Development 124, 3045-3054 (1997) 3045
Printed in Great Britain © The Company of Biologists Limited 1997
DEV0125

Loss-of-function mutations in the maize homeobox gene, knottedl , are

defective in shoot meristem maintenance

Randall A. Kerstetter 1, Debbie Laudencia-Chingcuanco 1, Laurie G. Smith 3 and Sarah Hake 1.2.*

1Plant and Microbial Biology Department, University of California, Berkeley, CA 94720, USA
2Plant Gene Expression Center, USDA-ARS, Albany, CA 94710, USA
3Department of Biology, University of North Carolina, Chapel Hill, NC 27599, USA

*Author for correspondence (e-mail: maizesh@nature.berkeley.edu)

SUMMARY

The product of the maize homeobox gendnotted1(knl), present, are small with few spikelets. In addition, extra
localizes to the nuclei of cells in shoot meristems, but is carpels form in female florets and ovule tissue proliferates
absent from portions of the meristem where leaf primordia  abnormally. Less frequently, extra leaves form in the axils
or floral organs initiate. Recessive mutant alleles oknl  of vegetative leaves. These mutations reveal a role flinl
were obtained by screening for loss of the dominant leaf in meristem maintenance, particularly as it affects
phenotype in maize. Mutantknl alleles carrying nonsense, branching and lateral organ formation.

splicing and frame shift mutations cause severe inflor-

escence and floral defects. Mutant tassels produce fewer

branches and spikelets. Ears are often absent, and when Key words: meristem, homeobdsotted1 maize

INTRODUCTION The disappearance khlfrom the flanks of the meristem cor-
relates well with the site of initiation of the next organ pri-
The majority of the higher plant body is elaborated frommordium (Smith et al., 1992; Jackson et al., 1994).
events occurring at the growing tips. The entire above ground knlis a member of a family of closely related homeobox
portion of the typical plant derives from the shoot apicalgenes in maize (Mollbrecht et al., 1991). Eight clakaltlike
meristem (SAM) while the below ground portion arises fromhomeoboxKnoX genes have been characterized in maize (Ker-
the action of root apical meristems (for review see Steevestetter et al., 1994). These family members share a high degree
and Sussex, 1989). The SAM is indeterminate, capable @f sequence similarity in the homeodomain (HD) and in
producing an unspecified number of lateral organs. It is thepecific regions outside the HD, and sevkradxgenes show
site of initial organogenesis, giving rise to determinate lateradverlapping expression patterns in meristems (Jackson et al.,
organs such as leaves and axillary branches. After flordl994; Kerstetter et al., 1994). These observations may indicate
induction, the SAM forms inflorescence and floral meristemshat knox genes provide partially redundant functions in the
which themselves initiate specialized lateral organs involvedhoot meristems of the maize plakhox genes have been
in reproduction. The SAM is also self-renewing. The SAMreported in related grasses such as rice (Kano-Murakami et al.,
contributes cells to the formation of lateral organ primordial993) and barley (Mdller et al., 1995), and in more distantly
and these cells are continually replaced; as a result, thelated dicot species such/&mbidopsis soybean and tomato
meristem itself is maintained during the process of orgafLincoln et al., 1994; Ma et al., 1994; Long et al., 1996;
initiation. Understanding the developmental events thaHareven et al., 1996).
determine the overall form of a plant (branching, leaf and Dominant mutations in the maixa1 gene and irknl-like
floral organogenesis, etc.) requires careful examination afenes have been described (Gelinas et al., 1969; Hake et al.,
events occurring in the meristem. 1989; Miller et al., 1995; Schneeberger et al., 1995). Ectopic
The maize homeobox gekaotted1(knl) has proved to be expression of KN1 in lateral veins of the maize leaf blade inter-
a useful molecular marker for the SAM (Smith et al., 1992feres with the normal differentiation of cells around the lateral
Jackson et al.,, 1994). The onset kofl expression during veins (Smith et al., 1992). Affected cells proliferate to form
embryogenesis coincides with the first histological featuresporadic outgrowths or ‘knots’ of tissue and take on charac-
that characterize SAM formation in maize (Smith et al., 1995)teristics of more basal portions of the leaf such as auricle and
knlis expressed not only in the vegetative SAM, but also isheath (Sinha and Hake, 1994). Expression of the rkaize
axillary meristems, in terminal and lateral inflorescenceceDNA in dicot species has profound effects on the shoot.
meristems (tassel and ear, respectively), and in both male althnsgenic tobaccoArabidopsis and tomato plants show
female floral meristem&knlis not expressed in the determi- retarded growth, reduced apical dominance and perturbed leaf
nate products of meristems such as leaves and floral orgadevelopment (Sinha et al., 1993; Lincoln et al., 1994; Hareven
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et al., 1996). In tobacco akdabidopsis leaves ae thikened
can be lobedand in severe cases, shootsise on the adaxial
leaf surhce (Sinha et al., 1993; Chuet al., 1996). ese
results indicte thd expression oknlin leaves is suicient to
induce ectopic mé&tem brmaion in transgnic tobacco and
Arabidopsisleaves.

In order to detamine the namal function ofknlin maiz,
we have isolded ecessie alleles of the locusybselecting ér
the loss of the dominantutant phenotypeHere we report on
the phenotypes of plants cging loss-of-function alleles of
knland discuss theole ofknlin specifying mestem identity
in maiz deselopment.

MATERIALS AND METHODS

Mutagenesis

Linkage of theKn1-N allele to a specifi allele ofalcohol delydro-

genase Jadhl-§ and the pesence of a non-autonomoesator of

the Dotted (rDt) transposhle element in thedurth intron (Brown et

al., 1989; Hak, 1992) vere used to dllow the putéive loss-of-
function alleles in gnetic cosses and to comwtr for contaminéing

pollen. Pllen, collected fom plants of thedllowing genotype Kn1-

N, adh1-$/ defkn1)-O, adh1-Fg, was teaed for 30 to 50 mintes
in a 0.1% (v/v) enalsion of ethane meyh sulfonic acid (EMS) in
minerl oil accoding to the method of Neigr (1994) and @plied

with a bush to silks of the inled line B73 (Pioneer Hid Intena

tional, Inc). Seeds wre collected planted & high density and

screened as seedlingsrfindividuals without knots. ie EMS-induced
deiivatives no longr expressing the knotted phenotypem self-pot

linated (where possike) and the pgery were examined br the

absence of knots and tielh1-SandrDt markers.

RNA isolation and b lot h ybridization

Total RNA was pepared from 4-6 pooled mag seedling méstems
(including stem and qungest leaf pimordia) as desdoed ky Smith
et al. (1992). RN blots containing 1Qug per lane ere tybridized
as peviously descibed (Smith et al., 1992). 8bes specifi for knl
were deived from the 3untranslded iegion of thekn1cDNA by PCR
using the pmers E41 (CCTTCACATGGACGGCCAC) and E42
(GGATCCATCTGTCAGGTTAC). Blots were stipped and &-probed
with a potion of an o&p-tubulin cDNA (Colbet et al., 1990), \Wich
detects a single sizdass of mRM in maiz, to assess RAquality
and quantity

Monoc lonal antibod y preparation

Insolubde, full-length maiz KN1 piotein produced inE. coli, and
purified as desdred (Smith et al., 1992) ag mibed 1:1 with X
reconstituted adjant (RIBI Adjuvant System, RIBI Immnodem
Reseath, Inc, Hamilton, MT) to a fial wlume br injection of not
more than 10Qul per mouse Swiss-Vébster mice were injected sub
cutaneoug! with 50 pg of the antign eery 2 to 3 weeks until an
adequée titer vas mised as assged by dot imnunoHot anal/ses. he
electofusion potocol and postfusiomnbridoma maintenanceewr as
descibed ty Karu (1993). Hybidoma supearatants vere transered
to immunological assy plates using aabotic sampling system (Kar
et al., 1985). Tie cell lines vere assged ky ELISA and imnunoHots,
and vere tested dr speciftity on maiz tissue sections. Selected
hybridomas vere subtoned and stad in liquid nitogen. Cude
epitope maping was perbrmed ly testing eactvity of monodonal
antibodies on immnoHots of KN1 potein deletion deivatives
produced inE. coli. The monotonal cell line supeataant dosen ér
this stug is specift for a potion of the KN1 potein upsteam of the
homeodomain or ELK/homeodomagions of KN1 (D Jadkson and
S. Hake, unpullished esults).

Protein isolation and imm unodetection

Protein etracts vere piepared from indvidual young maie eas as
descibed ty Smith et al. (1992). e solulte protein concenttions

were detemined with a Bio-Rad kit. & SDS-RRAGE (Ausubel et al.,
1991), 35Qug of eat protein etract was mided with 2« SDS loading
buffer and boileddr 10 mirutes. Bllowing electophoesis in 10%
agylamide-SDS gls, poteins vere electoblotted to nitocellulose
membanes. @sten blot anaysis was caried out as desitred by

Ausubel et al. (1991), using mAbude supearaant @ a 1:80 dilution
in milk buffer (100 mM Tis pH 7.4, 100 mM NaCl, 2% naaifdry

milk). Bound mAb vas visualied with alkaline phospltase-conju

gated anti-mouse imomaglobin G and coldmetiic detection
reaggents (NBT and BCIPGibco-BRL, Gaithesheg, MD). Immobt

lized poteins on the Iier were stained after the egten blot was
developed to demonsiie equal potein loading

Amplifi cation and sequencing

Exon sequences of allelesloflwere PCR amplifd using olignu-
cleotides synthesi&d on a DM synthesier (model 380B; Aplied
Biosystems, &ster City CA) from 1 pg of maiz genomic DM,
prepared as peviously descibed (Chen and Delpprta, 1994). PCR
products vere ¢el puified and sequenced eéatly with the fmole
sequencing kit sim Pomega (Madison, isconsin) using end teeled
primers. Pimer sequences @s bllows:

1 (RKn5P) GASAAGGCATACTCCGAGGCATCC;

2 (RKnI1A) CCAAACTTCGCTAGCAGCAGTAGCT:
3 (RKnI1B) GRGACATGTGCATCTGGTGTTCGGA;
4 (RKnI3) CATGCATCGCTGCAIGAGGCGACA,;

5 (R7436) ASTTCAGTAAATGTCTTTGCCGGA,;

6 (rDt) CAAGGCAGTACTCCAATAGT;

7 (E38) RTTAATTTAACCTTATTTAAGG;

8 (E31) AAGGCGCAATAGATAGAGTAGC;

9 (REM52) CGACGCTGCACCACTACTTC;

10 (REM53) GGCCTGCCGCTGBCCTGAACACG.

The entie coding egion and inton/exon boders were sequencedf
eat allele

Scanning electr on micr oscop y

Young ear pgmordia were fixed in AA (10% formalin, 5% acetic
acid, 45% etlyl alcohol) with 1% Titon X-100, delgdrated thiough
a gaded ethanol sers, and dtical point died in liquid CQ.

Mounted specimens ere sputter caad with 25 nm of A/Pd and
viewed in an ISI DS130 scanning elestrmicioscope with an accel
erating woltage of 10 kV

RESULTS

An inser tion, nonsense m utations and splice
defects pr oduce loss-of-function alleles of  kn1

The dominankKnl mutant phenotypeesults fom ectopidknl
expression in leaf cells with no disturbance of the nmalr
patem of expression (Smith et al., 1992).8/8ceened pprox-
imately 28,000Kn1-N hetepzygous seedlingsof loss of the
dominant nutant phenotypeoflowing chemical nutagenesis
(Neuffer, 1994) of pollen caying the dominant allelefwelve
seedlings sheed no signs of the dominantutant phenotype
and were ba&crossed ér three to six gnegtions into the
standad inbred line B73 to elimint unlinked EMS nutations.
TheKn1-Ngene stucture and EMS nataions ae deicted
in Fig. 1. The allelesNL41andNR1both hae single base pair
transitions (G to A) in the imrant AG dinudeotide on the
intron side of the '3splice accptor adjacent to®n 2 and 3
respectiely (Fig. 1). ND35 andND48 cary single base pair
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Fig. 1. Schemdic representtion of knlgene stucture and EMS
deiivatives. Theknlcoding egion is interupted ly 4 introns and
encodes a 359 amino acid yodptide (\bllbrecht et al., 1991). fie
positions of EMS mataions in the gne ae shavn with allelic
designéions in boldace Nudeotide hianges ae indicded as ae
resulting danges in the pedicted pojpeptide Subsdpts indicde
positions of indiidual amino acids and colons indieaxon/intron
junctions. Exons a&rrepresented Y boxes, intons ly lines; the lage
(>5 kb) thid intron has beentncaed in this shemadic. Filled boxes
indicae coding egions, unfiled baxes indicée untanslded regions
of the cDM, stippling indicdes the homeobg and stipes indicée
the putéive PEST sequenc@&he tiangle indicées the position (and
reldive siz) of therDt transposon in thEn1-N progenitor and all of
the EMS dewatives.

changes (G to A and G to Cespectiely) in the irvariant GT
dinudeotide on the intin side of the 'Ssplice accptor
adjacent toxons 2 and 3. AllelesIS2 NS3 ND6, NS1, NL38

NL4 andNL29 cary stop codons lot¢ad along the length of

the knl coding egion as indicted in Hg. 1. NS2 NS3and
ND6, ead isolded ind@endenty, cary identical mdeotide
substitutions. In thé&lD40 allele, a 2 mdeotide insetion 46
bp davnsteam of the fist ATG causes aeading fame shift.

Loss-of-function m utants sho w reduced le vels of
KN1 protein and RNA

To detemine the dffects of the n@ knl alleles on the gne
product, epression of KN1 vas compad in nomal and a
subset of the homozggs nutant plants. A mondanal
antibod/ (mAD), raised gainst a full length KN1 mtein over-
expressed inE. coli, was used to @be an immnoHot
prepared with poteins atracted fom indvidual young eas.
Fig. 2A shavs tha the mAb ecanizes a 4210% M, protein
in eas of the standdrinbred line B73 and irkKnl-N het
erozygotes. Full length or nelgr full length KN1 is also
detected in ear pteins fomNR1(Fig. 2A), although the leels
of protein gpear educed compad to B73 andKn1-N KN1
protein was not detected in eanf seeral of the nutants
including NS1, NS2 NS3 and NL41 (Fig. 2A). Truncded
proteins vere detected itNL38andNL4, eah consistent with
the si2 predicted ly the position of the nonsenseutaion.

TheNL38band though smallergppeas moe intense than the

very faint NL4 band (Fg. 2A). The gpaent dundance of

NL38 protein my be elaed to the position of the stop codon

which occus bebre a candidi PEST sequencedNbrect et
al., 1991).
Total RNA was isoléed from shoot mastems of 2-veek old
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Fig. 2. Analysis ofkn1protein and RM expression. (A) he
immunoHot was pobed with a mondonal anti-KN1 antibogl. Eat
lane contains 35Qg of solulbe protein extracted fom immadure eas
of plants homozygus br the indicéed allele (gcept for Kn1-N
which was heteszygous). KnN indicges the dominant pgenitor,
B73 the standarinbred ling and the ecessie deivatives ofKn1-N
(kn1-NR1kn1-NSletc) afe indicded over their espectie lanes.
Molecular masses of gstained maers expressed adl; x103 are
indicated net to the fist lane An asteisk highlights the position of
a faint band visite on the aginal bot. (B) The RNA gel blot was
prepared fom 10ug ead of total RM as desdbed in Maderials and
Methods br the \arious alleles indiczd as in A. Tie Hot was
hybridized with a pobe flom the 3UTR of the maiz kn1cDNA.

(C) Relybridizing the RM gel bot with the o& -tubulin cDNA
allows the quantity of RN in eat lane to be comped

maize seedlings homozggs br the \arious alleles. RN gel
blots, pobed with the 3untranslded region (UTR) of theknl
cDNA, revealed a single 1.7 kbatnscipt in RNA samples of
all alleles shan except NL41 (Fig. 2B). The knl message is
abundant in mastems of the dominantuant pogenitorknl-
N and in the standdrinbred line B73 (k. 2B). Gedly
reduced leels of knl transcipt were detected in the loss-of-
function mutants, though equal amounts of total RWere
loaded (seeif. 2C). Nonsense atations ae frequenty asse
ciated with eeduced leels of mRM. Some studies indita
premdure transldional teminaion can affect the ate of
mRNA turnover (Losson and Laoutg 1979; Utaub et al.,
1989; Reltz et al., 1993).

The knl 3 UTR probe lybridized to neel sizd RNA
products in theNL41 mutant consistent with a d&ft in
splicing (Rg. 2B). The sizs of the tw novel RNA species
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Fig. 3. Analysis of teminal and axillay inflorescence phenotypes of
nomal andkn1mutants. (A) Nomal male andémale infbrescences
of the standat inbred line B73 a& shevn. The teminal
inflorescence or tassel consists of a @r#pile (cs) and manlong
brandhes (Ib) &the gex of the main axis or culm (c) of the plant.
The pimaury axillary inflorescence or ear is dosed in husk leaes
with silks piotruding (B) A dose-up viev of a tassel amd from
NL41and a namal sib ae shevn. Fewer pais of spilelets br a
given length of bendh gve the nutant tassel a spse gppeaance

(C) Eas from some of the otants and fsim a nomal plant ae
shavn. Differences beteen the ratant eas illustrate some of the
vaiability in the phenotypeather than eproducitle differences
between alleles. (D) Alose up of an eardm a self-pollinted NR1
mutant eveals poor seed set and eytd® (em) oiented in \arious
directions on manof the lemels brmed The arowhead indictes a
white stipe on the kmel opposite the emypo.

detected & consistent with the edicted siz of RNA

molecules thawould be poduced if ®on 2 was skipped
entirely and if inton 1 filed to be spliced out. Suisingly,

the NR1 mutant does not sko novel mMRNA species een
though it caries the same base palirtang asNL41at the next

3’ intron splice junction denstream.

Aspects of normal maiz e development

During maiz development, a detarinade rumber of egeta
tive leaves ae initisted in a distibous plyllotaxis. At the foral
transition, the ggetaive SAM differentiges to brm the
staminae tassel (i§. 3A) which teminaes the shoot. Atlaout

A
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Fig. 4. Analysis of spilelet density on male andrhale
inflorescences. fie length of edtinflorescence as plotted gainst
the rumber of spiklets brmed br both tassel (A) and ear (Bpfm a
family segregating 1:1 or NR1hetepzygotes and homozyges. In
A, the lengths of all long bndes and the cerrspile (measiwed
from the insaion point of the fist long band to the aex) were
summed and all the splets vere counteddr 35 nomal and 40
spase tassels. In Bhe length of edtear vas measwd from the
basalmost spiiet to the pex, and the total umber of spiklets vas
calculaed as the mduct of the omber of spiklets in oneaw by the
number of ows. 84 plants with nonal tassels (fied diamonds) and
96 plants with spae tassels (open cies) were examined br eas.
Fifty of the plants with spae tassels had eathd failed to brm or
maure nomally (represented Y open cicles tha fall on the X axis
or & the oigin) compaed to ony 5 sud eas found in plants with
nomal tassels. filese 5 plants had noal eas & lower nodes
whereas the 50 ingliduals with spage tassels did not e ary
nomal ear deelopment.

the same timeone or mog meistems in the axils ofegeta
tive leares bgin to develop as pistillée lateral inflorescences,
or eas, five to seen nodes belp the tassel (i§. 3A).

During the tansition to fbwering, the \egetaive SAM
elongates and initites ows of biand piimordia (Cheng et al.,
1983; Steens et al., 1986;a# et al., 1993). Bandh piimordia
at the base of the deloping tasseldrm long prmary branches
which gve lise to secondgrbrandh primordia (Ib in Hg. 3A).
Brand ptimordia formed moe agically on the main spix of
the tassel and along the longbthes (also knon as spiklet
pair pimordia) gve lise to a pair of shorbrantes called



spikelets. Eab spilelet bandes et gain to form a pair of
initially perfect gass fowers or forets. The ear deelops in a
similar manner: an axillgrmetistem frst initistes a mmber of

vegetdive husk leaes and then eloates and initiges
rows of spilelet pair pimordia. Within eat spikelet or
the eayr the laver of the two florets undegoes po-
grammed cell dah (DelLong et al., 1993).He diferen
tial sexual cdharacter of maie flowers results fom the lae
abortion of female eproductive stuctures (the pistil) il
the tassel and thetéaarest of male pmordia (stamens
in the ear (Dellporta and Caldem-Urea, 1993).

Recessive knl mutants ha ve reduced
infl orescence branc hing

Plants homozygus br loss-of-function alleles okn1l
display a \ariety of phenotypes in @ition to the &senc:
of knots on leees. All of these alleles shwothe sam
spectum of inflorescence anddtal phenotypes. Es
are often &sent or &il to develop on nutant plants ar
both the tassel and earconsistenyl shav reducel
brandiing (Fg. 3B,C). Fewer biand primordia form on
male andémale infbrescences hich, in tun, results ir
significantly fewer spilelet pais compaed to nomal
sibs. Reduced irdtescence landing gves a spae
appeaance to the mtant tassels {§. 3B), and the eagy
when brmed gopear smaller and sfter than namal
(Fig. 3C,D).

Typical eas developing on homozyaus nutant plant
have & most 10 to 14aws of flowers, most of which are
steile (Fig. 3D). The 1ows tend to be shter as wvell,
with only 25 to 40 fbwers per ow (Fig. 3D). In contast.
nomal eas of the standdrinbred line B73 hae 40 tc
50 fettile flowers in eab of 14 to 18 ows. The smal
size of the maure nutant ear is due in pato steility
but also to theeduced omber of spiklet pais formed

To quantitée the educed kanding in one of th&nl
loss-of-function matants, tassels ew collected ¢
anthesis fom a family saregating for NR1 hetep-
zygotes and homozyges. he lengths of the ceral
spike and all long leeral branches of eals tassel ere
measued and the omber of spiklets vas countedHg.
4A shavs two distinct dustes of tassels; the \eer
cluster epresents the spse tassels with educel
branciing and the upper luster epresents nanal
tassels. Examiri@on of mary mutant tasselsevealec
that spikelets ae paied as nanal, though thexr ae
fewer pais present (seeifs 3B 4A) and the amber o
long brandes is educed Homozygus plants hae only
about 60% of the pmary tassel bandes bund in thei
hetepzygus siings. Examindon of mdure male
flowers revealed no signifiant @nomalities compaed
to nomal sidings (not shan).

A similar anaysis was done on the eain the sam
family. Ear length \as measwd d anthesis and plott
against the omber of spiklets. In kg. 4B, two distinc
clustes of dda points a& defned The shoter overall
length of the mtant eas ma represent a combirten
of the educed omber of spiklet pair pimordia
initiated and a slight delopmental delg as the
expansion of ratant eas lags behind nonal sibding
eas.

Shoot meristem defects in kn1 mutants 3049
Ears frequenty fail to develop nomally in the axils of

mutant homozygtes. Though not olsious in Kg. 4B, goprox-
imately half of the filed circles fall on or near the agin.
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Fig. 5. Analysis of pistil and wule phenotypes. (A) A median loitgdinal
section though a namal female spiklet (ledrawn after Nikerson, 1954) is
depicted As in the tassel, theifnale spiklet consists of a pair of leaf-8k
glumes swounding a pair of @irets. Eah floret consists of a lemma, palea,
lodicules and thee stamen jmordia (which aort shotly after thg are
formed) and a pistil. fie pistil teminates in an elonged silk. The lover
floret aborts duing the edy stages of pistil initigion. (B) A nomal pistil,
consisting of a singlevary and silk, is shan. The glumes, lemma and
palea hae beenemoved from the forets shavn in the bllowing
photayraphs. (C) A tose-up of aadial longtudinal section ttough a
nomal pistil (after Randolph, 1936). Fusion of the styles of tireltteral
campels brms the silk viich elongtes epidly. The magins of the laeral
campels and a thit udimentay campel unite &the stylar canal efmsing the
ovule. (D) The pistil of alNS2mutant spilelet which produced andra

silk is shavn. Four vascular taces (aiows) were pesent indicing extra
campels contibuted to the drmation of this stucture. (E) Extra capels brm
a patial extra pistil, containing nowale, adjacent to anppaently nomal
pistil from anNS3mutant spilelet. (F) Incision though the carel wall
allowed the top of a namal pistil to be emoved revealing the gule inside
(G) A divided or doule ovule from anNR1mutant is shan. The osule
was evealed ly cutting though the carel wall and emaoving the top of the
pistil. (H) A pistil from anNL4 mutant spilelet is shan. A mass of
material resemling and contimous with micellus tissue mtrudes fom
between incompletsi fused capels. o silks indicée extra capels
paticipated in the érmation of this pistil. A thin, leaf-like stucture,
emeping from between the carel and the miiferating ovule, formed in
the position nanally occupied i integuments. (I) ArNL4 mutant pistil
with three silks has anvale thd is doulbed and poliferating.



3050 R. A. Kerstetter and others

Fig. 6. SEM anaysis of nomal and natant pistil deelopment. A
nomal (A) and arNL4 mutant (B) ear wre eab reconstucted fom
three micographs. C to H shwo a seies of stges in the deelopment
of nomal pistils; the infbrescence axis is behind thevilers shovn.
(C) The floral meistem §m) shotly after stamen gmordia (st) have
been initided (f, lower floret). (D) Initigion of a gynoecial idge
(ar). (E) The g/noecial idge expands into aing surounding the
apex (ovule pimordium, op). (F) Two lateral capels gow rapidly to
form the silk and thewale pimordium initiates intgguments.

(G) The udimentay and laeral capels gow together to érm the
stylar canal and the eloating silk (si) becomesgpaent. (H) A
neafy maure pistil. The outer glume has beesnmmoved to shw the
lower floret with an &orted g/noecium. Ito N shav pistils in a
varety of developmental siges flom NR1andNL4 mutants. Seere
mutants all sher the same @lral dekcts. (I) AnNR1floral meistem
shotly after stamen jmordia hase been initited The floral
melistems ae slightly shallaver than namal. (J) Initidgion of a
gynoecial idge from anNR1meiistem. The g/noecial idge gpeas
later (as judgd ty the shpe of anther pmordia tha contirues to
progress) and is slightinarower than namal. (K) A very delayed
(possilly arested) pistil gmordium (NL4). Anther pimordia gppear
very maure. (L) After initiating a g/noecial rdge, theNR1floral
melistem initiges a secondygoecial idge not quite opposite the
first. (M) After initiating two gynoecial idges, the fhral meistem
(NL4) has brmed another jmordium (possiby a second\ale
primordium). (N) Silks elongte from both of the gnoecial idges
tha were initiated in thisNL4 floret.

These epresent homozygus rmutant plants thawere either

missing an ear or had small eainpordia between 0.5 and 1.5
cm in length (with small spéet pimordia tha were not

counted).

Extra carpels and pr olif erating o vule tissue f orm in
mutant f emale fl owers

Mutant flowers were examined &the time of pollindon and
numeous deécts were discowered Not all flowers shav
obvious deécts, vhich may account ér the patial fertility on
mutant eas. The nomal maiz pistil (Hg. 5A,B) is thought to
consist of thee capels fused edgto edg (Walker, 1906;
Randolph, 1936; ish and Nelson, 1993).a¢cular hndles of
the two lateral capels pass into the silkhile the thid capel
nomally remains udimentay (Fig. 5C) with lut a \estigal
vascular tace (Valker, 1906). lemale fbwers on nutant eas
may produce no pistil gall, an @paently nomal pistil, or a
pistil with varying numbes of tra capels (kg. 5D,E). The
initiation of extra capels is usuajl reflected in gtra silk pio-
duction. Exta silks in the mtant fbwers often hae two
vascular taces and a bifaeted tip sugesting the etra silk is
formed flom & least tvo extra capels (Fg. 5D). In some cases,
more than onexdra silk is made or atitional pistil-like stuc-
tures brm. These ancillar pistils ae usualy incomplete and
lack ovules (Kg. 5E). A single émale infbrescence mashav
all of these types ofdivers or ony a subset, and theimber
of eath type of deéctive flower vaiies from ear to ear (not
shawn).

In addition to «tra capels, pistils in mtant fowers ma
have urusual eules. The nomal maiz ovule consists of
maemal rucellus tissue thids endosed entiely by inner and
patially by outer intguments and completefills the locule
formed ty the fused caels (Fg. 5C,F). In nutant fbrets,
pistils can contain nowale, an gpaently nomal osule, an

extra or dvided ovule, a poliferating ovule, or both &tra and
proliferating ovules (Rg. 5GH,I).

In order to discwer when nutant #male fbwers first deviate
from nomal development, immture eas were examined ly
scanning electm micioscoy (SEM). Duing nomal floral
development (kg. 6A), shotly after stamen mordia hae
been initized in the upper dret (Hg. 6C), a idge of tissue
arises on the side of theoftl meistem neagst the infbr-
escence axis (§ 6D). This gynoecial idge represents the
beginning of a ing of capel pimordia fused fom inception.
Carpel pimordia extend to encitle the fbral meistem which,
at this stge, can be consided an wule pimordium (Fg. 6E-
F). The two lateral capels undego more rapid gowth and
form the silk (kg. 6F-G). The ling of capel tissue ultimeely
overgrows and enloses the wule (Fg. 6F-H). The point vihere
lateral capels and the top of thedimentay third capel meet
forms the stylar canal {& 6H).



SEM on nutant ear gmordia revealed thathe rumber of
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phenotype Eight - 12% of the mtants shaed etra leaes,

rows of spilelet pais is makedly reduced and the space while nomal plants did not shothe etra leaf phenotype

between succesg spilelet pais is inceased iMNL4 mutant

eas (FHg. 6B). Spilelet and fbral meistem deelopment
follow the nomal patem of events though the initition of

stamen gmordia, after vhich, the fbral meistem deiates

from nomal derelopment. After the initigon of stamen
primordia, the nutant fbral meistem is initialy flattened
compaed to nomal (Fg. 6l) and brmation of a gnoecial

ridge is delged (Hg. 6J). A narow gynoecial rdge eventualy

does 6rm in mutant fowers (Fg. 6J). A small parentaye of

flowers fail to proceed bgond this point (. 6K) while othes

follow a relaively nomal developmental pén (not shavn). In

mary cases, the dkal meistem contimes to enlage and
initiates a secondygoecial idge nealy opposite fom the fist

(Fig. 6L). The floral meistem mg& contirue to initide stuc

tures, either drming moe capel pimordia or one or mar

ovule pimordia (Hg. 6M). The &tra capels fuse pdly or

entirely with the fist capels brmed often esulting in a single
pistil with two silks (Fg. 6N) and occasionallresulting in
more than tw silks or @en etra pistils (see ig. 5).

Mutant plants make e xtra veg etative lea ves

A vegetdive phenotype has also been olisdrin some plants
homozygus br loss-of-function ratetions. An etra potion
of leaf is bund in the axil of an otherwise moal leaf & one
or mote nodes (. 7). While this phenotype is oplpatially
penetant, it occus in mutant plants gwn under man
different conditions and not in noal plants (see bel).

During nomal \egetaive development, leges initide in a
distichous plyllotaxis with one leaf per nodeEad leaf
consists of sheh a the basgwhich wraps apbund the stem,
and Bade (Fg. 7A). In nutant plants, anxéra potion of leaf
is found inseted a the same node as the mal leaf vhich
immediaely subtends and suunds the sdra leaf (Hg.
7B,C,D). Though the xtra leaf potion is alvays narower than
a nomal leaf it may extend the full length of the noval leaf
or be substantigll shoter, in some cases, consisting eslir
of she#h (Hg. 7D). The etra potion of leaf mg be fused with
the nomal leaf benet it for some or all of its length i@
7C), or it mg be completgl free (Fg. 7B). When the gtra
leaf is fused to the noral leaf ligule and adicle, which mak
the boundar between sheth and ade intersect & the point
of fusion. When unfusegthe auicle forms a boad band acss
the tra leaf ether than coverging to a point aithe midrein
of the leaf (kg. 7B).

The etra potions of leaf lak a defned midein and a&
typically inseted slightyy off center fom the midein of the
subtending leafThe etra leaf occus most often beteen the
ear node and the top leaf inutant plants, gpeaimg occa
sionally on the leaf subtending an ear (notwhph Examina
tion of surce haractes of the &tra leaves shw tha they are
reversed elaive to the subtending leasud tha the adaxial
leaf surfices of the nonal leaf and ®tra leaf fice eal other
(not shavn).

Not every plant homozygus br aknlloss-of-function allele
shavs an etra leaf Plants theado male an &tra leaf hae one
or more afected nodes, and fusednfused and sheth-only
types of atra leaf mg occur & different nodes of the same
plant. W& examined thee lage families (total 540 plantspf
extra leares in oder to quantitee the peneaénce of this

DISCUSSION

Analysis of knotted leges in maie and the phenotypes of
transgnic tobacco andirabidopsis plants &pressing high
levels of the maig cDNA have pointed tward roles brknlin
cell fate acquisition and thenstch between deteninae and
indeteminae fate in the SAM (Smith et al., 1992; Sinha et al.,
1993; Chuk et al., 1996). @ further elucidée the ole ofknl

in development, ecessie alleles athe maie knllocus were
genested ly mutagenesis of a dominantutant allele and sub
sequentl chamacteized Plants with theeacessie knl alleles
no longer shav the knotted leaf phenotype and instead displa
a rumber of phenotypes ggent neither in noral maiz plants
nor in the dominant otant pogenitor The loss-of-function
alleles aknlresultin thee distinct phenotypesduced infbr-
escence landing, proliferating pistils, and xtra potions of
vegetdive leaves. Anaysis of these phenotypes indiea KN1
has a signifiant ple in meistem maintenance in theagop-

ing maiz plant.

Diff erent base pair ¢ hang es disrupt KN1 function

Four of the ecessie alleles ofknl genegted in this stuy
affect RMA splicing; NL41 and NR1 have degcts in splice
accetors while ND35 and ND48 affect splice dona. The
NL41andNR1alleles both cay G to A tansitions in the &
dinudeotides of diferent intion splice acqators. In theNL41
mutant, a 3' UTR pobe detected RAlproducts (kg. 2B, lane
NL41) consistent with theaflure to splice inton 1 and the
skipping of &on 2. Suprisingly, RNA products esulting fom
the failure to splice inton 2 or the skipping ofx®n 3 were not
detected in theNR1 mutant. Detection ofeduced leels of
appaently nomal siz2 kn1 mRNA and potein in theNR1
mutant (Fg. 2A,B) ma indicae tha a ciyptic splice acagetor
is utilized, producing an in-fame deletion or inséon of one
or mote amino acid esidues. Sinc&lR1 homozygus plants
have a seere loss-of-function phenotypehis esult mg
indicate thd the specift residues or spacing ofqtein domains
in the vicinity of the 5’ end of»®n 3 ae citical for knl
function.

The frame shift and nonsense allelegy(FL) ae pedicted
to result in tuncded KN1 poypeptides. he frame shift
resulting fom the 2 base pair ingiem found in theD40 allele
is predicted to ppduce a shaorpeptide of 48 amino acids of
which only the frst 15 shag identity with KN1. e \arious
nonsense alleleNS1 NS2 NS3 ND6, NL4, andNL38 are
predicted to 6rm proteins smaller than KN1, some ohigh
were detected on imamoldots with a monolonal anti-KN1
antibod/ (Fig. 2A). Since diferent nonsense utaions d
various locdions in the coding sequencéevg essential the
same mitant phenotypethese alleles nyareasonbly be con
sideeed rull alleles. Peliminaly characterzation of theNL29
mutant sugests it mg be an gception. Plants homozyays
for NL29 appear to hee a less sere phenotype (da not
shavn). Expemments to futher dhamacteize the phenotype of
NL29 plants ae in pogress.

Among the nonsenseutants,NL4 andNL38are pedicted
to form proteins 76% and 49% of the moal siz of KN1
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Fig. 7. Loss-of-function mtants hae an &tra leaf phenotype
Various types of ‘gtra leaf form in a small perentage of the plants
homozy@us Dr severe alleles. A nanal leaf emoved from the culm
is shavn in A. The sheth (sh), bade (i), midvein (mv), lderal

veins (Iv), ligule (Ig), and aigle (au) ae indicaed B shavs an
unfused gtra leaf ade (el) potruding from between the culm and a
nomal leaf (nl) of theNS3mutant. In C, thedra potion of leaf (el)
is fused to the nanal leaf (nl) subtending it, b€enter fom the
midvein, in anNL38plant. D shavs an &tra potion of leaf (el) fom
anNR1plant tha consists oyl of sheh tissue with nolade In
some cases, all the types of dra leaf @pear on an indidual plant
(not shavn).

respectiely. Poteins consistent with these eszwere detected
in immunoHots while alleles pedicted to tancae KN1 futher
upsteam vere not detectedlt is likely tha smaller petides
are either less shée or they lack specift epitopes br detection
with the monotonal antibog. Much moee of the shder KN1-
NL38 protein was detected in the immoHots than KN1-NL4
(Fig. 2A). The pesence of a put@e PEST sequence in NL4,
not present in NL38, maaccount ér the @paent diference
in accunulation of the two peptides. PEST sequences #und
in a rumber of poteins th& form multimeric complees
(Rogers et al., 1986). Dissodian of multimeric proteins is
thought to lead toapid proteolysis of the subnits when PEST
sequences thare nomally covered ae exposed (Rgers et al.,
1986). The pesence of the PESE&gion in KN1 my indicae
that the potein is epidly degraded in the lasence of a parer
with which it interacts. The ecent identifiation of a potential
protein-piotein inteaction module in KN1 (Muslgan and
Koonin, 1996) is also sggstive of an inteaction betveen
KN1 and other mteins.

Role of KN1 in infl orescence branc hing

The patial loss of inforescence lamdes is one of the mer
striking fedures of thekn1loss-of-function mtant plants. fie

number of long keinches and theumber of spiklet pais ae
reduced in the tasseli¢F 4A), and spiklet pais ae similaty
reduced in the ear id= 4B). This loss esults in someha
smaller inforescences withefver flowers (Fg. 3C-F). The
defect is specifi to bandes brming from the inforescence
melistem. W piopose a modelof hav loss of KN1in the
inflorescence mé&tem might dect the érmaion of branc
primordia by reducing the gaacity of the mastem to maintain
itself. If KN1 is required to help maintain cells in a nstem
atic or undiferentiaed stée, loss of KN1 actiity may lead to
an ever shinking pool of meistem cells in the infirescence
apex. Fewer inflorescence mé&tem cells wuld be ®ailable to
contibute to the initiion of brand and spiklet pair
primordia. In fact, long bandes vhich form & the base of the
male infbrescence ppear to be less werely affected than
spikelet pais, as if the loss of Bnd initiation cgacity is po-
gressve. Tassels of théNR1mutant poduce &out two-thirds
the rumber of long beinches as heterygous sibs bt only one-
third the umber of spiklet pais.

An altenaive model mg be poposed werin KN1 plays
a mle in esthlishing merstemdic identity in initisted band
primordia. Expession studies ding nomal deelopment
indicae KN1 is epressed tloughout the dome of the ioft
escence ma&stem and is don-regulaed on the finks of the
inflorescence métem in a egular patem tha appeas to
predict the position of the rebrand pimordium (Smith et
al., 1992; adkson et al., 1994). Shity therafter just as the
branch pimordia become visile, KN1 expression ppeas in
the dome of the anch meistem. One intgretaion of this
expression pem is tha KN1 is davn-regulaed in the infbr-
escence métem to initide biand primordia, just as occsr
during initiation of laeral oman pimordia, ut KN1
expression mst be subsequentlre-esthlished in tha pri-
mordium if it is to adopt and maintain a nmetemadic fate. In
the dsence of KN1 aadtity, re-estalishing merstem identity
in branch pimordia mg be less egular, resulting in éwer
lateral branches. he dsence of ear pnordia from maty of
the nutant plants mga result fom a similar pocess if the
melistemdic identity of axillay buds initiged duing vegeta
tive derelopment &ils to be estaished or popety maintained
Since may eas and infbrescence landes do érm in the
mutants, a paially redundantdctor mg sometimes compen
sde for the dsence oknl

KN1 has a role in fl oral determinac y

Pistil formation is signifcantly peturbed in theknl loss-of-
function mutants. In the lasence of KN1, x@ra whois of
campels ae frequenty initiated resulting in a pistil-in-pistil
arangement or fusions toofm lamge pistils with atra silks or
ancillaty pistil-like stuctures. The deéct specifially affects
the deteminag/ of the capel and wsule, since &tra floral
organs vere not detected in nare male spiklets vher the
pistil aborts, nor vere etra stamen pmordia obseved in
immature eas examined ly SEM (dda not shan). The loss
of deteminag in the £male fbral meistem is analgous to
that obseved in theagamousmutant ofArabidopsis(Yanofshky
et al., 1990), Wich has been she to afect floral meistem
deteminagy, in adlition to (and sparble from) its efects on
stamen and cpel ogan identity (Mizukami and Ma, 1995;
Sieburth et al., 1995). In dct, a nutaion in the maie
homolgue of AGAMOUS zagl, produces ea with two silks
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Fig. 8. Model for the actrity of KN1 in maintaining the boundgar
between diferentiging and undet@nined cells in the méstem.

(A) KN1 maks all of the cells in the mistem (indicéed by
shading). (B) KN1 is deon-regulaed in cells thewill contribute to
the net lateral organ. These cells & nav competent toaspond to
signals to diferentiade and érm a leaf pimordium. Cells in the
meristem tha contirue to &press KN1 a resistant to the signals to
differentidge. (C) Inkn1mutants, the lasence of KN1 mads cells in
the meistem vulneable to signals to dierentige, leading to the
formation of an &tra potion of leaf (Lighter shading indidas a
redundantdctor poviding weak KN1 actiity.)

mature leaves
encircle stem

developing in the pistil (Mena et al., 1996). Although tag1-

mum2lextra silks phenotype bea@ stiking similarty to tha

obsewed in knl mutant fbrets, the educed infbrescence
branciing and the egetaive etra leaf phenotype irknl

mutants vere not pesent in theagl mutants (our unpuished

obsevations; Mena et al., 1996) andte or dvided ovules
are also unique to th&nl mutant phenotypeDetemining

whetherknl and zagl interact specifially in pistil formation

should pove inteesting A precedentdr the inteaction of a
homeodomain mtein and a MADS mtein «ists in the tan

schiptional regulaors MATa2 and MCM1 of ast (Her

skowitz, 1989).

KN1 and meristem boundaries

The etra leaf phenotypethough pody penetant, my
provide some of the singest dues into the nonal le of
KNZ1. The poduction of &tra oigans as an outcome of the loss
of meiistem specifi expression esemles in some ays the
nomal events th& occur as lezes ae initisted FHg. 8 illus
trates a modeldr hov KN1 could mak a bounday in the SAM
between cells thawill remain meistemdic and cells thiawill
respond to signals to fi#rentige into lderal omans. In a
nomal meistem (A), KN1 is dan-regulated in a localied
portion of the SAM, caresponding to Wwere the ngt leaf pii-
mordium will initiate. Cells no longr expressing KN1 become
competent to @spond to dferentigion signals, wkile KN1
prevents cells in theast of the méstem fiom responding (B).
In the loss-of-function mtants, the boundgrbetween cells
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competent toaspond to dferentidion signals andesistant
cells my no longer be stictly maintained (C). Cells in the
melistem tha would otherwise esist the signals to dérenti
ate and emain meistemdic may be induced todrm organ
primordia in the &sence of KN1, asulting in &tra ogans.
This model could accountff the initidion of extra vegetaive
leaves and thexdra pistils obsered in £male fbrets. Since the
SAM is not completgl consumed ¥ organ initigion, other
gene poducts mg function in a manner similar to KN1 to
prevent cells in the SAM tim responding to signals to -
entige.

A relaed gne inArabidopsis SHOOI MERISTEMLESS
(STM has a ptiem of expression ery similar toknl(Long et
al., 1996) STMexpression is fist detected in afv cells in the
center of the gical half of edly globular embyos (Long et al.,
1996). Seere alleles esult in the bBsence of a histotpcally
defined embyonic SAM, though other emyonic stuctures
form induding cotyledons, ypocotyl and oot (Baton and
Poethig 1993). he phenotypes of @ak alleles 05TM have
also been lratacteized (Clak et al., 1996; Endrzi et al.,
1996) and the shae some similaties with theknl loss-of-
function nmutants intuding reduced ombes of flowers. The
wealest nutant daracteized stm-6 shavs an &cess of
campels in d&out half the fhwers, with may of the capels
incompletey fused (Endezi et al., 1996). fis resemiance
may indicae thd the loss oknluncovers a edundantdctor
in the maie genome with veak actiity, and leads us to @dict
tha doulde mutants inknland the edundantdctor mg result
in a phenotype similar to thaf severe stmmutantsknlis one
member of admily of dosely relaed knax genes in maig,
mary of which shav patems of epression sugestive of
relaed oles in maie meistems (ddkson et al., 1994; &~
stetter et al., 1994).he nomal ole of knl may be boader
than tharevealed ly loss-of-function mtants if epression of
otherknax genes can péally compenseg for its loss.

In condusion, we piopose thathe maiz knlgene poduct
serves to maintain cells in a mstemaic or undiferentiaed
stae. Cells expressing KN1 dispka some esistance to diér-
entigion signals and see as a poputan from which cells ae
recuited for ogan pimordia formaion. KN1 mg also be
involved in the estdishment of mestemdic identity in
branch piimordia. These poposed functions of KN1pgpear to
be d least patially redundant in ma& and a& consistent with
the dominant mtant and tnsgnic phenotypes.

We would like to thank De iring and Doug Das for shaing
equipment andxettise for the SEM work. We would also lile to
thank Eik Vollbredht, Paula McSteen, and Leor®Reiser ér helpful
criticism of the manscipt. This stug was suppded by a gant fom
the Ndional Science éunddion to S H. and ly the US Dpatment
of Agriculture. This work was completed as pgaf R. K.'s Ph. D dis-
setation.

REFERENCES

Ausubel, F, Brent, R., Kingston, R. E., Moog, D. D., Seidman, JG., Smith,
J. A. and Struhl, K. (1991). InCurrent Potocols in Molecular Biolgy.
John Nev York: John Wiley and Sons.

Barton, M. K. and Poethig, R. S (1993). rmation of the shoot pical
metistem inArabidopsis thaliana an analsis of deelopment in the wild
type and in thehootmeistemlessnutant.DevelopmentL19 823-831.

Brown, J. J., Mattes, M. G., O'Reilly, C. and Sheherd, N. S. (1989).



3054 R. A. Kerstetter and others

Molecular damcteization of rDt, a maiz transposon of theDotted
contwolling element systenMol. Gen. Gene15, 239-244.

Chen, J and Dellgporta, S (1994). Uea-based Plant DNMiniprep. In The
Maize Handbooked M. Freeling and VWalbot), pp. 526-538. Simger-
Verag: New York.

Cheng P-C., Greyson, R. I. and Walden, D. B. (1983). Ogan initigion and
the deelopment of unisaual flowers in the tassel and eardéa mgs Am. J
of Bot.70, 450-462.

Chuck, G., Lincoln, C. and Hake, S (1996). KNAT1induces lobed laes with
ectopic meistems vhen aerexpressed inArabidopsis Plant Cell8, 1277-
1289.

Clark, S. E., Jacobsen, SE., Levin, J. Z. and Meyerowitz, E. M. (1996). The
CLAVATA and SHOO' MERISTEMLESSloci competitvely regulae
melistem actiity in Arabidopsis Developmentl22, 1567-1575.

Colbert, J. T., Costigan, S A. and Zhao, Z.(1990). Photamgulaion of -
tubulin mRNA abundance in etioled oa and baley seedlingsPlant Plys.
93,1196-1202.

Dellaporta, S L. and Calderon-Urrea, A. (1993). S& deteminaion in
flowering plantsPlant Cell5, 1241-1251.

DeLong, A., Calderon-Urrea, A. and Dellporta, S L. (1993). S
detemination geneTASSELSEED®f maiz encodes a shechain alcohol
delydrogenaseequired for staye-specift floral organ @ortion. Cell 74, 757-
768.

Endrizzi, K., Moussian, B, Haeder, A., Levin, J. Z. and Laux, T. (1996).
The SHOO' MERISTEMLESSgene is equired for maintenance of
undifferentiged cells inArabidopsisshoot and firal meistems and acts a
different iegulatory level than the méstem gnesWUSCHELandZWILLE
Plant J 10, 967-979.

Gelinas, D, Postlethwaite, S. N. and Nelson, O E. (1969). Chaacteization
of development in maie thiough the use of otants. Il. he &nomal gowth
conditioned ly the Knotted mtant.Am. J of Bot.56, 671-678.

Hake, S (1992). Unaveling the knots in plant delopmentTrends Gene®,
109-114.

Hake, S, Vollbredht, E. and Freeling M. (1989). CloningKnotted the
dominant mopholagical mutant in maie usingDs2 as a tansposon @
EMBO J38, 15-22.

Hareven, D, Gutfinger, T., Parnis, A., Eshed Y. and Lifschitz, E. (1996).
The making of a compound leaf: Genetic manifioieof leaf achitectue in
toméo. Cell 84, 735-744.

Herskowitz, 1. (1989). A egulaory heirarchy for cell specializion in yeast.
Nature 342, 749-757.

Irish, E. E. and Nelson, T M. (1993). De&elopment oftassel seed 2
inflorescences in maézAm. J of Bot.80, 292-299.

Jackson, D, Veit, B. and Hake, S (1994). Expession of maig KNOTTED1
relaed homeobw genes in the shootpaal meistem pedicts péems of
morphagenesis in theagetaive shootDevelopmentl20, 405-413.

Kano-Mur akami, Y., Yanai, T., Tagiri, A. and Matsuoka, M. (1993). A ice
homeotic gne OSH1 causes wmsual phenotypes inansgnic tobacco.
FEBS Lettes 334, 365-368.

Karu, A. E. (1993). Monotonal antibodies and their use in measnent of
ervironmental contaminants. IHazad Assessment of Chemigafed J
Saxena), pp. 205-321 &flor & Francis, Inc: Bistol, Rennsyhania.

Karu, A. E., Miller, P. L., Chase C. and Comutt, W. (1985). A point-
addressaéle transkr systemdr automéed samplingfeeding and &pansion
of hybridoma cultues.J. f Immunol. Method¥'6, 145-156.

Kerstetter, R., \Wbllbredt, E., Lowe, B., Veit, B., Yamaguchi, J. and Hake, S
(1994). Sequence anals and gpression ptiems diide the maigknottedt
like homeobr genes into tw dassesPlant Cell6, 1877-1887.

Lincoln, C., Long, J., Yamaguchi, J., Seikawa, K. and Hake, S. (1994). A
knottedllike homeobr gene inArabidopsisis expressed in theegetaive
meiistem and damdically alters leaf mophology when aerexpressed in
transgnic plantsPlant Cell6, 1859-1876.

Long, J. A., Moan, E. |., Medford, J. |. and Barton, M. K. (1996). A member
of the KNOTTED dass of homeodomain @eins encodedybthe STMgene
of Arabidopsis Nature 379, 66-69.

Losson, R. and Lacoute, F. (1979). Interérence of nonsenseutations with
eukayotic messengr RNA stability. Proc. Nal. Acad Sci. USA76, 5134-
5137.

Ma, H., McMullen, M. D. and Fner, J. J. (1994). Identiftaion of a
homeoba-containing g@ne with enhancedxpression dung sgbean
(Glycine max..) somdic embiyo development.Plant Mol. Biol. 24, 465-
473.

Mena, M., Ambrose B., Meeley, R. B, Briggs, S P, Yanofsky, M. F. and
Schmidt, R. J. (1996). Dversification of C-function actiity in maiz flower
developmentScience274, 1537-1540.

Mizukami, Y. and Ma, H.(1995). Searation of AG function in fbral meistem
deteminag from thd in reproductive oigan identity ly expressing antisense
AG RNA. Plant Mol. Biol.28, 767-784.

Miller, K., Romano, N, Gerstner, O., Garcia-Maroto, F, Pozzi, C.,
Salamini, F and Rohde W. (1995). The baley Hoodedmutetion caused
a duplicdion in a homeobogene inton. Nature 374, 727-730.

Mushegian, A. R. and Koonin, E. V. (1996). Sequence ayals of eukayotic
developmental poteins: ancient and mel domainsGeneticsl44, 817-828.

Neuffer, M. G. (1994). Mutgenesis. InMhe Maiz HandbooKed M. Freeling
and V Walbot), pp. 212-219. Simger-Verag: New York.

Nickerson, N H. (1954). Mopholagical anaysis of the maie ear Am. J of
Bot.41, 87-92.

Peltz, S W., Brown, A. H. and Jacobson, A.(1993). mRM destailization
triggered by premaure translaional temination dgpends ontdeast theecis-
acting sequence elements and triaesacting fictor Genes De 7, 1737-
1754.

Randolph, L. F. (1936). Deelopmental mgshology of the cayopsis in maie.
J. Agi. Res53, 881-916.

Rogers, S, Wells, R. and Rebsteiner, M. (1986). Amino acid sequences
common to apidly degraded poteins: The PEST fipothesis.Science234,
364-368.

Sdchneeberger, R. G, Becrft, P. W., Hake, S and Freeling M. (1995).
Ectopic epression of th&naxhomeo ba generoughsheahlalters cell te
in the maie leaf Genes De 9, 2292-2304.

Sieburth, L. E., Running, M. P. and Meyerowitz, E. M. (1995). Genetic
separation of third and brth whor functions of AGAMOUS Plant Cell 7,
1249-1258.

Sinha, N and Hake, S (1994). The Knottedleaf Hade is a mosaic ofléde
shedh, and aucle identitiesDev. Genet15, 401-414.

Sinha, N R., Williams, R. E. and Hake, S. (1993). Oerexpression of the
maize homeo br gene KNOTTED-1, causes avétch from deteminate to
indeteminate cell Btes.Genes De 7, 787-795.

Smith, L. G., Greene B., Veit, B. and Hake, S (1992). A dominant mtation
in the mai2 homeobwr gene Knotted-1 causes its ectopixpression in leaf
cells with alteed fates.Developmentl 16, 21-30.

Smith, L. G., Jackson, D. and Hake, S. (1995). Expession oknottedImarks
shoot meistem brmation duiing maiz embyogenesisDev. Genet16, 344-
348.

Steeves, T A. and Sussg, |. M. (1989).Patterns in Plant Deelopment 2nd
Edition. Cambidge Unversity Pless: Cambdge.

Stevens, SJ., Stevens, E. J, Lee K. W., Flowerday, A. D. and Gardner, C.
0. (1986). Oganggenesis of the stamiteaand pistillte inflorescences of
pop and dent cos: Reléionship to leaf stges.Crop Scienc®6, 712-718.

Urlaub, G., Mitchell, P. J., Ciudad, C. J. and Chasin, L. A.(1989). Nonsense
mutdtions in the dilgdrofolate reductase gne afect RNA processingMol.
Cell. Biol.9, 2868-2880.

Veit, B., Sdmidt, R. J., Hake, S and Yanofsky, M. F. (1993). Maiz floral
development: N&/ genes and old otantsPlant Cell5, 1205-1215.

Vollbredt, E., Veit, B., Sinha, N and Hake, S (1991). The deelopmental
geneKnotted-1lis a member of a mazhomeobr gene aimily. Nature 350,
241-243.

Walker, E. R. (1906). Il. On the strcture of the pistils in somergsses.
University Studies, Uniersity of NebraskaVl, 203-218.

Yanofsky, M. F., Ma, H., Bovman, J. L., Drews, G. N., Feldmann, K. A. and
Meyerowitz, E. M. (1990). The potein encoded b the Arabidopsis
homeotic gneagamougesemlies tansciption factos. Nature 346, 35-39.

(Accepted 19 June 1997)



