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SUMMARY

Shoot apical meristems (SAMs) of seed plants are small
groups of pluripotent cells responsible for making leaves,
stems and flowers. While the primary SAM forms during
embryogenesis, new SAMs, called axillary SAMs, develop
later on the body of the plant and give rise to branches. In
Arabidopsis plants, axillary SAMs develop in close
association with the adaxial leaf base at the junction of the
leaf and stem (the leaf axil). We describe the phenotype
caused by theArabidopsis phabulosa-1¢phb-1d mutation.
phb-1d is a dominant mutation that causes altered leaf
polarity such that adaxial characters develop in place of
abaxial leaf characters. The adaxialized leaves fail to
develop leaf blades. This supports a recently proposed

model in which the juxtaposition of ad- and abaxial cell
fates is required for blade outgrowth. In addition to the
alteration in leaf polarity, phb-1d mutants develop ectopic
SAMs on the undersides of their leaves. Also, thehb-1d
mutation weakly suppresses theshoot meristemlesgstm)
mutant phenotype. These observations indicate an
important role for adaxial cell fate in promoting the
development of axiallary SAMs and suggest a cyclical
model for shoot development: SAMs make leaves which in
turn are responsible for generating new SAMs.
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INTRODUCTION MERISTEMLESS (STMgxpression in the presumptive leaf
distinguishes it from other regions of the SAM (Long et al.,
The shoot apical meristem (SAM) of angiosperm plants is th2996). Subsequently, these groups of cells grow outward from
site at which new leaves and stem are made. The primary SAle SAM as small bumps, or leaf primordia. As the leaf
is formed during embryogenesis and gives rise to the main axievelops, the adaxial side of the primordium (the side towards
of the plant. New SAMs, axillary SAMs, develop on the mainthe center of the plant) grows more than the abaxial side. This
axis and give rise to branches. These SAMs usually develop imequal growth causes the leaf to bend outward and away from
the axils of leaves; the axil is the junction between leaf anthe long axis of the plant such that the adaxial side of the leaf
stem. The subtending leaf may be required in some species faimordium becomes the top of the leaf and the abaxial side of
axillary SAM formation: when the subtending leaf is surgicallythe leaf primordium becomes the bottom of the leaf.
removed the associated axillary SAM often fails to form (Snow The Arabidopsisleaf consists of a short petiole, connecting
and Snow, 1942). IArabidopsis two observations support a the leaf to the stem, and an entire, flattened blade. The leaf
connection between the subtending leaf and the axillarglade is polarized along its ad/abaxial axis (Telfer and Poethig,
meristem. First, the axillary SAM appears to arise on thd994). The adaxial epidermis is glossy, dark green and
adaxial leaf base (Talbert et al., 1995). Second, the subtenditrgchome-rich while the abaxial epidermis is matte, grey-green
leaf and its associated axillary bud are clonally related (Furnemnd, especially in the early leaves, trichome-poor. Internal
and Pumfrey, 1992; Irish and Sussex, 1992). tissues are also polarized: a layer of closely packed palisade
One model for the development of axillary SAMs (reviewedcells underlies the adaxial epidermis while a loosely packed
by Steeves and Sussex, 1989) proposes that fragments of thger of spongy mesophyll cells lies adjacent to the abaxial
main meristem, so called detached meristems, remaiepidermis. In addition, within the vascular strand, xylem is
associated with each axil. These detached meristems becofoeated adaxial to the phloem.
activated and form buds when the leaf and its associated axilWaites and Hudson (1995) have proposed a model for leaf
are some distance from the main SAM. In this model, SAMdevelopment in which the juxtaposition of ad- and abaxial leaf
fate is acquired only once in the development of the plantell fates is required for the development and outgrowth of the
Alternatively, axillary SAMs may form from cells that have leaf blade (Fig. 1). This model is based on observations of
lost SAM identity, partially differentiated, and then beensnapdragons homozygous for the recegshantasticaphan
instructed to regain SAM fate. mutation;phanmutants possess radially symmetric leaves with
The first indication of leaf primordium formation in abaxial characters around their circumference. An important
Arabidopsisoccurs while the presumptive leaf primordium prediction of this model is that in a mutant with the opposite
resides entirely within the SAM. Loss ofSHOOT phenotype (one in which abaxial leaf fates are transfomed to



2936 J. R. McConnell and M. K. Barton

CAPS mapping was carried out as described by Konieczny and
young leaf primordium Ausubel (1993)phb-1d/+ individuals (Ler background) were crossed
to wild-type Columbia (Col) individuals. Mutant cross progeny were
crossed back to Col individuals. 2/32 mutant progeny of this second
cross were found to carry recombinant chromosomes between the
___ older leaf primordium with PHB locus and them429 CAPS marker corresponding to a

developing blade

recombinant frequency of approximately 6%. 2/34 mutant progeny
\ from the same cross carried recombinant chromosomes between the
| blade PHB locus and the GPA1 marker corresponding to a recombinant
N Adaxial leaf domain frequency of approximately 6%. This map data place®Hhglocus
midrib ] Avaial feat doma at an approximate position of 59.8 on chromosome 2.
axial lear domain
Microscopy

Fig. 1. Schematic of shoot apical meristem shown from above,
illustrating model for leaf development proposed by Waites and
Hudson (1995). In this model, ad- and abaxial domains of the leaf
are specified early in the development of the leaf primordium, while
the primordium still resides within the SAM. The juxtaposition of
ad- and abaxial cell fates causes the subsequent development and
outgrowth of the leaf blade.

Samples were prepared and visualized by scanning electron
microscopy as described by McConnell and Barton (1995). Tissues
for thin sections were fixed overnight in a solution containing: 3%
glutaraldehyde, 1.5% acrolein, 1.6% paraformaldehyde, and postfixed
in 1% osmium tetroxide. Fixed material was dehydrated through an
ethanol series and embedded in Spurr's medium. Approximagety 1
sections were cut and stained with 0.2% toluidine blue in 2.5% sodium
carbonate (pH 11). Histological staining @fglucuronidase (GUS)
activity was performed overnight on seedlings at 37°C in 2 mM 5-

. . . . romo-4-chloro-3-indolyB-D-glucuronic acid, 100 mM NaROpH
gdaxllal Iez%[fhfat%§) Ithe leaf th” again fail to form a blade amg‘ 0.1% Triton X-100, 1 mM FeCN and 10 mM EDTA. Samples were
evelop with radial Symmetry. . . then washed with 70% ethanol for 2 days and visualized using a
We have recently isolated aArabidopsis mutant the gissecting microscope.
phenotype of which satisfies this prediction. The dominant
phabulosa-1(phb-19g mutation causes both sides of the leaf
to develop with adaxial characterghb-1d leaves fail to RESULTS
develop blades and are frequently radially symmetric.
Additionally, the phb-1d mutant provides evidence that . . .
adaxial leaf identity plays a critical role in the development' "€ _dominantphb-1d mutation causes a transformation of
; abaxial cell fates to adaxial cell fates in leaves and floral organs
of axillary SAMs. ; . .
and alters organ shape. The mutation was isolated in a screen
for EMS-induced mutants altered in SAM development and
maps to chromosome Il between CAPS markers m429 and
GPAL. Crosses gihb-1d# pollen onto Ler carpels resulted in
47.1%phb-1dmutants §=191:x2=0.6335;P<0.5). The wild-

Plant growth conditions ¢ ibli b dt abeldmutant
Plants were grown in soil (Metromix 200) under 24 hour cool white P€ S1DlINgs Were never observed 1o segreg mutants

flourescent light at either 24°C or 17°C (all plants used as poIIeH1 th(_eir ;elf-progeny rEs0) indica}ting that  thephb-1d
donors were grown at 17°C). All phenotypes were scored at 24°€utation is completely penetrant. Since ifd-1d/+ mutants

MATERIALS AND METHODS

unless otherwise noted. are sterile as females at 24°C, tpéb-1d mutation is
_ propagated through the pollen (except at low temperatures as
Genetics described below).

Seeds of ecotype Landsbeegecta (Ler) were mutagenized by phb-1d heterozygotes have leaves with adaxial epidermal
soaking them in 0.4% EMS in 100 mM phosphate buffer (pH 7) focharacters (dark green, glossy, trichome-rich surfaces) around
8 hours. The self-progeny of individual plantsy(Mants) grown from  thejr circumference and exhibit varying degrees of radial
S’g‘:(taz%eerngg? msuetz(:?;((lj?e?ggti\\//\éeirr]evggé\tlaet?\idérg)ﬁﬂt?silgg;%tand symmetry and loss of blade outgrowth (Fig. 2). The expressivity
) . f the phb-1dmutant phenotype is variable. Some leaves are
segregateghb-Dmutants in its progeny. The mutant was IreCoverea[r)od—Iik([a) while others apre shaygiad like trumpets. The latter have

by crossing ghb-1dmutant male to Ler. At least five backcrosses to S h e
Ler were performed prior to any genetic or phenotypic analysis. adaxial tissue on their outer surfaces and abaxial tissue on the

To determine the phenotype of plants doubly mutanstiorland  inside of the ‘bell’ of the trumpephb-1ldleaves grow nearly
phb-1d, stm-+; phb-1d# individuals were crossed &im-1/+; +/+  vertically rather than bending away from the plant. The upright
individuals. In the cross progeny 21 plants hadsthesingle mutant ~ posture of mutant leaves is consistent with equal growth rates
phenotype (presumed genotygten-1/stm-), 52 plants had thphb-  of both sides of the leaf, as expected if identical cell fates are
1dsingle mutant phenotype (presumed genosfpel/+or +/+; phb-  specified on both faces of the developing primordium.

1d+), 57 plants were wild-type (presumed genotye-1/+or +/+; Wild-type epidermal leaf cell shape varies according to the
*/+) and 20 plants were bofib-1d(as judged by their cotyledons) g, face ‘upon which it is located as well as its position along

and stm (presumed genotypstm-1/stm-1,phb-1d)t The observed o o5t Fig. 3 shows ad- and abaxial epidermal cells from

Eiogg;y are consistent with the presumed genotyrés0 £84; three positions on the leaf: petiole, midrib midway along the

STM-GUS/phb-1dransgenic plants were generated by crossind€ndth of the blade, and blade midway up the length of the
phb-1d+ mutants to individuals homozygous for the STM-GUSPlade and midway between the margin and the midrib. Wild-
construct. phb-1d+ individuals in the cross progeny were thentype petiole cells are long and rectangular with straight
examined for GUS expression. anticlinal walls. This is true of both surfaces though the adaxial
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Fig. 2. (A) Wild-type Arabidopsisplant viewed from above; leaves bend away from center of the plamthiB)d+ plant viewed from the

side. Leaves grow upward and vary in the degree to which they are radialized: some are trumpet-shaped, others are pbi-iledptd) 1d
plant viewed from the side. Leaves and cotyledons are extremely radialized and grow vertically. c, cotyledons; |, lealeesa([Qe#) and
abaxial (right) surfaces of a wild-typeabidopsideaf. The adaxial surface is glossy, dark-green and trichome-rich while the abaxial leaf
surface is matte, grey-green, and (especially in the early leaves) trichome-poor. (E) Severely adaxialized leaf. Thekgdosen, tichome-
rich surface characteristic of the adaxial leaf surface extends around the circumference of the radialized leaf. Theffetibiglity reduced

in such extremely affected leaves. (F) Less severely adaxialized leaf. This trumpet-shaped leaf exhibits adaxial chidvacietsidenof the
‘bell’ and abaxial characters on the inside of the ‘bell’. (G) Wild-type inflorescence viewed from above; young flowersemelfsibd within
the sepals. (HPhb-1d+ inflorescence; the sepals fail to enclose the developing flower. Note ‘stringy’ nature of floral organs. p, petal. (I) Cross
section through wild-type leaf; adaxial surface is up. b, blade; m, midrib; v, vascular strand. (J) Close-up of wild-tigrestrasl) adaxial
surface is up. x, xylem cells; p, phloem cells. (K) Cross section through extremely ragiblizéd+ mutant leaf. (L) Close-up of vascular
strand from a moderately radializptb-1d+ mutant leaf. Xylem cells surround phloem cells. x, xylem; p, phloem. Scale bars: (A,B) 5 mm;
(C,H) 1.25 mm; (D) 1.75 mm; (E,F) 1 mm; (G) 2 mm; (I, K) 100 um; (J,L) 20 pm.

petiole surface also contains stomates along its margin (Fitp assign ad- versus abaxial fates to the epidermal cells of rod-
3A,D). Continuing up the midrib, midway along the length ofshaped leaves based on cell shape. Rod-shaped leaves have cells
the blade, ad- and abaxial cell morphologies differthat are similar in size to blade epidermal cells but they are less
significantly. The abaxial epidermal cells at this position argigsaw-shaped and more rectangular (Fig. 3G). Stomates are
long and rectangular, similar to petiole cells. Thedistributed throughout the rod-shaped leaves as in wild-type
corresponding adaxial cells are more complex and resembidade tissue. Epidermal cells in young, wild-type leaf primordia
blade cells (Fig. 3B,E). Epidermal blade cells are jig-savware simple in shape and only achieve their complex, jigsaw
shaped on both leaf surfaces, but adaxial blade cells are largenapes upon leaf expansion. The rod-shape of the exptame

more uniform in size, and less complex than the correspondirigl leaves does not allow for normal blade expansion and this
abaxial cells (Fig. 3C,F). may affect cell shape.

Comparing wild-type anghb-1depidermal leaf cell shapes Internal tissues are also affectecbhb-1dmutants (Fig. 2I-
further supports the conclusion thahb-1d leaves are L). The more extremely radialized leaves either entirely lack a
adaxialized. Trumpet-shaped leaves have larger, less compleascular strand or possess single xylem elements. In such
cells on the outside of the ‘bell’ than on the inside (Fig. 3H-J)leaves, phloem (normally found in the abaxial pole of the
This is similar to the difference seen between the wild-typeascular strand) was not seen. In less extremely affected leaves,
adaxial and abaxial blade epidermis. The cells are smalleascular tissue in which xylem surrounds phloem tissue has
overall in thephb-1dmutant than in the wild type. This is likely been observed; the latter arrangement is the opposite of what
due to less organ expansion in the mutamttdis1dorgans are is seen in the abaxialized snapdragwran mutant where
smaller than wild-type organs (Fig. 2A-C). It is more difficult phloem surrounds xylem (Waites and Hudson, 1995).
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Fig. 3. (A) Wild-type adaxial petiole epidermis. Cells have straight anticlinal walls and are larger than blade cells (see C B2 Wi
adaxial epidermis above midrib, halfway along the leaf blade. Cells are jig-saw shaped. (C) Wild-type adaxial epidermiCallblace jig-
saw shaped and relatively uniform in size. (D) Wild-type abaxial petiole epidermis. Similar to comparable cells on theetidk&irface,
these cells have straight anticlinal walls and are longer than typical blade cells. (E) Wild-type abaxial epidermis bélomatividy along

the leaf blade. Cell shape and size is similar to those of the abaxial petiole (see Fig. 3D). (F) Wild-type abaxial efpidialmi€ells are jig-
saw shaped. However, unlike adaxial blade cells, these cells are not uniform in size. (G) Surface of a radialized léaflivataadn
homozygous for thphb-1dmutation. These cells are simpler in shape but are similar in size to blade cells (see Fig. 31,J). (H) Trumpet-shaped
leaf from an individual heterozygous for thieb-1dmutation. (I) Outer surface of trumpet-shaped leaf. Though these cells are smaller than
wild-type blade cells, they have characteristics typical of adaxial blade cells: they are jig-saw shaped and uniford) imseres\{rface of
trumpet-shaped leaf. Again, while these cells are overall smaller than wild-type abaxial cells, they have characte@siwishidiad cells:

they are jig-saw shaped and are not uniform in size. Scale bars: (A-G, Idni08) 1.50 mm.

All four types of floral organs — sepals, petals, stamens aridstead of displaying the curvature seen in the wild-type ovule
carpels — are affected phb-1dheterozygotes to some degree where the unequal growth of the integuments and the nucellus
(Figs 2, 4). Both sepals and petalsptib-1d+ individuals  generates a curved structuphb-1d+ ovules are frequently
frequently develop with what appears to be radial symmetriinear (Fig. 40,P).

(Fig. 4B,H). Sepals may be filamentous, trumpet-shaped, or Thephb-1dmutation affects sepals developing in the abaxial

may appear wild-type in shape. When trumpet-shaped, cells oagion (relative to the inflorescence axis) more than sepals in
the outside exhibit adaxial epidermal fates while cells on théhe adaxial region of the flower. The sepal closest to the
inside exhibit abaxial epidermal fates (Fig. 4C-E). Petals arimflorescence meristem is least likely to develop as a filament
most commonly filamentous and have cell types characterist{€ig. 5). The shape of the adaxial sepals is most frequently
of the wild-type adaxial epidermis around their circumferenceither wild-type or trumpet-shaped. While other floral organs
(cone-shaped cells with straight cuticular ridges) (Fig. 4F-1). did not show any obvious position-dependent variation in

The reproductive organs are also affectgghip-1dmutants.  phenotype, we cannot rule out minor differences since
In wild-type stamens, the pollen sacs form laterally and rotatguantitative comparisons were not made.
to the adaxial side through unequal growth of the ad- and The phb-1dmutant phenotype is temperature sensitive. At
abaxial surfaces (Fig. 4J,K) (Bowman, 1994). pinb-1d+ low temperatures (17°C), thghb-1dphenotype is somewhat
mutants, the pollen sacs often remain in lateral positionalleviated angbhb-1d/+plants are weakly self-fertile. This has
indicating a lack of unequal growth consistent with a failure tallowed us to recover homozygouphb-1d plants.
specify different cell types on the two surfaces (Fig. 4L,M).Heterozygouphb-1dplants raised at 17°C produce wild-type
The ovules, which normally originate from the interior (adaxial(+/+; n=67), moderately affectedplib-1d+; n=123) and
side) of the carpel, develop ectopically in flgb-1dmutant  severely affected seedlings (presumbb-1d/phb-1gn=59) in
from the abaxial base of the carpel (Fig. 4N). Furthermoreaheir self-progeny. The presumed homozygotes have more fully
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Fig. 4.(A) Wild-type flower. (B)phb-1d+ flower; sepal nearest inflorescence axis is up. Floral organs frequently develop as bladeless organs
with radial symmetry. (C) Wild-type adaxial surface of sepal. (D) Wild-type abaxial surface of sepal. (E) Adaxial sepelesffeofioaphb-

1d/+ mutant. The trumpet-shape of this sepal resembles that of the leaf shown in Fig. 3H. (F) Wild-type adaxial petal epidargéoakew
shaped cells with straight cuticular ridges. (G) Wild-type abaxial petal epidermis showing cobble-stone shaped cells suitltwaryidges.

(H) phb-1d+ mutant petal. (I) Tip ophb-1d+ mutant petal. Cells around circumference of mutant petal are cone-shaped and have straight
cuticular ridges similar to adaxial epidermal cells. (J) Wild-type adaxial stamen surface. Each pollen sac splits alergf trehistence to

empty its contents of pollen grains. (K) Wild-type abaxial stamen surface. (L) Adaxial surfade bii+ mutant stamen. Pollen sacs develop
with their lines of dehiscence oriented laterally. (M) Abaxial surfagehbfld+ mutant stamen. (N\Dhb-1d+ mutant carpel showing ectopic
ovules developing from the base. (O) Wild-type ovules. The wild-type ovule develops as a curved structure in which tlleoatezr an
integuments enclose the nucellus. Differential growth of the integuments result in the curvature observed in the matBj)eEavojsc

ovules from ghb-1d+ mutant. The ovules develop as linear structures due to a lack of unequal growth. cp, carpel; d, line of dehiscence; o,
ovule; p, petal; ps, pollen sac; s, sepal; st, stamen. Scale bars: (A) 0.75 mm; (B) 0.5mmuf@) GY0B00um; (E) 300um; (F,G) 15 um;

(H) 220 pm; (1) 20 pm; (J-L) 176 pm; (M) 136 pm; (N) 0.38 mm; (O) 270 um; (P) 127 pum.

radialized and adaxialized leaves than the heterozygotes (Fgtem side of the axil. Although axillary buds normally develop
2C). This is especially striking in the cotyledons which areon the adaxial leaf base, it is unclear what aspects of position
often only weakly affected in the heterozygote. The presumegre assessed by these cells in making developmental decisions.
homozygotes are very small and grow slawlyhese If adaxial leaf fate is a critical determinant of axillary SAM
individuals are sterile as the floral organs produced arformation we would expeghb-1ldmutants to develop SAMs
completely radialized. ectopically. Indeed, ectopic SAMs form on the undersides of
Normally, axillary SAMs develop on the adaxial leaf basephb-1dmutant leaves (Fig. 6). To determine the origin of the
initially oriented toward the stem (Talbert et al., 1995; Fig.ectopic buds irphb-1dmutants, we observed the expression
7C). Later growth of the developing bud obscures this earlgf an STM promoter-GUS reporter construct iphb-1d
relationship making the branch appear to emanate from thrautants. This construct is expressed in the SAM (Long and
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ggf?l position relative to null allele of theSTMgene, the SAM fails to form and cells at
inflor escence meristem the site of the presumptive SAM terminally differentiate
sepal (n=S2flowers) (Barton and Poethig, 1993). Thigsm-1homozygotes entirely
characteristics 1 2 3 4 lack any structures at the site normally occupied by the SAM.
normal (3(?7% ) (510% ) (36% ) (1211% ) A week or two following germinationstm-1 mutants form
n p " o leaves ectopically from a region below the point of cotyledon
filament | o6) | (720) | (819) | (56%) fusion (Barton and Poethig, 1993; Fig. 8C).stm-1 phb-1d
16 10 7 1 double mutants, an abnormal determinate structure is present
other | 19%) | aom) | 31%) | (23%) at the site normally occupied by the SAM at germination (Fig.

8D). The position of this structure and its early appearance are
consistent with it forming directly from the presumptive SAM.

DISCUSSION

The model for leaf development put forth by Waites and
Hudson (1995; Fig. 1) proposes that the juxtaposition of ad-
and abaxial cell fates is required for outgrowth of the leaf
blade. The phenotypes of two leaf mutants described to date
support the model. In the snapdragaman mutant, adaxial
characters are transformed into abaxial characters (Waites and
Hudson, 1995). In tharabidopsis phb-1dhutant, the opposite
transformation of cell fate occurs: abaxial characters are
indicates sepals with radial symmetry; ‘other’ indicates sepals repla_ced with adaXIa.I CharaCter_S' In nelther. mutant are ad- and
intermediate in phenotype. IM, inflorescence meristem; FM, floral f"‘bax'al _qell fates juxtaposed; under this model lack of
meristem; s, sepal. juxtaposition causes the leaves of both mutants to develop as
radially symmetric, bladeless organs.
The snapdragophanmutation is recessive and is therefore

Barton, unpublished). Regions of dark staining indicative ofikely caused by a loss-of-function mutation in BFtléANgene.
early steps in SAM formation were found on the undersideH so, the wild-type role of thEHANgene is to specify adaxial
of leaves inphb-1d mutant seedlings but not in wild-type cell fates since these are missing ingghanmutant. Since the
seedlings (Fig. 7A,B). In the most severely adaxialized mutarmghb-1d mutation is dominant, the role of the wild-typ¢iB
leaves, reporter gene expression could be observed in a riggne in the specification of ad/abaxial leaf cell fates is
around the entire base of the leaf (Fig. 7D). Thus, thencertain. One possibility is thphb-1drepresents a gain-of-
development of the axillary bud behaves like other adaxidlunction mutation in a gene normally required to specify
characters in that additional buds develop on the underside aflaxial fate, and thus plays a similar rol&mbidopsigto that
leaves inphb-1dmutants. played by thePHAN gene in snapdragon. Interestingly, both

During embryogenesis the SAM develops at the bases of apthanandphb-1dmutant phenotypes are temperature sensitive,
between the adaxial surfaces of the cotyledons. This positi@xhibiting more abaxialized phenotypes at low temperature and
in some ways parallels the environment in which the axillarynore adaxialized phenotypes at high temperature. RH&N,
meristem develops. If adaxial cotyledon fate is responsible fahe action ofphb-1dis cell autonomous, or at least limited in
promoting the development of the embryonic SAM, we mighits range, because we have obtained wild-type sectors on
expect thephb-1dmutation to affect the embryonic SAM. We otherwisephb-1d mutant plants after treatment phb-1d+
have detected a positive effectlib-1don the development seeds with EMS (McConnell and Barton, unpublished). Taken
of the embryonic SAM in two situations. First, the SAM of together these observations are consistent WittAN in
phb-1d/+ mutant embryos is enlarged relative to wild-typesnapdragon and”HB in Arabidopsis controlling similar
indicating that a stronger ‘meristem promoting’ signal may berocesses in leaf development.
present inphb-1d mutant embryos (Fig. 8A,B). Second, the However, it is also possible that the wild-typ&lB gene
phb-1d mutation partially suppresses thetm mutant plays no role in the development of leaf polarity. The dominant
phenotype. In mutants homozygousdbn-1 a strong but non- phb-1d mutation may have altered the pattern BHB

AN
< : o
Vi

Fig. 5. Position-dependent sepal developmenitib-1d+ mutants.
‘Normal’ indicates sepals with normally shaped blades; ‘filament’

Fig. 6.(A) phb-1d+ seedling. (B) Close-up of seedling
in A showing the presence of an ectopic bud (arrow)
developing from the underside of the leaf. (C) Higher
magnification view of ectopic bud in B. c, cotyledon; |,
leaf. Scale bars: (A) 1.5 mm; (B) 2f@; (C) 75um.
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Fig. 8. Effect of phb-1don the development of the embryonic SAM.
(A) Wild-type embryo. (Bphb-1d+ mutant embryo. The SAM

(arrow) in mutant embryos appears larger than that found in the wild-

type embryo. Also note that the cotyledons grow straight out from

'e embryonic axis. (&tm-1/stm-Inutant. No SAM is formed

uring embryogenesis (site where SAM would normally be located is

marked with an arrow). Ectopic leaves are frequently made

postembryonically from a region below the apex. §)-1/stm-1

phb-1d# double mutant. An abnormal determinate structure (arrow)

'is present at the site normally occupied by the SAM. Such structures
were not seen iatmsingle mutants. c, cotyledon; h, hypocotyl; I,
ectopic leaves. Scale bars: (A,B) 100 um; (C,D) 0.86 mm.

Fig. 7. Expression of aBTMpromoter3-glucuronidase reporter
construct in wild-type anghb-1d+ mutants. (A) Wild-type seedling.
Undersides of leaf bases show no expression of the reporter. The
SAM is evident as a blue haze that shows through the cleared leav
(B) phb-1d+ mutant. A dark patch of reporter expression is evident d
on the underside of the leaf (arrow). (C) Development of an axillary
bud (arrow) from the wild-type adaxial leaf base. (D) Radialized
phb-1d+ leaf showing a ring of reporter gene expression around the
circumference of the leaf base (arrow). c, cotyledon; h, hypocotyl; |
leaf. Scale bars: (A,B) 200 um; (C) 150 pum; (D) 300 pum.

expression or the activity of tHeHB gene product to allow it
to take on an activity it does not normally possess. Even if this In dicot species, numerous observations indicate a link
is true, the results presented here still show a correlatidmetween adaxial leaf cell fate and competence to develop
between adaxial transformation and lack of blade formatioaxillary meristems. For instance, begonia leaves regenerate
and a correlation between adaxial transformation and ectop®8AMs from the adaxial but not the abaxial leaf surface.
SAM formation. Transgenic tobacco plants that ectopically expreskrbttedl

Our results show a correlation between the acquisition ajene (Sinha et al., 1993) or ectopically synthesize cytokinin
adaxial leaf fate and the development of ectopic buds. WhilgEstruch et al., 1991) develop SAMs on the adaxial but not the
it is possible that thphb-1dmutation acts to generate theseabaxial leaf surfaces. Also, after surgical manipulation,
two phenotypes independently of one another, a simpldEpilobium and potato leaf primordia developed as abaxialized,
explanation is that the ectopic SAMs on the underside of theadially symmetric organs. In these situations, axillary
phb-1dleaf are a consequence of the transformation of thimeristems often did not develop (Snow and Snow, 1959;
tissue into adaxial leaf tissue. In this model, adaxial leaf fat8ussex, 1955). These observations suggest that the adaxial leaf
is a major factor in determining whether an axillary SAMenvironment isrequired for the development of an axillary
forms or not. We propose that, iarabidopsis leaf and SAM. Consistent with this, functional axillary meristems are
meristem development are linked through a cycle in whicltacking in the axils of the most severely affected leaves in
SAMs make leaves, the adaxial sides of which in turn inducenapdragon phan mutants (A. Hudson, personal
the development of new SAMs from their bases (Fig. 9A). Thisommunication). Our observations of thghb-1d mutant
is in contrast to a model in which axillary SAMs are derivedphenotype suggest that adaxial, basal leaf fate isaffioient
from remnants, so-called detached meristems, of the primaty direct axillary SAM formation.
SAM left behind in the leaf axil. For the detached meristem There are many possible mechanisms through which the
model to hold, such remnants of the SAM would have to badaxial leaf environment might be responsible for the
left behind on the underside of the leaf in gidb-1dmutant development of the axillary bud. For instance, a cell type
and, in the extremely radializgzhb-1dleaves, around their present in the adaxial portion of the leaf may promote axillary
entire circumference. This would require a more complexSAM development; or a cell type present in the abaxial portion
model forPHB action than proposed here. of the leaf may inhibit axillary SAM development; or cells in
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A and Coe, 1983; Poethig et al, 1986) suggesting that positional
signals related to stem fate rather than adaxial leaf fate may be
/_\ important in axillary SAM formation in this group.
Branch formation is a fundamental process in the
development of plant form. The finding that a subregion of the
m leaf may play a critical role in the formation of SAMs, and
therefore branches, sheds light on the way that plants make
'\_/ buds and also may change the way we think about the
development of the embryonic SAM.
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