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SUMMARY

The phytohormone auxin has wide-ranging effects on concentrations of NPA reveal an increased sensitivity of
growth and development. Genetic and physiological weak ettin alleles to disruptions in polar auxin transport.
approaches implicate auxin flux in determination of floral In contrast, the defects found inspatula gynoecia are
organ number and patterning. This study uses a novel partially rescued by treatment with NPA. A model is
technique of transiently applying a polar auxin transport  proposed suggesting an apical-basal gradient of auxin
inhibitor,  N-1-naphthylphthalamic acid (NPA), to during gynoecium development. This model provides a
developing Arabidopsisflowers to further characterize the  mechanism linking ETTIN’s putative transcriptional
role of auxin in organogenesis. NPA has marked effects on regulation of auxin-responsive genes to the establishment
floral organ number as well as on regional specification in or elaboration of tissue patterning during gynoecial
wild-type gynoecia, as defined by morphological and development.

histological landmarks for regional boundaries, as well as

tissue-specific reporter lines. NPA's effects on gynoecium

patterning mimic the phenotype of mutations inETTIN, a  Key words:Arabidopsis thalianaGynoecium, Patterning, Polar
member of the auxin response factor family of auxin transport, N-1-naphthylphthalamic acid, NEATIN,
transcription factors. In addition, application of different SPATULA Flower development

INTRODUCTION dependent manner (Chen et al., 1998; Galweiler et al., 1998;
Luschnig et al., 1998; Muller et al., 1998; Steinmann et al.,
A fundamental question in developmental biology is the origirl999; Utsuno et al., 1998). Polar auxin transport (PAT)
of complex patterns. Ornate yet eminently reproduciblénhibitors have been utilized for decades to interfere with polar
systems mold the form and function of every tissue and orgaauxin flow, either by directly competing with auxin for carrier-
One of the recurring players in patterning systems is thbinding or by otherwise rendering the cell incapable of
symmetry-disrupting morphogen gradient. This gradient givegransport (Tavares, 1973). Application of such inhibitors results
rise to broad regions that are refined through the action @f accumulation of auxin near source cells and depletion of
a variety of transcriptional regulators. In plants, manyauxin in cells normally downstream of the transport. Thus,
transcriptional regulators that influence developmental patterriseatment with PAT inhibitors increases the slope of existing
have been identified through molecular genetic studieguxin gradients in an inhibitor concentration-dependent
uncovering morphogens, on the other hand, has been faranner. Studies of plants germinated on PAT inhibitor-
more difficult. In this study, we provide evidence that thecontaining media support a substantial role for auxin flux
phytohormone auxin acts as a morphogen directing regiongiiroughout plant development, and reveal a particularly strong
patterning in the developing gynoecium @frabidopsis effect of disrupted auxin flow on floral organ number and
thaliana patterning (Okada et al., 1991). These studies are limited,
Auxin, historically the first plant hormone studied, has wide-however, by the finding that floral meristem initiation is largely
ranging effects on growth and development throughout thdependent on proper PAT. Inhibitor-treated plants rarely make
plant. The major naturally occurring auxin in higher plants iflowers. Studies of transgenic plants ubiquitously expressing
indole-3-acetic acid (IAA), which is synthesized in the aerial AA hydrolase, decreasing overall auxin levels, also
portion of the plant and transported basipetally. According talemonstrate the dependence of flower meristem formation on
the canalization hypothesis, a positive feedback mechanistAA (Oka et al., 1999). The overall strong effects on plant
focuses the flow of auxin into distinct cellular files, which will morphology combined with the scarcity of flowers in these
subsequently differentiate as veins (Sachs, 1991). The setfeatments makes assessment of auxin-transport-related floral
organizing aspect of this process requires directed auxin flowygan defects difficult.
proposed to be mediated by polar localization of auxin efflux Although much work has been done to define the timing and
carriers. Recently identified candidates for such carriers amaechanisms controlling the partitioning of the floral meristem
restricted within the cell membrane in a cytoskeletoninto its constituent organs, the process of organ morphogenesis



3878 J. L. Nemhauser, L. J. Feldman and P. C. Zambryski

remains poorly understoodrabidopsidlowers consist of four and MONOPTEROS(ARF5) (Hardtke and Berleth, 1998;
organ types: the leaf-like perianth organs, sepals and petaRrzemeck et al., 1996) also cause substantial reduction in
and the gametophyte-producing stamens and gynoecia. Tggnoecium valves. These mutants, as well as the PAT inhibitor
gynoecium, the female reproductive structure, is perhaps tlgtudies, strongly implicate auxin in the specification of regional
most complex organ formed b&rabidopsis and has been patterning early in gynoecium development.
meticulously observed throughout its ontogeny (Sessions, Our study uses a novel technique of transiently applying a
1997). Genetic studies have yielded important insights into thAT inhibitor, N-1-naphthylphthalamic acid, to developing
underlying mechanism of patterning in the gynoecium. Severdlowers to further characterize the role of auxin in gynoecium
mutants affect specific subsets of the morphologically andevelopment. PAT inhibitors have marked effects on regional
functionally distinct tissues apparent in the mature gynoeciungpecification in wild-type gynoecia, as defined by
suggesting that the development of individual tissues may hmorphological and histological landmarks for regional
largely uncoupled (Alvarez and Smyth, 1999; Bowman andboundaries, as well as tissue-specific reporter lines. In addition,
Smyth, 1999; Roe et al., 1997; Sessions and Zambryski, 199%pplication of different concentrations of the inhibitor reveal
Phenotypic analyses of one mutaatfin (etf), facilitate  an increased sensitivity of wedat alleles to disruptions in
the dissection of regional patterning during gynoeciumPAT. A model suggesting an apical-basal gradient of auxin
organogensisett mutants display an allele-strength-dependentluring gynoecium development is proposed. This model
loss of valve tissue with a concomitant increase in apicalfrovides a mechanism linking ETT's putative transcriptional
adaxial style and stigma and basal internode (Sessions arefulation of auxin-responsive genes to the establishment or
Zambryski, 1995). It has been proposed that the morphologicalaboration of tissue patterning during gynoecial development.
defects inett are caused by destabilized regional boundaries
positioned at the apical and basal limits of the valves, resultin
in an overall loss of valve and gain of flanking tissue ATERIALS AND METHODS
(Sessions, 1997). The molecular nature of the ETT protein h%? K
important_implications for the mechanism underlying the h?acesttl ett-2, spt-2 mutations have been described previously
process of regional patterning. ETT shares a large aming- - g g ; .
terminal DNA-binding domain with the auxin response facto sessions and Zambryski, 1995; Alvarez and Smyth, 1999). dibth

. o . alleles are in the Wassilewskija ecotyset-2is in the Landsberg
(ARF) family of transcriptional regulators (Sessions et aI'erecta background. Wild-type Wassilewskija plants were used in

1997). The founding member of this family, ARF1, wasmqck treatments. The GT142 (Landsbergctd (Sundaresan et al.,
identified by its ability to bind a synthetic auxin response;9gs) and SLG::GUS (Columbia) (Toriyama et al., 1991) lines have
element (AuxRE) derived from conserved elements in th@een described previously.

regulatory regions of many auxin-responsive genes (Ulmasov . o

et al., 1997a). Ten ARFs have been characterized to date, witlar auxin transport inhibitor treatments

some acting as powerful activators of transcription and othefdants were grown under long day conditions (16 hour light, 8 hour
as repressors (Ulmasov et al., 1999a,b). All but ETT displa! ark) until flowering was visibly apparent (approximately 3.5 weeks).

two islands of carboxy-terminal similarity which allow for Plants were sprayed with a heavy mist of 10 or 00 N-1-
protein-protein interactions both between ARF familynaphthylphthalamlc acid (Uniroyal Chemical Co., Inc.) with 0.01%

b d with f . . t ilwet L-77 (a surfactant; Lehle Seeds) at 9 am. Plants were then
members and with one group ot auxin responsive genes, g .eq in humid chambers, returned to their regular light regime,

Aux/IAAs (Kim et al., 1997; Ulmasov et al., 1999a). DNA- respraved at 4 pm, and returned to the humid chambers overnight. At
binding by some ARFs is disrupted by interaction with1o am the following day, plants were washed with a saturating spray
Aux/IAA proteins (Ulmasov et al., 1997b). None of the ARFsof distilled water before being returned to the greenhouse. Mock
tested to date, includingTT, are inducible by exogenous treatments were performed with distilled water containing 0.01%
application of auxin (Ulmasov et al., 1999b; J. L. N., L. J. FSilwet L-77. Flowers were observed directly and fixed for histological
and P. C. Z., unpublished results). Another development&nd ultrastructutral analyses approximately 10-14 days after
mutant, spatula (sp?), is epistatic toett in double mutant treatment

analysis and has been proposed as a potential downstregr&lnning electron microscopy

tbarge;[jof tI.ETT (fAI;/&Trez e:jndt_Smyth, b1998]1t|sf(;haract(_attr_|zedt amples for scanning electron microscopy analysis were fixed in FAA
y reauction of style and stigma, absence of transmitting trags 7o, formaldehyde, 5% glacial acetic acid, 50% ethanol) containing

cells and incomplete fusion of the apical end of the gynoeciuma, Triton X-100, dehydrated in a graded ethanol series, and critical
The recent cloning and characterization of 8T promoter  point dried with liquid C@. Tissues were coated with gold or

has revealed the presence of several putative AuxRE®ld/palladium and viewed using an ISI-DS130 microscope
(M. Heisler, M. Groszmann and D. Smyth, personal(international Scientific Instruments, Inc.) with an accelerating
communication), suggesting a mechanism for the regulation obltage of 10 kV.
SPTby ETT.

Genetic evidence implicates auxin flux in determination o
floral organ number and patterningin-formed1 flowers,

P-glucuronidase (GUS) staining

Lines were grown under long day conditions, and control or NPA

9 . reatments were performed once flowering was evident (as described
defective in auxin efflux, show decreased number of ﬂoraﬁ ove). Apices were removed and placed immediately in an ice-cold

. . , -
organs and a dramatic loss of valve tissue in the gynoecium leution containing, 0.1 M sodium phosphate (pH 7), 0.3% Triton X-
the few flowers formed (Bennett et al., 1995). These effects akgyg 5 mm KFe(CN), 5 mM KiFe(CN), 20% methanol, 0.3% X-
similar to those seen in plants exposed to PAT inhibitorsgiucuronic acid. After 5 minutes of vacuum infiltration, samples were
Mutations inPINOID, a kinase implicated in auxin transport placed at 37°C for 12 hours. Apices were then fixed in ice-cold FAA
or perception (Bennett et al., 1995; Christensen et al., 200Qyernight and subsequently dehydrated in a graded ethanol series.
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Light microscopy and initiation of floral meristems, verifying the transient nature

Whole apices were fixed in FAA overnight at 4°C, washed for 2 houref the NPA treatments (Fig. 1G). By day 19 post NPA

in 0.1 M potassium phosphate buffer (pH 7.5), and then transferrdleatment, a tight cluster of floral meristems may once again
to 8 N NaOH for 16 hours with agitation. Tissues were washed for 1

hour with 0.1 M potassium phosphate buffer (pH 7.5) and stainet
0.1% Aniline Blue in the same buffer solution for 15 minute
Gynoecia were mounted on slides and viewed with Nomarski op
on a Leica DMRB microscope.

RESULTS

Transient disruption of polar auxin transport in the

floral apex

N-1-naphthylphthalamic acid (NPA) is a phytotropin. Th
class of polar auxin transport inhibitors is defined by th
structure, benzoic acid derivatives ortho-linked to arome
ring systems (Lomax et al., 1995). Unlike other PAT inhibitol
which compete directly with auxin for transporter bindini
phytotropins bind to another plasma membrane-localiz
protein thought to regulate the efflux carrier by an unkno
mechanism. Several candidate targets for NPA-binding h
been isolated biochemically, but the identity of these prote
and their connection to auxin transport are unknown (Lon
et al.,, 1995)tir3, an NPA resistant mutant, has fewer NF
binding sites (Ruegger et al., 1997) and may be a mutatio
the NPA-binding protein or a factor necessary for its proj
expression, localization, or stabilization. NPA has drame
effects on plant growth and development and displays
auxin-like properties (Mattsson et al., 1999; Lomax et ¢
1995).

NPA is not trafficked by the auxin efflux carrier, and appes
to remain in the initial cells where it is introduced (Reed et
1998; Thomson et al., 1973). Several studies have success
used NPA to disrupt PAT and analyze development (Matts:
et al.,, 1999; Okada et al., 1991). Flower development car
divided into three phases: initiation of floral meristem
initiation and patterning of floral organs within the flor:
meristem, and postfertilization seed set and fruit developm:
Assays directly addressing auxin’s role in the first (Reinha. -~
et al., 2000) and last (Vivian-Smith and Koltunow, 1999) offig. 1. Effects of NPA treatment. The oldest flowers, probably those
these stages have been described. While effects throughguesent prior to NPA treatment show defects in silique elongation.
flower development are observed following the NPA treatment§hese are followed by an average of ten flowers with defects in organ
described in this work, the focus is to define the effects of NPRUMPer and patterning. The final flowers made by the plant appear
treatment on the second stage of flower development |g|d|§tt|ngw§hable frﬁm t{]'OS.e Ont.mOCK'treate(: E';th'ﬁ(A;H) Scanning

. . ectron micrograpns snowing time course o errects on
morphogenesis of flor.al organs. Since prolonged NP.I florescence r%erri)stems. Wh?te arrows indicate aberrant sepal
exposure _sevt_arely restricts the number Qf flowers formed, Ritiation. Asterisk denotes tapered meristems (both inflorescence
this investigation NPA was applied transiently to plants thafng fioral meristems are affected). (A) 1 day post-NPA treatment.
have already initiated flowerlng. Plants were exposed to NP@) 3 days post-NPA treatment. (C) 5 days post-NPA treatment.
for a single day and then washed thoroughly. Using theD) 7 days post-NPA treatment. Note reduction in number of floral
transient treatment described here, approximately ten flowenseristems initiated. (E) 9 days post-NPA treatment. Note absence of
show defects in floral organ patterning. primordia on inflorescence meristem (*). (F) 11 days post-NPA

Before treatment with NPA, the inflorescence meristem is geatment. While the inflorescence meristem (*) remains aberrantly
flattened dome tightly encircled by many flowers of Varyingtapered, floral merist.em initiation has rgsumed. (G) 13 days post-
developmental stages (Fig. 1A). After NPA treatment, thaJPA treatment. The inflorescence meristem has returned to wild-type
inflorescence meristem takes on a more tapered Shape,E%rphology and regular initiation of floral meristems. The large

f IV st floral St b d (Fia. 1B icels observed encircling the inflorescence meristem are from
ewer early stage floral meristems are observed (Fig. “owers initiated prior to day 9. (H) 19 days post-NPA treatment. The

The early stage floral meristems that are present show sepg{gristem is once again tightly encircled by floral meristems of
aberrant in number and morphology from day 3 through day Varying stages. At all time points, mock-treated apices were
(Fig. 1B-D). The inflorescence meristem recovers over timendistinguishable from those in A (data not shown). Scale bam80
By day 13, the meristem has resumed its wild-type appearante all panels.
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be observed (Fig. 1H). Another PAT inhibitor, 2,3,5- NPA has dramatic effects on gynoecium development
triiodobenzoic acid, was also used to confirm that the effectseveral regions can be clearly distinguished in mature
seen were a result of decreased polar auxin transport and wbidopsisgynoecia. These regions are, from apical tip to base:
not NPA specific (data not shown). All subsequent analysegiigma, style, ovary, and short internode or stipe (Fig. 3A).
reported below were performed on flowers formed in the periodyules are enclosed by the ovary wall, or valve, and connected
after day 1 (Fig. 1B) and prior to day 11 (Fig. 1F) followingto it through the placentérabidopsisgynoecia comprise two
NPA treatment. congenitally fused carpels, forming two locules, each containing
two strands of intercalating ovules along their length. The region
k between the two valves is defined as medial, and can be
All whorls are affected by treatment with NPA distinguished by a zone of cells, collectively termed the replum,
All floral organ types are affected by treatment with 00  which externally form a furrow running the length of the ovary.
NPA. In wild-type organ development, there is remarkably Floral development has been divided into 20 stages, from
little variation in the number of organs formed. In the outefloral meristem initiation in stage 1 to mature seeds falling
whorl organs of sepals, petals and stamens, NPA treatmeritem the dried fruit in stage 20 (Smyth et al., 1990). In floral
expand the variation in organ number considerably (Fig. 2; se#age 6, the gynoecium emerges from the center of the floral
below for discussion of NPA effects eftflowers). Thereisa meristem as a slotted cylinder. During development, the
general trend towards reduction of organ number, which isylinder grows upward (apically) and also inward (adaxially),
most pronounced in stamens. Sepals and petals often appeatiating replum development. Ovules begin to differentiate in
narrower than in the wild type, and anthers are frequentlfioral stage 8. Regional epidermal differences distinguishing
misformed (data not shown). These phenotypes mimic thosalve and style become apparent just prior to medial fusion in
observed impin-formediflowers (Bennett et al., 1995; Okada floral stage 10. Stage 11 is characterized by the initiation of
et al.,, 1991). Overall, the organs of the outer three whorlstigmatic papillae. By the completion of stage 12, all organs of
provide relatively few landmarks for characterizing aberrationshe flower are fully mature, and the bud opens.

in their form. Below we address the effects of PAT disruption Treatment with 1QuM NPA results in subtle changes in the
on regional patterning in the gynoecium. distribution of gynoecial tissues, observed as a slight reduction

NPA affects wild-type flower development

sepals petals stamens
¢ 100 100 100~
§ 75 75 751
wild-type 3 50 501
o
5 25 25 251
o
0123456780910 0012345678910 00123456 789 10
number of organs per flower
100 100 1007
75 7 751
ett-2 50 50 501
25 2 251
001'2'3 456 78 910 012345678 9 10 012345678 9 10
100 100 100
75 75 75
ett-1 50 50 50
25 25 I . I 25

00123456 7 8 9 10

0012345678 9 10

0123456738910

. mock treatment . 100 uM NPA

Fig. 2. Floral organ number counts following control and NPA treatments. Organ counts were performed 10-14 days following NPA treatment

Aberrant gynoecia were used to identify flowers affected by NPA treatment. In all mock treatments, 25 flowers were couited. In NP
treatments, 53 flowers were counted on 6 wild-type plants, 54 flowerstti2 plants and 52 flowers onet-1plants.
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Fig. 3. Scanning electron micrographs mock treated 10 UM NPA 100 uM NPA

showing NPA effects on tissue
distribution in the wild-type gynoecium.
Valve extent is indicated for the right side
of each gynoecium as the space between
the two white arrows. Late stage 12
gynoecia are shown for each treatment.
(A) Mock-treated flower with stigma

(sg), style (st), ovary (0), valve (v),
adaxial replum (r), and stipe (i) indicated.
(B) 10 uM NPA treatment. Note that the
stigma and style are slightly elongated.
(C) 100uM NPA treatment. Note the
reduced height of the gynoecium; the
valves are smaller than in mock-treated
plants, and there is a marked increase in
style and stigma proliferation. Scale bar,
(A) 165um, (B) 200um, (C) 140um.

in ovary length and a concomitant increase in stigma and stytero lateral. At the style/ovary boundary, two effects on
(Fig. 3B). With 100uM NPA treatment, effects are more vascular traces may be observed which serve as internal
dramatic, revealing reduction of ovaries, including shrinkagéandmarks for this regional transition. First, the lateral veins
of the valve in both the longitudinal and radial axes (Fig. 3C)terminate. Second, the medial veins bifurcate at this junction
In addition, stigmatic papillae, style, and stipe show increaseand large arrays of xylem elements are apparent within the
elongation. stylar region (Fig. 5A). The proliferation of stylar xylem
The epidermal cells of each region of the gynoecium displaguggests a high concentration of auxin during its development.
a distinct morphology (Fig. 4A,C). Style cells are rectangulad0 uM NPA treatments produce only mild effects on the
and elongated along the apical/basal axis. Valve cells at@furcation of the medial vasculature and the termination of the
smaller and more square. Medial furrow cells are still smallelateral strands (Fig. 5B), consistent with the subtle effects on
than valve cells. Treatment with NPA does not affect thestyle and valve observed by SEM. Treatments with 18I0
identity of the cells from each region (Fig. 4B). However, whileNPA result in both of the vascular markers of style/ovary
the medial furrow in wild-type gynoecia is indented relative toboundary becoming more deeply basalized (Fig. 5C). A
the valves, the region between the valves protrudes outward $ignificant loss of ovules is also seen with high level NPA
gynoecia treated with 100M NPA (Fig. 4A compared with treatments (Fig. 5C).
B). Cells in this region appear more axialized, and their _ o _
protrusion from between the valves may result from changedPA also alters expression of gynoecial tissue-specific
in cell shape and diminished size of the valve. Mediamarkers
outgrowths are also observed in untreated vedtlhkmutants; GT142 is an enhancer line that marks the dehiscence zone
however these outgrowths consist of cells displayinglong the margins of the valves, and visually delimits the valve
characteristics of the stylar transmitting tract (Fig. 4C; see alsarea (Fig. 6A; Sundaresan et al., 1995). Wild-type, untreated

Sessions, 1995). gynoecia show stronger expression at their apical ends,
) ] . although staining can be detected ringing the entire valve.

NPA induced changes in epidermal morphology are Plants treated with 10QuM NPA and stained forp-

mirrored in vascular patterns glucuronidase (GUS) expression illustrate the decrease in valve

Wild-type gynoecia have four internal veins, two medial andn both the radial and longitudinal axes (Fig. 6B,C). In Fig. 6C,

Fig. 4. Scanning electron micrographs of adaxial replum. (A) Junction of style (st), adaxial replum (r), and valve (v) in mock treated
gynoecium. (B) Junction of style (st), adaxial replum (r), and valve (v) inubDBIPA-treated gynoecium. Note that cells are more axialized

and grow out from between the valves, but retain other features of the adaxial replum. (C) Junction of style (st), adexig| eegwalve

(v) in ett-2gynoecium. Note medial outgrowth consists of bulbous cells, unlike any normally found on the surface of the gynoecium. Scale ba
20um in all panels.
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mock treated 10 uM NPA 100 uM NPA

Fig. 5. Vascular patterning in cleared, whole-mount
anthesis stage gynoecia. In each gynoecium, the
medial (m) and lateral (I) bundles are indicated, as
well as the stylar xylem (stx) which terminates the
medial bundles. The point of bifurcation of the medial
bundles is marked with an asterisk. A representative
ovule is also indicated (ov) where present in A,B).
(A) Mock treated gynoecium viewed medially. An
enlarged view of xylem elements exhibiting
characteristic cell wall thickenings is shown in the
inset. (B) 10uM NPA-treated gynoecium viewed
medially. (C) An oblique view of 100M NPA treated
gynoecium. Scale bar in lower left corner isptf.

i
g
2
|
E

the gynoecium is viewed laterally and a particularly sever:
reduction in valve may be observed.

A second tissue-specific marker line uses the promoter «
the S-Locus glycoprotein frorBrassica oleracea¢o direct
GUS expression (Toriyama et al., 1991). Wild-type, mock-
treated gynoecia show expression of GUS most strongly in tt
stigma (Fig. 6D,F). Treatments with 10 NPA cause GUS
expression to be basalized (Fig. 6E). NPA treatments als
provoke precocious expression of this stigmatic tissue marki
(arrows in Fig. 6F compared with G). Mutationseitt also
cause early appearance of stigmatic papillae when compar
with wild type (Sessions, 1997).

NPA alters ettin mutant phenotypes
All whorls are affected by NPA treatment

ett affects all four whorls of the flower. In the outer three
whorls, there are increases in perianth organ number at
decreases in stamen number (Sessions and Zambryski, 19¢
NPA treatments affect all organs eft plants (Fig. 2). As in
wild type, NPA treatments increase the variation in the numbe
of sepals, petals and stamens produced. Stamen number
greatly reduced in all treatexdt plants, and third whorl organs
often consist of filamentous structures lacking anthers (Fic
7B,E; st). Mosaic organs composed of petal and stamen tisst
are seen commonly in the second whorl (Fig. 7);Qurling

and wrinkling of the sepals is also apparent (Fig. 7C,E), an G
sepals are often reduced to filamentous structures (Fig!)7C; ¢ *
This stochastic alteration in floral organ number and overa

reduction in organ size is reminiscent of another mutan

tousled(tsl; Roe et al., 1997)ISLencodes a serine-threonine

kinase which phosphorylates the C-terminal half of ETT ir -3

vitro (X. Liu, J. L. N., P. C. Z., and J. Roe, unpublished results)
These results together may implicalé&sL in the auxin
response. Defects in gynoecium development caused by NPA

treatments are also observed, and are described in detail beldi@- 6. Tissue-specific marker lines indicating changes in tissue
distribution in NPA-treated gynoecia. (A) GT142 mock treated. The
NPA enhances the gynoecium defect of weak ett-2 dehiscence zone at the edge of the valve appears blue. (B,@)100
alleles NPA-treated GT142. Note the reduction in overall size of the valves.
%F) SLG::GUS mock treated. The apical tissues of the gynoecia,

ett-2is a weak allele caused by a missense mutation that res
in aberrant splicing of some transcripts (Sessions et al., 199¢)eated. The excessive (E) and precocious (G) proliferation of the
ett-2gynoecia have reduced valves, expanded apical tissues, &fyma and style can be seen. Black arrows in F and G indicate
elongated stipe, and a medial outgrowth composed of stylibwers at the same stage of development; reporter expression can
tissue (Fig. 7A). Treatments with low levels of NPA {1d) only be detected in G.

style and stigma, appear blue. (E,G) SLG::GUSUMNPA
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mock treated

10 uM NPA _100 uM NPA

Fig. 7. Scanning electron micrographs showing NPA
effects on tissue distribution &ttgynoecia. Stage
12/13 gynoecia are shown for each treatmente¢A?
mock-treated gynoecium with stigma (sg), style (st),
valve (v), medial outgrowth (mo), and stipe (i)
indicated. Valve extent is indicated on the left side of
the gynoecium as the space between the two arrows.
(B) ett-2gynoecium treated with 140M NPA. /
Stigmatic papillae are enlarged and are supported by |
elongated style and stipe tissue. No valve tissue is
apparent. Note the increased height of the gynoecium
relative to the petals, as compared with mock-treated
ett-2(A). A misformed stamen lacking anther tissue in
indicated (s). (C) ett-2gynoecium treated with 100

UM NPA. The gynoecium is similar in appearance to
that observed in the low level treatment (D).

Curling of the sepals is also evideritirglicates a
bifurcated, filamentous sepal. (Bt-1mock-treated
gynoecium. An external ovule (ov) is indicated. No
valve tissue is apparent. (Eff-1gynoecium treated

with 10uM NPA. The overall structure is similar to
mock-treatectt-1, except for the additional reduction
in ovules. (Flett-1gynoecium treated with 1@V

NPA. The high level treatment has no additional effect
onett-1 A mosaic second whorl organ composed of
petal and stamen tissue is marked with. &pale bar,

(A) 250 um, (B) 195um, (C) 205um, (D) 275um,

(E) 190um, (F) 205um.

largely eliminate any apparent differentiation of valve tissue, anceflect complete basalization of medial bundle bifurcation and
the remaining structure, composed exclusively of stigma, stylateral bundle termination. In this case, medial veins would
and stipe, resembles that of strogitjalleles (Fig. 7B). This bifurcate at the base of the gynoecium, appearing as four
dramatic phenotype reveadsts increased sensitivity to NPA strands instead of two, and lateral veins would not form at all.
treatments, as low level NPA treatments have only subtle effectdternatively, the phenotype observed with NPA-treatée?
on development of wild-type gynoecia. 10 NPA treatments gynoecia may be similar to what is observed with intermediate
do not appear to further enhance these defects (Fig. 7C).  ett alleles where lateral veins take on medial vein attributes,
] bifurcating in medial bundle-like fans of xylem (Sessions and
Gynoecial defects produced by strong ett alleles are Zambryski, 1995). High level NPA treatments (100) of ett-
largely unaffected by NPA treatment 2 plants produce large numbers of parallel veins that terminate
ett-1 makes no detectabégttranscript, as a result of a T-DNA at the top of the organ in a dramatically enhanced fan of xylem
insertion near the beginning of the coding region (Sessions &tig. 8C). No ovules are seen in NPA-trea&ttd2 gynoecia
al., 1997)ett-1gynoecia rarely make valves and consist solely(Fig. 8B,C).
of apical tissues supported by an elongated stipe (Sessions andin ett-1, bifurcation of medial bundles and termination of
Zambryski, 1995). Ovules are often exposed at the apical emateral bundles is basalized, and the stylar xylem anastomoses
of the structure. Treatments with 10 or 108 NPA result in  at the apical end of the gynoecium (Sessions and Zambryski,
only subtle enhancement of this exterior phenotype (Fig. 7E,F1995). These phenotypes are largely unaffected by 10 or 100
The major effect of NPA treatments @tt-1 is the severe uM NPA treatments (Fig. 8E,F). As in treateti-2 plants,
reduction in the number of ovules produced (notice absence lafteral veins are rarely observed in NPA-treattdl plants,
external ovules in Fig. 7E,F compared with D). There are nand a clear bifurcation of the medial vasculature is not
apparent differences in the effects of low and high level NPAapparent. This may indicate an extremely basalized style/ovary
treatments. boundary in these tissues. Overall, NPA-treattd gynoecia
show a very similar phenotype to NPA-trea&#ti2 gynoecia.
Altered vasculature reflects altered regional boundaries
The basalization of medial vein bifurcation and lateral veinspt mutants are partially rescued by NPA treatment
termination in ett mutants has been described previouslyMutations inSPATULA(SPT) produce gynoecia with reduced
(Sessions and Zambryski, 1995). Indd NPA treatedett-2  apical tissues (Alvarez and Smyth, 1998; Alvarez and Smyth,
mutants, all vascular bundles branch at the apical end of ti®99; see also Fig. 9A3pt gynoecia lack transmitting track
gynoecium, making it difficult to distinguish lateral from cells and are often incompletely fused at the apical end. There
medial veins (Fig. 8B). If these veins are all medial, this woulds also reduced development of the stigmatic papillae. The
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strong spt allele, spt-2, causes strikingly aberrant gynoecial Low level NPA treatments are sufficient to strongly enhance
vasculature (Fig. 9B). Instead of bifurcating at the style/ovaryhe gynoecial phenotype produced by the we#? allele —
boundary, medial veins ispt gynoecia bifurcate at several drastically reducing valve, increasing both proliferation and
points along the apical half of the valve and fan out abaxiallydistribution of apical tissues, and increasing the length of the
The stylar xylem is more extensively elaborated than in wildstipe. The exterior morphology of plants with the strettgl
type gynoecia. The lateral veins terminate in knots of xylenallele is not dramatically affected by NPA treatments, though
(Fig. 9B; I') and often curve adaxially. Discontinuous strandsapical tissues proliferate more than in mock treatedplants.
as well as isolated islands of xylem are also observed (data s in wild type, ovule production iett gynoecia is severely
shown). limited by NPA treatment. In contrasgpt gynoecia are
While valve and internode tissuesspit-2gynoecia are less partially rescued by NPA treatment. These results uncover an
affected by treatment with 1Q0M NPA than eitheettor wild-  intimate link between the action &TT and SPTand normal
type gynoecia, NPA largely suppresses the effects of theolar auxin transport in the gynoecium.
mutation on apical tissues (Fig. 9C). Stipe length is moderatel ) B _
increased and valves are slightly reduced. A majority OiYhe gynoecium as modified leaves: evolutionary
gynoecia show complete fusion of the apical end and greatgnd developmental parallels
enhanced stigma development (Fig. 9C). Vasculature of the leaf development, the prevailing model for vein initiation is
NPA-treated spt-2 gynoecia is remarkably similar to that that auxin is first synthesized in leaf margins and subsequently
observed in untreated wild-type plants (Fig. 9D); thedrains away towards the center of the organ. The flow of auxin
bifurcation of medial veins is more limited to the style/ovaryis canalized into discrete channels which then differentiate into
boundary, and the stylar xylem arrays are less dense. Lateemhetwork of veins (Mattsson et al., 1999; Sachs, 1991). Loss
vein knots are also reduced. Ovule number is reduced as @f polar auxin transport in developingrabidopsisleaves,
NPA treatments of wild type. resulting from mutations iRIN1 or following NPA treatments
(Mattsson et al., 1999), supports this model and shows striking
parallels with the results in the gynoecium described here.
DISCUSSION Young leaves treated with NPA exhibit increased density of
veins along their margins, as well as multiple parallel midveins.
This work documents the effects of disrupted polar auxint is proposed that reduced PAT causes auxin to pool at the
transport on floral organ development, particularly regionamargins, leading to increased vein production there. Depleted
differentiation in theArabidopsisgynoecium. NPA treatments auxin at the midvein would disrupt canalization and produce
result in increased concentration of auxin near source cells anaultiple smaller veins connecting the leaf to the petiole. This
depauperation in outlying areas. In wild-type
gynoecia, NPA treatment results in incree
apical tissue proliferation, a basalized style/o mock treated 10 uM NPA
boundary, decreased valve production anc . o
elongated stipe. Ovule development alsc
negatively affected by NPA treatments. Analy
via scanning electron microscopy, tissue-spe
GUS marker lines, and light microscopy
cleared tissue support these findings.

100 uM NPA

Fig. 8.Vascular patterning in cleared, whole-mount
anthesis stage gynoecia. In each gynoecium, the
medial (m) and lateral (I) bundles are indicated where
present, as well as the stylar xylem (stx) which
terminates the medial bundles. The point of
bifurcation of the medial bundles is also indicated
where present (*). A representative ovule (ov) is
indicated in A, the only case where ovules are
observed. (Aptt-2mock-treated gynoecium. (B}t-2
gynoecium treated with 0M NPA. Though four
bundles are present, it is difficult to distinguish medial
from lateral as all veins terminate in medial bundle-
like fans of xylem. (Cett-2gynoecia treated with 100
UM NPA. Notice many parallel veins terminating in
large fans of xylem. (Dgtt-1 mock-treated gynoecia.
The medial bundles anastomose at the apical end of
the gynoecia. (E¢tt-1gynoecium treated with 10M
NPA. Only two bundles are observed, both showing
medial attributes. (Ftt-1gynoecium treated with
100uM NPA. These gynoecia closely resemble those
of ett-1gynoecia treated with 0M NPA. Scale bar,

10 um.
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mock treated 100 uM NPA

Fig. 9.NPA effects on tissue distribution §ptgynoecia. Stage 12/13 gynoecia are shown in all panels. (A,C) Scanning electron micrographs
are shown for both treatments. (B,D) Vascular patterning in cleared, whole-mount gynoecia. The medial (m) and latera$ @réundl
indicated, as well as the stylar xylem (stx). The point(s) of bifurcation of the medial bundles is marked with an astistisik-{featedspt-2
gynoecium with stigma (sg), style (st), valve (v), and stipe (i) indicated. Note the lack of fusion at the apical end dexkloyk stigmatic
papillae. (B) Mock-treatedpt-2gynoecium. Note the multiple bifurcations of the medial veins and the knot of xylem near the terminus of the
lateral vein (I). (C)spt-2gynoecium treated with 1€M NPA. The internode is only slightly elongated and the valves show only modest
reductions following NPA treatment. The apical tissue phenotypes are largely suppressed — the style appears completestifmatican
papillae are more elongated and abundantsfibPgynoecium treated with 1Q€M NPA. The vascular defects are almost completely
suppressed by NPA treatment. The traces appear more focused overall, with fewer bifurcations, discontinuous strands] agkisolat
elements. There are also dramatic reductions in the xylem knots at the termini of lateral veins. Medial vein bifurcatévalamihla

termination are somewhat basalized as in wild-type NPA treated gynoecia. Scale bar, (%), 88510um, (C) 300um, (D) 10um.

is similar to NPA effects on the gynoecium where the veingrimordium, represented as the wide base of the triangle shown
linking the gynoecium to the receptacle are multiplied. Thigo the left of each panel. Treatment with NPA results in pooling
pattern of venation is consistent with cells along the style/ovargf auxin in these primordium cells, promoting precocious and
boundary acting as a source of auxin. Veins in NPA-treateexcessive proliferation of apical tissues in the mature
gynoecia are strikingly similar to those observedpinoid  gynoecium (shown as dark green in schematics below
(Christensen et al., 2000), as welltisIn light of the aberrant primordia). The depletion of auxin in more basal primordium
venation found inspt gynoecia, these observations imply acells results in the loss of valve and ovules (light green) and
central role for auxin in gynoecium morphogenesis. Théengthening of the stipe (yellow) in the mature gynoecium.
Angiosperm carpel is proposed to have originated as modifiethis decrease in auxin transport is represented as a triangle
leaves which fused to enclose and protect the gametophyteith decreased length in Fig. 10B, bringing ‘a’ and ‘b’
suggesting that these parallel effects observed in leaf arlreshold levels closer together. NPA studies and analyses of
gynoecium development may reflect a common evolutionargiuxin transport mutants show that valve development requires

program. proper PAT. In our model, valve formation is promoted by mid-
) ) ) level auxin concentrations. The stipe may be the default
Auxin as a morphogen patterning the gynoecium developmental program resulting from little or no auxin.

Morphogens directly trigger differential responses in a short- The model described above addresses the effects of auxin on
range, concentration-dependent manner. Recent studies hdergitudinal development of the gynoecium. It is clear,
concluded that auxin fits many of the criteria for a morphogerhowever, that auxin significantly affects radial development as
including work in pine and aspen where a short-range auxiwell, most clearly seen in the replum and valve. Several
gradient over the lateral meristem acts as a positional cue fgynoecium mutants display defects in both axes of the
cambial growth (Tuominen et al., 1997; Uggla et al., 1998gynoecium, suggesting that their development is likely
Uggla et al., 1996). Analyses @éfrabidopsisroots strongly coordinatedtousled crabs clawand spt all show defects in
suggests that auxin is a key organizer of cellular patterning icarpel fusion and reduced apical tissue production (Alvarez
that tissue (Sabatini et al., 1999). We propose a model wheamd Smyth, 1999; Bowman and Smyth, 1999; Roe et al., 1997).
auxin acts as a morphogen patterning the gynoecium (Fig. 1®tt gynoecia show an eversion of stylar transmitting tract, in
The dramatic shifting of regional boundaries caused by NPAddition to the apical-basal defects previously mentioned
treatment, may be explained by an apical-basal gradient ¢Bessions and Zambryski, 1995).

auxin early in development. In this model, two boundaries in Another possible site of auxin action is during ovule
the gynoecium primordium (a and b) mark threshold levels oflevelopment. The initiation or resumption of meristematic
auxin. One boundary lies between presumptive style (dar&ctivity in the placenta likely involves alterations in local
green) and valve (light green); the other boundary separatéermone ratios. Ovules are more sensitive than other tissues of
presumptive valve and stipe (yellow). Auxin-producing cellsthe gynoecium to disruptions in PAT, as valves produced in
are proposed to reside in the apical end of the gynoeciutreated wild-type plants are largely devoid of ovules. This loss
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Fig. 10.Model of gynoecium development with auxin acting as a
gradient-forming morphogen. Major regions of the gynoecium for
wild type, wealett-2and strongett-1are indicated: dark green,
style/stigma; light green, ovary; yellow, stipe. Triangles indicate
relative concentration of auxin, as well as the direction of auxin flux.
Cylinders represent gynoecium primordia. Horizontal lines, a and b,
within the primordium represent emerging regional boundaries
dependent upon defined auxin concentrations. Wavy horizontal lines
in the primordia oktt mutants represent destabilization of these
boundaries, as a result of reduced ETT function. Schematics below
the primordia represent the mature structures resulting from the
conditions present early on in development. (A) Models for
development in the absence of NPA treatment in wild typet(ip

A.notreatment | B. NPA treatment

vz -

(0

i. wild-type

= = (i), ett-1 (iii), and spt-2(iv). (B) With NPA treatment, the slope of
v W the auxin gradient is increased. This is represented as a decreased
C) - length of the auxin concentration triangle. This alteration results in

higher auxin concentrations at the apical end of the structure and

ii. ett-2 (weak) depletion of auxin at the base. The increase in auxin concentration at
the apical ends results in increased apical tissue proliferation, most
notably in wild type an@tt-2 The change in the slope of auxin
concentration brings the regional boundaries dependant on threshold
levels of auxin closer together. In the wedik2 allele (ii), this

decreased area of the presumptive valve region is further
compromised by destabilized boundaries. As a result, the light green
region of the primordium is greatly reduced and valves are rarely
observed in mature gynoecia. This effect resembles satiig

gynoecia (Aiii). Strongett-1gynoecia (iii) are relatively unaffected

by treatment with NPAsptmutants are defective in apical tissue
development, represented as a wavy apical line in the primordia. The
presumed pooling of auxin in the apical tissues caused by NPA
treatments is able to partially compensate for the effects apthz
mutation, perhaps by bypassing a weakened auxin response (iv). The
reduced sensitivity a§ptgynoecia to NPA treatment, relative to
wild-type plants, is evident in the mild effects on valve and internode
length. This may indicate that auxin signal transduction in the
gynoecium is largely dependent upo8RiFmediated pathway.

<
gl
\

iii. ett-1 (strong)

) the limited sensitivity of available approaches make accurate
V. spt-2 (strong) quantitation of auxin levels difficult to determine.

ETT's role

ETT is proposed to establish or elaborate two regional
boundaries defining the apical and basal ends of valves during
gynoecium development, as illustrated in Fig. 10A (adapted
from Sessions, 1997). That NPA treatments phenocopy many
of ovules appears to be position-dependent, most severedgpects of theett phenotype, yet ETT is not itself auxin
affecting ovules at the apical end of the gynoecium (data natducible, demonstrates that polar auxin transport is required
shown), perhaps reflecting an upper limit of local auxinatthese same boundaries. In this model, ETT mediates the mid-
concentrations for proper ovule development. Howew@T level auxin response, specifying valve development, while
does not appear to play a large role in mediating the auxirstricting high level auxin responses, perhaps by binding to
response in the ovules, as these tissues are least affected by thgsspromoters of auxin-responsive genes. Decreased level or
of ETT. ett tsl double mutants, in fact, leave a structurefunction of ETT results in destabilized boundaries in the
consisting solely of placenta and ovules, suggesting neitheleveloping gynoecium (represented by wavy lines around
gene is required for these tissues to differentiate. As ETT ithreshold levels of auxin in Fig. 10Aii,iii). This destabilization
one of a large family of proteins, another ARF may mediateesults in a shrinkage of the presumptive valve region (light
the auxin response in ovules. green) and expansion of the presumptive apical (dark green)
As our model relies on auxin gradients for promotingand basal (yellow) regions in the primordium. Moderate
regional patterning in the gynoecium, we attempted tdoasalization of the ‘a’ boundary and raising of the ‘b’ boundary
determine the presence of auxin, and auxin gradients withicauses the phenotype observed in we#k2 gynoecia. In
the developing organ. Unfortunately, the best tools currentlgtrongett-1 mutants, the shift in boundaries is more extreme,
available — a monoclonal auxin antibody (Pence and Carussuch that the middle region is eliminated.
1995) and the auxin-responsive reporter construct, DR5 The steeper auxin gradient resulting from NPA treatment
(Ulmasov et al., 1997b) — were inconclusive (data not shownhrings the destabilized boundaries eft-2 still closer,
The small size of th&rabidopsisgynoecium primordium and phenocopyingett-1, resulting in a stochastic loss of valve
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(Fig. 10Bii). NPA-treated ett-2 gynoecia are largely Christensen, S. K., Dagenais, N., Chory, J. and Weigel, 2000).
indistinguishable from strongtt-1 with two exceptions: loss i’?gulaﬁon of auxin response by the protein kinase PINOHII.100, 469-
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lacking ETT protein, already exhibit a severe reduction oHardtke, C. S. and Berleth, T.(1998). The Arabidopsis geMONOPTEROS
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: : . gevelopmentEMBO 17, 1405-1411.
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interfering in ovule production (Fig. 10Biii). Lomax, T. L., Muday, G. K. and Rubery, P. H.(1995). Auxin transport. In
Plant Hormones and their Role in Plant Growth and Developn{edt P.

ETT and SPT J. Davies), pp. 509-530. Boston Dordrecht (Netherlands): Kluwer Academic
Publishers.
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