four backcrosses to A18Bif2 mutants produced one or
two branches whereas normal siblings had about 24 branches

To identify genes required for axillary meristem development(Fig. 2C; Table 1). In B73, an inbred that produced relatively

we collected mutants that made few, if any, branches arfdw tassel branches (Fig. 2A) and flowered late (9 weeks to

Fig. 2. bif2 mutants make
fewer branches and
spikelets in a background-
dependent manner.

(A) Normal tassel after
anthesis (B73 genetic
background). The main
spike and long lateral
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Table 1.bif2 mutants make fewer branches, spikelets and ear shoots

Tassel branch no. Tassel spikelet no. Ear shoot
Inbred Mean s.d. Range n Mean s.d. Range n % n
A188 N 20 3.9 12-31 28 1162 165.6 1016-1346 3 100 28
bif2 1 1.8 0-6 16 66.4 70.6 5-227 16 22.3 16
B73 N 10.1 1.8 7-15 25 573 n.d. n.d. 1 100 25
bif2 0 0 0 13 16.8 11.9 0-41 13 43.3 13

Branch and spikelet number were counted from tasséli$2dind normal plants grown under field conditions. Ear shoot refers to the percentage of plants that
made at least one ear shoot.
N, normal siblings; s.d., standard deviationno. of plants; n.d., not determined.

anthesis), thebif2 phenotype was more severe. After four
backcrosses to B78jf2 mutants produced no lateral branches
in the tassel while normal siblings had approximately 1(
branches (Fig. 2B; Table 1bif2 mutants also produced no

lateral branches in the inbred line A619 (Fig. 2D), which
normally has an intermediate number of tassel branches a
time to anthesis.

Spikelet number was also drastically reducedifdmutants
in a background-dependent manner (Table 1). Similar to th
effect on branch number, the phenotype was weaker in A18
more severe in B73 and intermediate in A619. Depending ¢
the inbred line and growing conditions, normal tassel:
produced 500 — 1000 spikelets in pairs (Table 1). In AbB3,
mutants produced an average of 66 spikelets compared
normal siblings that produced over a thousand (Table 1). |
B73, bif2 mutants produced an average of 17 spikelet:
compared to normal siblings, which produced about 50!
spikelets (Table 1). As seen from the high standard deviation
the number of spikelets produced was still quite variable withi
a family.

Normal plants usually produced at least one ear shoot (tt
female inflorescence) in the axil of a leaf, five to six node:
below the tassel (Fig. 2E). In contrast to normal siblings, les
than half ofbif2 mutants produced ear shoots (Table 1). Whet
an ear shoot formed Iif2 mutants, defects similar to those in
the tassel were observed. A bare rachis (inflorescence ste
was seen inside the husk leaves (Fig. 2F). Sometimes a fe
spikelets were present, usually at the base of the rachis. T
tip of the ear was sometimes fasciated and split into sever
growing points.

In contrast to the dramatic ef‘f_ect on Inflorescencq:ig. 3.bif2 is required for branch meristem formation: scanning
development, vegetative developmenbié2 mutants appeared g actron micrographs (SEM) of normal anié2 mutant

normal. There were no obvious defects in leaf morphology ghfiorescences. (A) A normal male inflorescence at 5-weeks old. The
phyllotaxy and the number of leaves produced was nQhflorescence meristem (im) produces axillary meristems called

significantly different from wild type (data not shown). branch meristems (bm) which then form two spikelet meristems
) ) o ) (sm). (B) Abif2 male inflorescence at 5-weeks old. The
bif2 mutants failed to initiate branch meristems inflorescence meristem fails to produce branch meristems. Ripples

The absence of branches and spikelet pais2mutants was ~are visible on the surface of the rachis. (C) A normal female
indicative of a very early defect in inflorescence developmentiflorescence at 8 weeks of age. The higher magnification shows that
Scanning electron microscopy (SEM) was used to determir%ﬁgﬁhageéfg;%z égg‘) (]B)rgénfg:r?a?exIill’s]ﬂ?)fl’ggacztnlégrg?'gilf/le(lejli)&‘:
\_II_VaniE'fflgrlgggerreége?:remge\;efgggﬂ;eﬂfzrg\?e{g%n%xgltyspeeri' The ripples on the surface of the r_a\chis_resemble b_ract primo_rdia.
. . ; , branch meristem; br, bract primordium; sm, spikelet meristem;
with bra_nch meristems near the inflorescence apex ang inflorescence meristem. Scale bar, pao
progressively older stages of development towards the base of
the inflorescence stem. As early development of male and
female inflorescences are similar andhifi2 mutation affected formation of branch meristems, visible as bumps, on the flanks
both in the same way, we do not distinguish between themwf the inflorescence (Fig. 3A; Bonnett, 1948; Cheng et al.,
when referring to the inflorescence. 1983). In contrashif2 inflorescence meristems did not produce
The first step in normal inflorescence development was theranch meristems (Fig. 3B). Undulations visible on the surface
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of thebif2 rachis (Fig. 3D) were similar to the bract primordiainflorescence provides strong evidence bit mutants fail to
that normally subtend branch meristems (Fig. 3C). As in wildnitiate branch meristems.
type, these bract primordia did not develop further. The SEM We used a genetic test to determinbii was specifically
results suggest thaif2 mutants do not produce branches andrequired for axillary meristem function or whether it also
spikelet pairs because they do not produce branch meristemplayed a role in the formation of the subtending bract leaf
Histological analysis was performed to determine if thergorimordium by constructing double mutants wislsselsheath
was any cellular evidence of branch meristem formation irftshy Briggs, 1992). Intsh mutants, bract primordia that
bif2 mutants. Meristematic cells stain more intensely withsubtend branch meristems were no longer suppressed (Fig.
histological dyes than differentiated cells owing to their6A,C). Large bracts subtended the long branches at the base of
smaller vacuolar volume (Steeves and Sussex, 1989). In norntak tassel (Fig. 6A) whereas smaller bracts subtended the
plants, the inflorescence meristem and its peripheral regiaspikelet pairs on the main spike (Fig. 6C). These bracts became
stained intensely with Toluidine Blue O (TBO; Fig. 4A). smaller acropetally such that they were no longer visible on the
Branch meristems with subtending bract primordia arose in thigpper portion of the main spike. thif2 was required for the
peripheral region. Branch meristems were first visible aformation of bract primordia as well as axillary branch
densely stained groups of cells that extended many cell layenseristems, then theif2;tsh double mutant would have the
into the flanks of the inflorescence (Fig. 4B). Branch meristemsame phenotype dsf2 mutants. Instead, theif2;tsh double
remained densely stained later in development, as they grewutant had an additive phenotype (Fig. 6B,D). At the base of
out to form a bulge. Bract primordia that subtended brancthe tassel, large bracts were produced but there were no
meristems were not as densely stained. These bract primordieanches in their axils (Fig. 6B). On the lower half of the main
did not develop further and became less obvious as the branspike, smaller bracts were produced but no spikelet pairs
meristems grew out (base of Fig. 4A). bif2 mutants, the formed in their axils (Fig. 6D). The double mutant wigh
inflorescence meristem and periphery were densely stained @sarly shows thatif2 is not required for the formation of bract
in wild type (Fig. 4C). Primordia that arose from the flanks ofprimordia but is specifically required for the formation of
the inflorescence were less densely stained than wild-tyg@anch meristems in the axils of bract primordia.
branch meristems and instead resembled bract primordia.If bif2 was required for branch meristem formation then it
These bract primordia had stronger staining on their adaxishould be epistatic to mutants affecting later stages of
side (side facing the inflorescence meristem) than abaxial sidkevelopment. To test this hypothesis, double mutants with
(side facing away from the meristem) (arrow in Fig. 4D). Theasselseed4ts4) (Hayes and Brewbaker, 1928; Phipps, 1928)
staining of these primordia extended only a few cells thick (Figwere constructeds4is required for the transition from branch
4D), unlike the staining of branch meristems in wild type (Figmeristem to spikelet meristem identity (Irish, 1997).t44
4B). Farther from the inflorescence tip, the dense stainingutants, branch meristems continued to reiterate the formation
disappeared, as the cells became vacuolated. There was ofo branch meristems resulting in tassels with increased
evidence of cell wall collapse indicative of cell death. indeterminacy (Fig. 6E). Ibif2 acted beforets4, then the
To test whether the densely stained cells on the adaxial sitd2;ts4double mutant would have the same phenoty®fas
of bract primordia irbif2 mutants were cells at an early stageln agreement with this hypothedisf2 was epistatic tts4(Fig.
of meristem formation or were indicative of the normal6F) (see Materials and Methods for genetic evidence).
differences in cytoplasmic density that characterize the adaxial ) ) )
and abaxial sides of leaf primordia, we performed RNA irBranch meristems that formed in  bif2 mutants were
situ hybridization usingknottedl (knl) as a marker for defective
meristematic tissue (Jackson et al., 1994). In normalVe next determined ibif2 played a role in the function of
inflorescencesknl was highly expressed in the inflorescencebranch meristems, once branch meristems had initiated. On the
meristem and was specifically down regulated on the flanks ofain spike of normal tassels, branch meristems produced short
the inflorescence meristem (Fig. 5A). The down regulation obranches consisting of two spikelets, the pedicellate spikelet
knlwas the first indication of bract primordium initiatidem1  (with a pedicel) and the sessile spikelet (without a pedicel; Figs
was also expressed in a small group of cells located betweéB, 7D). When spikelets formed nf2 mutants, most of them
two successive bract primordia that we hypothesized wereccurred singly instead of in pairs (50-75%; Fig. 7E). The
branch meristem initials (Fig. 5Aknl was subsequently spikelets that formed had pedicels, implying that the
highly expressed in branch meristems as they grew out. Latpedicellate spikelet had formed though the pedicels were
in developmentknl was also expressed in spikelet and florallonger than normal. Intermediates were sometimes seen in
meristems as they formed (Fig. 5D) biif2 inflorescenceknl  which the sessile spikelet was visible as a filament (6.8%) or
was expressed in the inflorescence meristem and was dows a single glume (9.7%) attached at the base of the pedicellate
regulated in bract primordia as in wild type (Fig. 5B). Unlikespikelet. Therefore, branch meristems that formedifa
wild-type inflorescences, howeveknl was not expressed mutants were defective because they were unable to initiate the
anywhere along the flanks of the inflorescence meristem everrmal complement of spikelets.
later in development (Fig. 5E). There was no evidence of To investigate the role dfif2 in the branch meristem we
branch meristem formation or of branch meristem initialsconstructed the double mutant betw&&2 and a mutant that
Immunolocalization with the anti-KN1 antibody (Smith et al., made extra spikeletssamosal (ral; Gernart, 1912).ral
1992) revealed a similar pattern of KN1 protein localizationmutants made more spikelets because long branches were
in bif2 mutants (Fig. 5C). Occasional fasciation bif2  produced in place of spikelet pairs (Fig. 7Ajif2 was
inflorescence meristems was also observed (Fig. 5B,C,F). Tlvempletely epistatic teal when the families had a sevédrié2
absence oknlexpression in the primordia on the flanks of thephenotype in which no branch meristems formed (data not
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Normal Normal bif2

Fig. 4.bif2 is required for branch meristem formation:
histological analysis of normal ahif2 mutant
inflorescences. (A) Longitudinal section of a normal fem
inflorescence stained with TBO. The apex and the perip
of the inflorescence meristem (im) stain intensely. Branc
meristems (bm) form densely staining bulges in the axils
less densely stained bract primordia (br). Scale bain®&0
(B) Higher magnification of A. The branch meristem is
visible as several densely staining cell layers. Scale bar,
pm. (C) Longitudinal section of aif2 female inflorescence
stained with TBO. Like normal inflorescences, the
inflorescence apex and periphery are densely stained, b
branch meristems do not bud from the axils of bract
primordia as in wild type. Scale bar, gt. (D) Higher
magnification obif2 bract primordia (from C) showing the
several densely staining cells are visible on the adaxial ¢
of the bract primordium (ad) though the staining does nc
extend through as many cell layers as normal. Notebifabract primordia are larger than normal bract primordia. Scale bapra5ad,
adaxial side of bract primordium; bm, branch meristem; br, bract primordium; im, inflorescence meristem.

Fig. 5.hif2 is required for branch meristem formation: Normal
expression analysis witnl (A) RNA in situ hybridizatior

of knlin a normal male inflorescendanlis strongly A
expressed in the inflorescence meristem (im) and is
downregulated on the flanks of the inflorescence as bre
primordia initiate (br). Branch meristem initials (bi) are
visible as a small group &hl-expressing cells separating
successive bract primordienlis highly expressed in
branch meristems (bm) as they grow out.KB) RNA in
situ hybridization in &if2 male inflorescence. In this
example, the inflorescence apex is fasciated and has s
into two growing points. As in normal inflorescendaslis
expressed in the inflorescence meristem and is
downregulated as bract primordia (br) initiate. Unlike
normal,knlis not expressed on the flanks of the
inflorescence and there is no evidence of branch meris
formation or branch meristem initials.

(C) Immunolocalization of KN1 protein inlgif2 male
inflorescence. KN1 protein is found in the inflorescence
meristem but not on the flanks of the meristem. Note th
KN1 protein extends into the epidermal layer of the
inflorescence meristem (Smith et al., 1992; Jackson et
1994). (D)kn1RNA in situ hybridization in a normal
female inflorescencénlis expressed in the inflorescence (im), branch (bm) and spikelet meristems (sm) as well as in the stem and
vasculature. (Ekn1RNA in situ hybridization in ®if2 female inflorescenc&n1RNA is not present on the flanks of the inflorescence owing
to the absence of branch, spikelet and floral meristemkBn{FNA in situ hybridization in a fasciateif2 female inflorescence. Down
regulation ofkn1within the inflorescence meristem occurs when the inflorescence apex has split into separate growing points. Bi, branch
meristem initials, bm, branch meristem; br, bract primordium; im, inflorescence meristem;,sm, spikelet meristem. Scalg)dEdoufA:-

(D-F) 300um.

shown). Howevehif2;ral double mutants (Fig. 7B) could be Spikelet and floral meristems were also defective in
distinguished in families with less sevdsi§2 phenotypes, in  bif2 mutants

which branch meristems formed (Fig. 7C). The branches ofhe few spikelets that formed on kEf2 mutant tassel
bif2;ral double mutants were elongated liled branches, but produced fewer florets with fewer floral organs. We quantified
produced fewer spikelets theail single mutants. For example, the defect by dissecting spikelets and counting organ number
at a mid point on the tassel main spikeafbranch produced from bif2 mutants that had been backcrossed into the inbred
13 spikelets (Fig. 7G) while kif2;ral branch produced only line A619 in which bif2 mutants had an intermediate
three spikelets (Fig. 7F). As the number of spikelets producgghenotype. Normal spikelets had two glumes and two florets.
by bif2 branch meristems is affected even imad mutant Each floret consisted of a lemma, palea, two lodicules and
background we infer thdtif2 is required for branch meristem three stamens (Fig. 8A). Spikelets lif2 mutants displayed
maintenance or for spikelet initiation. a range of phenotypes (Fig. 8B-D). In the most severe cases,
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Fig. 6. bif2 is required for branch meristem formation: double mutant
analysis withtshandts4. (A) At the base of theshmutant tassel,

large bracts (br) subtend the long branches (b). Scale bar, 3.33 cm.
(B) At the base of thbkif2;tshdouble mutant tassel, large bracts (br)
form but no branches are produced in the axils of the bracts. Scale
bar, 3.33 cm. (C) On the main spike of tiemutant tassel, small
bracts (br) subtend the spikelet pairs (sp). Scale bar, 0.7cm. (D) On
the main spike of thkif2;tshdouble mutant tassel, small bracts are
produced as itshmutants, however, no spikelet pairs form in the
axils of the bracts as bif2 mutants. Scale bar, 0.6 cm. (B3 mutant
tassels are highly branched because of a delay in the transition from
branch to spikelet meristem identity (Irish, 1997). Scale bar, 1.8cm.
(F) Thebif;ts4 double mutant tassel has the same phenotyp®iés a
mutant tassel. Note that in this case hitfi2 mutant phenotype is

severe and the tip of the rachis is fasciated. Scale bar,1.8 cm. B,
branch; br, derepressed bract leaf; sp, spikelet pair.

the remaining upper florets ranged from florets missing one
organ to florets consisting of only one organ (Fig. 8E). In
extreme cases, the upper floret was absent or replaced by a
filamentous structure (Fig. 8C). The majority lwf2 lower
florets were normal (Fig. 8B), while the remainder had two
stamens instead of three (Fig. 8C). The floral defects mostly
involved the absence of inner whorl organs though sometimes
there were one or two extra organs resembling the lemma or
palea (10.7%) and occasionally there were three florets
instead of two (8.7%). Other defects seen were deformed
stamens, missing lodicules and splitting of the lemma and
palea. The defect in the production of glumes and florets
indicates thabif2 plays a role in the spikelet meristem while
the defect in the production of floral organs indicateshitiat
plays a role in the floral meristem. As most of the defects
involve a reduction in the numbers of organs produced we
infer that bif2 plays a role in spikelet and floral meristem
maintenance.

DISCUSSION

spikelets consisted of one or two glumes with no floret&\e have characterized th&2 mutant of maize, which makes
(9.7%) (Fig. 8D). When florets formed, floral organs werefewer branches in the inflorescence. Genetic and histological
missing from both florets. The upper floret was more severelgnalyses suggest thhif2 is required for initiation of branch

affected than the lower floret (Fig. 8E). Only a quartdyif#

meristems and leads to a model for the rolendfandbif2 in

upper florets had the normal complement of organs (lodiculesxillary meristem initiation. Characterization bif2 mutants
were not counted because of their small size). Phenotypes after introgression into lines in which the phenotype was less

Fig. 7.bif2 is required for branch meristem maintenanc
double mutant analysis wital. (A) In ral mutant tassels
spikelet pairs are converted to branches resulting in a
highly branched tassel (Gernart, 1912). Scale bar, 3.3:
(B) bif2;ral double mutant tassels have a similar phenc
to bif2 mutants, except that when branches form they h
more spikelets thabif2 mutants. (Cpif2 mutant tassel. Ir
this genetic background, tihé&2 mutant phenotype is wei
and single spikelets form on the main spike. D to G are
branches dissected from midway along the main spike
family segregating normal (Dpjf2 (E), bif2;ral (F) and
ral (G) mutant plants. Scale bar, 606. (D) Normal

spikelet pair with pedicellate and sessile spikeletb{2)mutant spikelet. Note th&if2 mutants produce spikelets singly instead of in pairs
and that the pedicel is elongated. §F2;ral double mutant branch with several spikeletsra@)mutant branch with many spikelets.
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severe reveals additional rolesoi® later in development. The are specifically defective in receiving that signal from the leaf.
spikelet and floral defects suggest th#2 plays a role in  The other theory, referred to as the detached meristem theory,
meristem maintenance and allows us to infer, for the first timesuggests that axillary meristem initials remain in a
the sequence of events that occur during maize inflorescenoeeristematic state in the axils of leaf primordia as leaf

development. primordia separate from the inflorescence meristem (Steeves
o _ o and Sussex, 1989). Thus, axillary meristem initials never
Role of bif2 in branch meristem initiation differentiate. Our analysis of the expressiorkot in normal

We show, using SEM and histology, thait2 mutants are inflorescences, supports this theoryka, which is known to
unable to produce branches owing to an inability to fornmaintain cells in an undifferentiated state (Sinha et al., 1993;
branch meristems. The branch meristem normally forms in thi€erstetter et al., 1997), is expressed in branch meristem initials.
axil of a bract leaf which is suppressed in maize (BonnetiWe propose that axillary meristems do not form hifi
1948). In order to determine if thef2 defect also affects the mutants because branch meristem initials fail to mairkain
subtending bract leaf primordia, we constructed the doublexpression and hence differentiate. Thus, BIF2 responds to
mutant betweebif2 andtsh In tshmutants, bract leaves grow the signal for axillary meristem formation, then, directly or
out, suggesting that the wild-type functiontsiiis to repress indirectly, maintainsknl expression in the branch meristem.
bract outgrowth. Bract leaves also grow out in HiR;tsh bif2 mutants share similarities with mutantsArabidopsis
double mutant showing thdiif2 is not required for bract tomato and rice that fail to make axillary or floral meristems
formation. This result provides convincing evidence i@  (Okada et al., 1991; Szymkowiak and Sussex, 1993; Bennett
is specifically required for the formation of branch meristemst al., 1995; McConnell and Barton, 1995; Talbert et al., 1995;
in the axils of bract leaf primordia. Przemeck et al., 1996; Bohmert et al., 1998; Chen et al., 1999;
Having demonstrated a role fwif2 in the formation of Lynn et al., 1999; Sawa et al., 1999; Komatsu et al., 2001;
branch meristems, we tested whethi& was required for the Otsuga et al., 2001). However, unlike many of these mutants,
initiation of branch meristems usinknl as a marker for bif2 mutants do not appear to affect leaf formation (Okada et
meristemsknlis a homeobox gene which is down-regulatedal., 1991; Bennett et al., 1995; Talbert et al., 1995; Przemeck
within the meristem as lateral organ primordia are initiatect al., 1996; Bohmert et al., 1998) or apical meristem formation
(Smith et al., 1992; Jackson et al., 1994). The first indicatioMcConnell and Barton, 1995; Talbert et al., 1995; Chen et
of bract leaf initiation is the down regulation kil on the al., 1999; Lynn et al.,, 1999). Irabidopsis PINOID,
flanks of the inflorescence meristem. Similar down-regulatio®INFORMED and MONOPTEROSare implicated in auxin
of SHOOTMERISTEMLES&n Arabidopsis knlhomologue, transport or perception (Okada et al., 1991; Bennett et al.,
occurs during bract formation idrabidopsis (Long and 1995; Przemeck et al., 1996; Galweiler et al., 1998; Hardtke
Barton, 2000). Bract primordia are flanked by small groups odind Berleth, 1998; Christensen et al., 2000) while in tomato,
knl-expressing cells that are in continuity whthl-expressing lateral suppressois implicated in gibberellic acid signaling
cells in the inflorescence meristem and stem. We propose th@chumacher et al., 1999) raising the possibility that BIF2
these groups of cells are branch meristem initialsbif2  responds to a hormonal signal for axillary meristem formation.
mutantsknlis down regulated in bract primordia as in normal In addition to the failure to initiate branch meristeimié2
plants, supporting our genetic studies wghand suggesting mutants have a fasciated inflorescence meristem. Fasciation is
that at least this aspect of bract formation occurs normally ialso seen in other mutants that fail to make floral meristems
bif2 mutants. However, unlike wild-type inflorescendaslis  (Bennett et al., 1995), in mutants that fail to make organs
not expressed in the axils of these bract primordia. It is possibleaufs et al., 1998) as well as in mutants that make extra organs
that the densely cytoplasmic cells visible on the adaxial sidgClark et al., 1993; Clark et al., 1995; Kayes and Clark, 1998).
of the bract primordia are competent to respond to signals tois unlikely that the fasciation of the inflorescence meristem
form an axillary meristem. However, as these cells do nds directly responsible for the branch meristem defediifix
expressknl, it is more likely that they result from the normal mutants as fasciation occurred infrequently and not until
differences in cytoplasmic density that occur between theelatively late in inflorescence development. Furthermore,
adaxial and abaxial sides of leaf primordia (Hagemann, 1970hcreasing the size of the inflorescence meristem using the
Similarly, kn1 homologues are not expressed on the flanks dfascicledImutation (Orr et al., 1997) did not correct the ability
the inflorescence meristem in other plants that fail to initiatef bif2 mutants to initiate branch meristems (our unpublished
axillary meristems (Reinhardt et al., 2000; Vernoux et al.results). Rather, fasciation may be a secondary effect of the
2000). As no evidence of branch meristem initiation is foundailure to initiate branch meristems. We suggest that the
in bif2 mutants usingnlas an in situ probe, we conclude thatinflorescence meristem fasciates becdusleexpressing cells
bif2 is required for branch meristem initiation. do not detach from the inflorescence meristem to form branch
We considered the role bff2 andknlin axillary meristem  meristem initials.
initiation in light of existing theories on the origin of axillary
meristems. One theory suggests that axillary meristems ari§ole of bif2 in meristem maintenance
de novo from the adaxial side of leaf primordia (McConnellThebif2 mutant was introgressed into inbred lines in which the
and Barton, 1998; Lynn et al., 1999). All of the indicatorsphenotype was less severe, allowing us to identify additional
suggest that bract leaf primordia are normabii@ mutants;  roles of the wild-type gene later in development. When branch
they display down regulation ofknl, adaxial/abaxial meristems form inbif2 mutants, they often make single
distinctions, and elongate intsh mutant background. Thus, if spikelets instead of paired spikelets. In some cases, the spikelet
axillary meristems arise directly from leaf primordia, then inpair consists of a normal pedicellate spikelet and a partial
bif2 mutants, cells that will give rise to the axillary meristemsessile spikelet consisting of one or two glumes. This result
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could be explained if branch meristemsif2 mutants make makes a single spikelet perhaps the spikelet meristem is
a pedicellate spikelet but have insufficient cells remaining taslightly larger than normal and hence can give rise to three
form a complete sessile spikelet. This defect suggests that thestead of two florets. Similarly, if a spikelet meristem allocates
wild-type function ofbif2 is to maintain branch meristems. In all its cells into a single floret then perhaps this floret has the
support of this conclusiobjf2 mutants are defective at making capacity to make more organs. Alternative models for the role
multiple spikelets even in el mutant background. Once of bif2, including a role in primordia initiation, are also
spikelet meristems initiate ibif2 mutants, they usually possible. In fact, similar mutant phenotypesArrabidopsis
produce defective florets. The upper floret is consistently moreave been interpreted as being due to a failure in primordia
affected than the lower floret and is sometimes replaced bydevelopment (Christensen et al., 2000; Vernoux et al., 2000).
filamentous structure. This result suggests th&ifdimutants, The distinction between meristem maintenance and primordia
the spikelet meristem sets aside cells to form the lower flor@utgrowth may be a matter of definition. As organs form from
but then has insufficient cells left for the formation of ameristems, the failure to make organs can be considered a
complete upper floret. This defect suggests Hif@ plays a failure in the meristem itself.
role in spikelet meristem maintenance during wild-type o
development. The presence of fewer floral organdifa  Implications for maize inflorescence development
mutants provides evidence that & gene is also required In normal maize inflorescence development, the branch
for floral meristem maintenance. Organs are most oftemeristem makes two spikelet meristems and the spikelet
missing from the center of the floret implying that,bifi2  meristem makes two floral meristems (Bonnett, 1948; McSteen
mutants, the floral meristem is either consumed during thet al., 2000). SEM studies do not fully clarify which of the two
production of the outermost floral organs or is smaller fronspikelet meristems or which of the two floral meristems forms
inception. Other mutants, suchs®otmeristemlegst) and  first (Cheng et al., 1983). Analysis of thH@f2 mutant
wuschel (wug in Arabidopsis that are defective in floral phenotype, however, sheds light on this process. VWifén
meristem maintenance also have fewer floral organs in innenutants make spikelet pairs, the pedicellate spikelet
whorls (Endrizzi et al., 1996; Laux et al., 1996). Howeverpreferentially forms. This suggests that during normal
unlike stm and wus bif2 mutants specifically affect development, the cells that will give rise to the pedicellate
maintenance of axillary meristems without affectingspikelet are allocated before cells that will give rise to the
maintenance of the shoot apical meristem. We proposbitRat sessile spikelet. The fact that the upper floret is missing or more
is required for maintenance of all axillary meristems in theseverely affected than the lower floretif2 mutants, implies
inflorescence, the branch, spikelet and floral meristem. that the lower floret normally forms first as suggested by the
The rare occurrence if2 mutants of spikelets with three lateral branching model for floret development (Chuck et al.,
florets or the rare florets with one or two extra outer whorlL998). Although, it is formally possible that the sequence of
organs could be a secondary effect of the formation of singlevents is altered by thieif2 mutation, we infer that during
spikelets or single florets. For example, if a branch meristemormal inflorescence development, the branch meristem forms

Fig. 8.bif2 is required for spikelet and
floral meristem maintenance.

(A) Normal spikelet dissected open to
reveal the two florets. The lower floret
(If) is flanked by the outer glume (og)

and the upper floret (uf) is flanked by

the inner glume (ig). Each floret

- consists of a lemma (I; flanked by the
E Normal bif2 glume), palea (p; separating the

flowers), lodicules (not visible) and
upper floret three stamens (st). Scale bar, p&@
| st D (B) bif2 spikelet. The upper floret
consists of lemma and palea only
while the lower floret is normal. Scale
I bar, 230um. (C)bif2 spikelet. The
x — upper floret is replaced by a
filamentous structure (f) and the lower
100% 252 175 165 9.7 29 6.8 11.6 4.8 4.8%| florethas two stamens instead of
three. Note that the stamens are
lower floret deformed. Scale bar, 246n. (D) bif2
| st p spikelet consisting of only two glumes and two leaf-like structures that resemble the lemma or

lemma, palea, two lodicules (not counted) and three stamens in both upper and lowdsifforets.
mutants produce fewer organs in both the upper and lower floret, though the upper floret is more
severely affected than the lower floret. The percentages refer to the number of florets with the
100% 95.2 4.8% complement of organs shown in the diagram. Green bar, filamentous structure; star, other (florets
with lemma and three stamens or palea and one stamen); dash, no floret.

palea. Scale bar, 260n. (E) Floral organ numbers were counted from florets dissected from 103
spikelets of &if2 mutant and from 100 spikelets of a normal sibling. Normal florets have a
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the pedicellate spikelet meristem followed by the sessilehen, Q. Y., Atkinson, A., Otsuga, D., Christensen, T., Reynolds, L. and
spikelet meristem, then each spikelet meristem forms the Ioweere\A_’Sdef- Nf-|(1999¥- ThetAr?SIdOFI!SIS FlLﬂ\gEleTl(;U;ZZLOWEﬁene is
g : required for fiower rormatiorbeveliopmen - .

ro[aI me;L)s:ch f0||_Owec(Ij by the uppeli roIraI rgelrlsgelr?. bili Cheng, P. C., Greyson, R. |. and Walden, D. §1983). Organ initiation and

0ss oibl _unctlon oes not completely abolish t 1€ abl Yy~ the development of unisexual flowers in the tassel and &aeofMaysAm.
of the maize inflorescence to make branches, spikelets and. Bot.70, 450-462.
florets. The variable expressivity and background dependengéristensen, S. K., Dagenais, N., Chory, J. and Weigel, [2000).
of the phenotype provides evidence that additional factors are"f?g“'a“o” of auxin response by the protein kirf2iséOID. Cell 100, 469-
m.VOI\led in branCh'. Splkel?t and floret quGIODment in malze(:huck, G., Lincoln, C. and Hake, S(1996). KNAT1linduces lobed leaves
Differences in meristem size between inbreds could be partly yith ectopic meristems when overexpressediabidopsis Plant Cell 8,
responsible for the background dependence (Vollbrecht et al.,1277-1289.
2000). Partial redundancy with other genes required foghuck, G., Meeley, R. B. and Hake, §1998). The control of maize spikelet

meristem function may also be involved. In fact. several other meristem fate by thAPETALAZ2 like geneindeterminate spikeletlsenes
. ! Dev.12, 1145-1154.

mutations in maize condition the phenotype of a reduction IBlark, S. E., Running, M. P. and Meyerowitz, E. M.(1993). CLAVATA] a
branch, spikelet and floret number. For example, l0Ss-0f- regulator of meristem and flower developmeniiabidopsis Development
function mutations itknlresult in fewer branches and spikelet 119 397-418. _ _
pairs owing to defects in inflorescence meristem maintenanéea’k. S. E., Running, M. P. and Meyerowitz, E. M.(1995). CLAVATASis

a specific regulator of shoot and floral meristem development affecting the
(Kerstetter et al., 1997). Mutants such karren stalkl same processes @4 AVATAL Development.21, 2057-2067.

_(ba]), Suppress_or of sessile spikelet$os) an_d Barren _ Coe, E. H., Neuffer, M. G. and Hoisington, D. A(1988). The Genetics of
inflorescencelBifl) have fewer branches and spikelets owing Corn. InCorn and Corn Improvemeriol. 18 (ed. G. F. Sprague and J. W.
to defects similar to those inif2 mutants (Coe et al., 1988;  Dudley), pp. 81-258. Madison, Wisconsin: ASA-CSSA-SSSA. _
Doebley et al., 1995). Double mutant analysis shows that thefitter, E. G. (1964). Observations on leaf and bud formatiohiyairocharis

. . . . morsus-ranaeAm. J. Bot51, 319-324.
_are mU“'P'e g_enetlc pathways for bran.Ch meristem format'_oBoebley, J., Stec, A. and Kent, B(1995). Suppressor of sessile spikeletsl
in the maize inflorescence (our unpublished results). Cloning (Sos) — a dominant mutant affecting inflorescence development in maize.
of bif2 and the other barren inflorescence mutants will provide Am. J. Bot82, 571-577.

further insight into the mechanisms of axillary meristemEndrizzi, K., Moussian, B., Haecker, A., Levin, J. Z. and Laux, T(1996).
development The SHOOT MERISTEMLESS$ene is required for maintenance of

undifferentiated cells ilrabidopsisshoot and floral meristems and acts at

. . a different regulatory level than the meristem geM#9SCHEL and
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