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The gynoecium is the most complex floral organ, designed to protect the ovules and ensure their fertilization. Correct

patterning and tissue specification in the developing gynoecium involves the concerted action of a host of genetic factors.

In addition, apical-basal patterning into different domains, stigma and style, ovary and gynophore, appears to depend on the

establishment and maintenance of asymmetric auxin distribution, with an auxin maximum at the apex. Here, we show that a

small subfamily of the B3 transcription factor superfamily, the NGATHA (NGA) genes, act redundantly to specify style

development in a dosage-dependent manner. Characterization of the NGA gene family is based on an analysis of the

activation-tagged mutant named tower-of-pisa1 (top1), which was found to overexpress NGA3. Quadruple nga mutants

completely lack style and stigma development. This mutant phenotype is likely caused by a failure to activate two auxin

biosynthetic enzymes, YUCCA2 and YUCCA4, in the apical gynoecium domain. The NGA mutant phenotypes are similar to

those caused by multiple combinations of mutations in STYLISH1 (STY1) and additional members of its family. NGA3/TOP1

and STY1 share almost identical patterns of expression, but they do not appear to regulate each other at the transcriptional

level. Strong synergistic phenotypes are observed when nga3/top1 and sty1 mutants are combined. Furthermore,

constitutive expression of both NGA3/TOP1 and STY1 induces the conversion of the ovary into style tissue. Taken together,

these data suggest that the NGA and STY factors act cooperatively to promote style specification, in part by directing

YUCCA-mediated auxin synthesis in the apical gynoecium domain.

INTRODUCTION

The last two decades have seen substantial advances in our

knowledge of the molecular genetics directing floral meristem

and organ identity development, leading to a clear picture of how

floral organ identity is acquired (Robles and Pelaz, 2005). Once

organ, identity is established; however, different tissues must

differentiate in the correct pattern to ensure organ function, and

we are only now beginning to understand the genetic pathways

directing floral organ patterning.

The gynoecium, the female reproductive structure from which

fruits derive, is the most complex floral organ. In Arabidopsis

thaliana, the gynoecium comprises two congenitally fused car-

pels that arise from the floral meristem forming a hollow cylinder.

Subsequently, apical-basal, adaxial-abaxial, and radial patterns

are established and distinct tissues differentiate sequentially.

Along the apical-basal axis, the mature Arabidopsis gynoecium

consists of a short basal, stem-like structure, the gynophore, on

top of which a bilocular ovary forms, capped with a solid style

and stigmatic papillae (Figure 1A). In the transversal plane, three

major regions can be distinguished: the valves, which corre-

spond to the two carpel walls, and the valve margins and the

replum in the zones of carpel fusion (Figure 1A). Meristematic

tissues are present in the carpel margins, which give rise to the

apical style and stigma, and the internal septum, transmitting

tract and ovule producing placenta on the adaxial side of the

gynoecium (Ferrándiz et al., 1999; Balanza et al., 2006). Most of

the tissues that make up these regions in the gynoecium can be

distinguished functionally and/or morphologically, and several

mutants that specifically affect subsets of these tissues have

been identified (Balanza et al., 2006).

The genetic networks underlying differentiation of valves, valve

margins, and repla have been extensively studied in the last few

years, leading to the proposal of a well-supported and detailed

model for patterning on the transversal plane of the ovary

(Dinneny and Yanofsky, 2005; Alonso-Cantabrana et al., 2007).

Similarly, a number of mutants affecting the distribution of

tissues along the apical-basal axis of the gynoecium have been
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identified, but their regulatory hierarchies or their mechanisms of

action are much less understood. A major factor for the differ-

entiation of the apical tissues of the gynoecium is the SPATULA

(SPT) gene, which encodes a basic helix-loop-helix transcription

factor (Heisler et al., 2001). spt mutant gynoecia have reduced

style and stigmatic tissues, are partially unfused at the apical

end, and lack transmitting tract development (Alvarez and

Smyth, 1999). SPT protein is able to interact with the HECATE

basic helix-loop-helix proteins, three related factors that redun-

dantly participate in stigma, septum, and transmitting tract

development (Gremski et al., 2007). STYLISH1 (STY1), STY2,

and other members of the small SHI-like gene family of RING-

finger transcription factors also direct apical tissue formation, as

revealed by the partial loss of style and stigma caused by

mutations inSTY1 and related genes or the ectopic development

of patches of style-like tissue in the valves of plants overexpress-

ing STY1 (Kuusk et al., 2002, 2006). Somewhat opposite phe-

notypes to spt or sty multiple mutants are seen when ETTIN

(ETT)/AUXIN RESPONSE FACTOR3 is mutated. ett mutants

show severe defects in apical-basal patterning, with an increase

of the apical and basal regions (style/stigma and gynophore,

respectively) and a decrease in the size of the ovary (Sessions

and Zambryski, 1995; Sessions et al., 1997; Pekker et al.,

2005). The regulatory hierarchies of these factors are only

partially known. Genetic analyses have placed STY1 and related

genes downstream of SPT, although the precise molecular

Figure 1. Phenotypes Caused by Ectopic Expression of NGA3/TOP1.

(A) to (C) Scanning electron micrographs of anthesis gynoecia from the wild type (A), top1-1D (B), and 35SPRO:NGA3 (C). The different regions of the

anthesis gynoecium are indicated in (A). Arrows mark the valve-gynophore boundary, black horizontal bars indicate the width of the replum, and white

horizontal bars indicate the width of the style. Bars = 200 mm.

(D)Comparison of mature siliques from the top1-1Dmutant (left), the wild type (center), and two independent 35SPRO:NGA3 lines (right), where PMT17.2

is representative of an intermediate phenotype and PMT17.1 of a strong phenotype.

(E) and (J) Rosette morphology of top1-1D (E) and 35SPRO:NGA3 (J) lines, 20 d after sowing.

(F) and (G) Plant architecture phenotypes of top1-1D (F) and 35SPRO:NGA3 lines (G), 5 weeks after sowing.

(H) Fasciation of the stem in a 35SPRO:NGA3 inflorescence.

(I) Partially fused cotyledons of a 35SPRO:NGA3 young plant.

(K) and (L) Root morphology of wild-type Col (K) and 35SPRO:NGA3 lines (L) grown for 6 d in vertical Murashige and Skoog plates.
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mechanisms are not known (Groszmann et al., 2008; Staldal

et al., 2008). Likewise, it appears that ETT restricts SPT expres-

sion to the apical domain and that ectopic expression of SPT is

largely responsible for the apical-basal patterning defects in ett

mutants (Heisler et al., 2001).

Together with these genetic factors, auxin appears to play a

key role in the specification of the different domains along the

apical-basal axis of the Arabidopsis gynoecium. This was first

suggested by the phenotypes of mutants affecting auxin trans-

port or signaling. Several of these mutants show defects in

apical-basal patterning, with an increase of the apical and basal

regions (style/stigma and gynophore, respectively) and a de-

crease in the size of the ovary (Okada et al., 1991; Bennett et al.,

1995; Sessions et al., 1997). Second, gynoecia treated with

polar-auxin-transport inhibitors exhibit very similar defects, lead-

ing Nemhauser et al. (2000) to propose amodel where the apical-

basal patterning is dependent on an auxin gradient spanning the

gynoecial primordium with peak levels in the apical regions and

descending levels basally. According to this hypothesis, high

auxin levels would promote proliferation of style and stigma;

intermediate levels the ovary and low levels the gynophore.

Inhibition of auxin transport in the gynoeciumwould lead to auxin

accumulation in source tissues, hypothesized to be the apical

parts, and depletion in the basal regions, which is in agreement

with the observed effects (Nemhauser et al., 2000). The YUCCA

(YUC) genes encode flavin monooxygenases involved in auxin

biosynthesis. Two of the 11 Arabidopsis YUC genes, YUC2 and

YUC4, are expressed in the apical gynoecium, and multiple yuc

mutants exhibit a strongly affected gynoecium patterning, sup-

porting the proposed key role of auxin synthesis in the apical

domains to direct gynoecium morphogenesis (Cheng et al.,

2006). This hypothesis has received further support by the

finding that STY1 activates YUC4 expression (Sohlberg et al.,

2006) and the restoration of sty1 sty2defects in apical gynoecium

development by exogenous application of auxin (Staldal et al.,

2008).

Our understanding of the genetic networks directing apical-

basal patterning in the gynoeciumhas increasedgreatly in the last

fewyears, although thecurrentmodels that explain theunderlying

molecular mechanisms are not as complete as for the transversal

planeof theovary.Amongother reasons, it is likely that other gene

functions influencing this process have yet to be identified.

Among those, there may be highly redundant genes, whose

functions are difficult to reveal through traditional mutant screen-

ing approaches. This work describes the functional characteri-

zation of four highly related genes that promote the formation of

apical tissues during carpel development, the NGATHA (NGA)

genes. We identified NGA3/TOP1, in an activation tagging muta-

genized population (Weigel et al., 2000), by the severe phenotype

observed in gynoecium development caused by NGA3/TOP1

overexpression. We then used a reverse genetics approach to

obtain loss-of-function mutants in NGA3/TOP1 and three closely

related homologs, NGA4, NGA2, and NGA1. The NGA genes act

redundantly to promote apical tissue development in the Arabi-

dopsis gynoecium. We present data based on genetic analyses

that indicate that theNGAgenes act in parallelwith theSTYgenes

to direct style development, partially through activation of YUC-

mediated auxin synthesis in the apical gynoecium.

RESULTS

Phenotypic Defects of the Activation

Tagging Mutant top1-1D

To identify genes involved in carpel and fruit development

in Arabidopsis, we screened a population derived from an

activation-tagging mutagenesis, in which cauliflower mosaic

virus (CaMV) 35S transcriptional enhancers are randomly inte-

grated into the genome. We identified a putative mutant among

the primary transformants, which we named tower-of-pisa1-1D

(top1-1D), which showed elongation and patterning defects in

silique development (Weigel et al., 2000). This line had very

reduced self-fertility; therefore, we outcrossed it to wild-type

Columbia (Col) plants to test for heritability of the phenotype in

the progeny. The original phenotype was reproduced in approx-

imately three-quarters of the progeny, as expected for a dom-

inant mutation, and cosegregated with herbicide resistance

encoded by the activation tagging vector, but showed different

degrees of expressivity.

The top1-1D plants had severely affected fruit size and shape.

The top1-1D phenotypes were highly variable even within the

same plant: the strongest phenotypes corresponded to fruits

with reduced valve size, long gynophores, and enlarged styles

(Figure 1B); other fruits showed an abnormal replummorphology

(Figures 1B and 1D); finally, aberrant shapes were also found,

most frequently an outgrowth of the tip of the valves to produce

fruit with the shape of an inverted arrow head (Figure 1D). top1-

1D plants also showed pleiotropic phenotypes that affected root

growth, leaf morphology (Figure 1E), and inflorescence devel-

opment (Figure 1F), as well as a high rate of mortality before

completing the reproductive cycle. The expressivity of these

phenotypes was found to be highly variable and rapidly lost in

subsequent generations, probably due to silencing of the CaMV

35S enhancer. Therefore, we did not perform a more detailed

phenotypic characterization of this line.

top1-1DMutants Overexpress the NGA3Gene Encoding a

B3 DNA Binding Protein

The top1-1D line was found to contain a single insertion of the

activation taggingT-DNA.Plasmid rescuewasperformed, andwe

determined the site of insertion in a region covered by BAC

T25K16 in chromosome 1. An open reading frame (ORF) anno-

tated as aB3DNAbinding domain protein (At1g01030)was found

2654 bp downstream of the 4x35S enhancer of the T-DNA (see

Supplemental Figure1Aonline).We found thecorrespondingRNA

to be strongly upregulated in top1-1D inflorescences compared

with the wild type, where it was detected only at low levels (see

Supplemental Figure1Donline). At1g01030hasbeendescribed in

the literature asNGA3, which is part of a small gene family having

four members (NGA1 to NGA4; Alvarez et al., 2006). To further

confirm that the observed phenotypes were caused by ectopic

NGA3 expression, we transformed wild-type Col-0 plants with

two different constructs. CFM97 consisted of a 5.2-kb EcoRI-PstI

genomic fragment spanning a region containing the NGA3 ORF

placed after a tandem repeat of the CaMV 35S promoter in a

pBIN19 vector backbone (35SX2PRO:NGA3). The 35SX2PRO:

1396 The Plant Cell



NGA3 lines showed phenotypes similar to top1-1D mutants;

moreover, these lines also behaved similarly in the gradual phe-

notypic attenuation in subsequent generations. To overcome this

effect, we generated a new construct, pMT17 (35SPRO:NGA3),

where theNGA3ORFwas placed after a single copy of the CaMV

35S promoter in a pGREENII vector backbone. Nine out of 12

35SPRO:NGA3 T1 transgenic lines showed abnormal leaf mor-

phology: rosette leaveswere long and narrow and of darker color,

similar to those observed in top1-1D lines (Figure 1J). Three of

them developed carpels with the inverted arrow morphology

found in the attenuated top1-1D lines, while two other lines

showed the strong carpel development defects initially found in

the top1-1D line: long gynophores, enlarged repla, and reduced

valves (Figures 1C and 1D). In addition to their major effect in

gynoecium patterning, 35SPRO:NGA3 strong lines showed pleio-

tropic phenotypes that affected most phases of vegetative and

reproductive development. Approximately 20% of the 35SPRO:

NGA3 seedlings showed altered cotyledon development, with

either fused or cup-shaped cotyledons (Figure 1I). Roots of

35SPRO:NGA3 plants were frequently short and showed a higher

proliferation of secondary roots, similar to those grown in the

presence of exogenous auxin (Figure 1L). The 35SPRO:NGA3

plants had reduced apical dominance and altered flower phyllo-

taxy, with frequent fasciation of the stem (Figures 1G and 1H). All

these phenotypes have been previously associated with either

altered auxin homeostasis or signaling (Bennett et al., 1995). The

35SPRO:NGA3 strong phenotypesweremaintained in subsequent

generations; therefore, this linecouldbeused for genetic analysis.

Identification of nga3/top1 Loss-of-Function Mutants

To gain further insight into NGA3/TOP1gene function, we iden-

tified loss-of-function nga3/top1 mutants in publicly available

insertion collections. Two alleles of NGA3/TOP1 from the AMAZE

transposon-tagged population (Wisman et al., 1998) and one in

the SAIL collection (Sessions et al., 2002) were isolated by

reverse genetics in the Col-0 genetic background (see Supple-

mental Figure 1B online). The strongest phenotypes corre-

sponded to the nga3-3 allele, where a 600-bp nontransposable

fragment of the En-1 element is located in the second exon at

position 404 (see Supplemental Figure 1B online). Homozygous

nga3-3 mutant plants showed variable phenotypic effects, af-

fecting only gynoecium development. A variable fraction of the

fruits of each plant showed defects in their apical domain. Most

frequent were fruit with long and narrow styles, where valve

growth was slightly unequal at the top, causing the style to be

tilted to one side, hence the original “Tower of Pisa” name

(Figures 2A, 2B, 2F, and 2G). Occasionally, fruit showed more

severe phenotypes, with an incomplete fusion of the upper

region of the carpel that caused a reduced stigma, an abnormal

split style, and reduced fertility (Figure 2G). These severe phe-

notypes were apparent from early stages of development (see

Supplemental Figure 2 online). nga3-1 has a T-DNA insertion at

position 221, and nga3-2 has a En-Spm element inserted at

position 861 of the NGA3 ORF. Both nga3-1 and nga3-2 plants

exhibited only a subtle phenotype of long and narrow styles

(Figure 2H), and only at low frequency (<2%) were tilted styles or

open gynoecia found.

NGA1, NGA2, and NGA4 Are Related Genes with Similar

Function to NGA3/TOP1

Database search analysis revealed three close NGA3/TOP1 ho-

mologs in theArabidopsisgenome. The four relatedgenesdefinea

subgroup in the RAV family of the B3 superfamily of transcription

factors (Swaminathan et al., 2008) and were described previously

byAlvarez et al. (2006) asNGA1-NGA4. Themost similar toNGA3/

TOP1 is NGA4 (41% identity in predicted amino acid sequence),

followed by NGA2 (37% identity) and NGA1 (37% identity), with

NGA2 and NGA1 being more similar to each other (58% identity).

We identified two insertions in NGA4 in the AMAZE collection,

where the En-1 element was inserted at positions 295 (nga4-2)

and125bp (nga4-3), respectively, of theNGA4 coding region (see

Supplemental Figure 1B online). These mutations caused pheno-

types related to those found innga3/top1mutants, fully penetrant,

but subtle, affecting style morphology. The styles of both mutant

lines were longer and narrower than the wild type, and only

occasionally, slightly tilted stylesdeveloped,with a stronger effect

of the second allele (Figures 2C and 2I). An additional insertion

mutant, named nga2-2, was identified for NGA2. nga2-2mutants

had an En-1 element inserted in position 572, which prevented

full-lengthNGA2RNAaccumulation (see Supplemental Figure 1C

online) but did not cause clear phenotypic alterations in gynoe-

ciumdevelopmentor elsewhere (Figures2Dand2J).No insertions

were found in the NGA1 coding region, but a line was identified,

named nga1-4, in which a T-DNA was inserted 171 bp down-

stream of the stop codon of NGA1 exhibited a significant reduc-

tion inNGA1mRNA levels but had no obvious phenotypic effects

other than causing slightly longer styles at low frequency (Figure

2K; see Supplemental Figure 1C online).

Transgenic lines expressing NGA2, NGA3, or NGA4 under the

control of the CaMV 35S promoter showed phenotypes similar to

those caused by ectopic expression of NGA3 (see Supplemental

Figure 3A online). The sequence similarity and the resemblance of

both the loss-of-function and the overexpression phenotypes

suggested that the four NGA genes could be regulating the

same processes. To uncover possible functional redundancy,

wecharacterizeddouble, triple, andquadruplemutants.All double

combinations tested showed stronger defects in gynoecium

development, especially those containing the nga3-3 allele. Dou-

blemutant combinationswith nga3-3 togetherwithnga1,nga2, or

nga4 caused most gynoecia to show severe defects in style and

stigma development. Double mutant plants showed variable

phenotypic expressivity, ranging from completely unfused car-

pels with poor style or stigma development to mild defects in

apical gynoeciumdevelopment similar to the typical tiltedstylesof

nga3-3 single mutants (Figures 2L to 2O). The most striking

phenotypes were observed in triple and quadruple mutants in

which all carpels were completely unfused at the apical end,

terminating in serrated structureswith no apparent style or stigma

development (Figures 2P to 2R). Dose-dependent function of

the four NGA activities was further suggested by the long narrow

and occasionally tilted styles found in quadruple heterozygotes

(nga1-4/+ nga2-2+ nga3-3+ nga4-3/+; Figure 2E). In addition to

defects in gynoecium morphology, triple and quadruple mutants

developed enlarged serrated leaves and flowered slightly later

than the wild type (see Supplemental Figure 3B online).
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Since some of the alleles that we were using were not null, and

to facilitate genetic analyses, we generated a line where an

artificial miRNA targeting the four NGA genes was expressed

under the control of theCaMV35S promoter (amiR-NGA line; see

Supplemental Figure 4A online) (Schwab et al., 2006). Four

independent amiR-NGA lines showing identical phenotypes

were selected, and RNA levels for the four NGA genes were

shown to be significantly reduced (see Supplemental Figure 4B

online). These lines showed a slightly stronger phenotype than

the quadruple nga1 nga2 nga3 nga4mutant, probably due to the

weak nature of the nga1 allele used in our study. While carpel

development was similarly affected in the amiR-NGA lines and

the quadruple mutant, all floral organs in amiR-NGA plants were

shorter than in the nga1 nga2 nga3 nga4 quadruple mutants

(Figure 2T), and leaf serration and expansion was further en-

hanced (see Supplemental Figure 3B online), suggesting a gen-

eral role for NGA genes in the regulation of lateral organ growth.

NGAGenes AreWidely Expressed throughoutDevelopment

Real-time PCR analysis showedNGA1,NGA2,NGA3/TOP1, and

NGA4 genes to be expressed in all tissues tested (roots, stems,

Figure 2. Phenotypes Caused by Different Mutations in the NGA Genes and Their Combinations.

(A) to (E) Apical regions of mature siliques from wild type (A), nga3-3 (B), nga4-3 (C), nga2-2 (D), and a quadruple heterozygote nga1-4/+ nga2-2/+

nga3-3/+ nga4-3/+ (E).

(F) to (S) Scanning electron micrographs of fruits 10 d after anthesis from the wild type (F), nga3-3 (G), nga3-2 (H), nga4-3 (I), nga2-2 (J), nga1-4 (K),

nga3-3 nga4-3 (L), nga3-2 nga4-3 (M), nga3-3 nga1-4 (N), and nga1-4 nga2-2 (O) and scanning electron micrographs of anthesis gynoecia from triple

mutants nga2-2 nga3-3 nga4-3 (P), nga1-4 nga3-3 nga4-3 (Q), the quadruple mutant nga1-4 nga2-2 nga3-3 nga4-3 (R), and from an amiR-NGA line

carrying the amiRNA targeted against the four NGA genes (S).

(T) Flowers at approximately stage 14 of the wild type, nga quadruple mutants, and an amiR-NGA line. Note the protruding gynoecia and the abnormally

short sepals and petals.
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leaves, and inflorescences; see Supplemental Figure 5A online),

confirming the data available from the AtGenExpress expression

atlas (Schmid et al., 2005). RNA in situ hybridization was

performed on wild-type inflorescences. NGA3/TOP1 and NGA4

showed similar patterns of expression. NGA3/TOP1 transcript

was detected in the inflorescence and floral meristems, with

stronger expression at the center of floral meristems at stages 2

and 3 (Figure 3A). Low NGA3/TOP1 expression was found in

developing floral organs with higher RNA levels at the distal

portion of all growing primordia (Figure 3B). From stage 9

flowers, NGA3/TOP1 RNA accumulated in the developing style

and stigma and strongly in developing ovules (Figure 3C). NGA4

RNAwas detected in a similar pattern toNGA3/TOP1 (Figures 3D

and 3E).

NGA2 and NGA1 patterns of expression were also similar to

that described for NGA3/TOP1 and NGA4, although some

differences were apparent. In floral meristems, NGA1 expres-

sion was detected preferentially in the adaxial half of the floral

primordium (Figure 3I). NGA1 expression was detected in all

floral organ primordia with stronger expression levels in distal

positions (Figures 3I and 3J). In the gynoecium primordium, up

to stage 8, expression was strong at the apical end and in the

adaxial (internal) side of the gynoecial tube (Figure 3J). From

stage 10, NGA1 expression restricted to placental tissue,

apical regions, and developing ovules, similar to what was

observed for NGA3/TOP1 and NGA4 (Figures 3K and 3L).

However, the expression levels at the apical end relative to

expression in ovules appeared lower than those observed for

NGA3/TOP1 andNGA4 at similar stages (cf. Figures 3C and 3E

to 3L). NGA2 expression pattern followed that of NGA1 (Fig-

ures 3F to 3H).

To describe in more detail the spatial and temporal pattern of

NGA3/TOP1 expression, we generated transgenic lines harbor-

ing aNGA3/TOP1 reporter construct, pMT5, in which a fragment

of NGA3/TOP1 upstream genomic sequence (22728 to +12),

including the first untranslated exon and the first and only intron,

was fused to the b-glucuronidase (GUS) coding sequence.

Twelve out of 15 pMT5 independent lines showed identical

patterns of GUS expression. In these lines, NGA3PRO:GUS

activity was found in awide complex spatial pattern. In seedlings,

GUS was detected in hypocotyls and cotyledons (Figure 3O),

and strong signals were associated with very young leaf primor-

dia, especially at the distal tip (Figure 3O; see Supplemental

Figures 5B and 5C online). In expanded leaves, GUS was mainly

detected in the hydathodes (see Supplemental Figure 5D online).

In roots, signal was detected just above the root meristem and in

lateral root primordia (Figures 3M and 3N). In reproductive

structures, GUS activity matched RNA in situ hybridization

results. In inflorescences, GUS activity was found at high levels

in all meristems and young floral organ primordia (Figure 3Q). In

developing flowers, GUS activity was associated with young

floral organ primordia, with a maximum in the distal tips of the

organs and decreasing as these organs grew and differentiated

(Figure 3Q). In young carpel primordia (up to stages 7 to 8), GUS

was detected at high levels in the apical end, decreasing toward

the base (Figures 3Q and 3R). Previous to apical closure of the

gynoecium (stage 9), GUS was detected only in the developing

ovules and the apical ring of the gynoecial tube (Figure 3R).

Expression in ovules was strongest in the nucellus (Figure 3S).

From stage 10 to anthesis, expression in the apical gynoecium

was maintained, but restricted progressively to the region be-

tween the style and the incipient stigma (Figures 3P and 3R). In

ovules of anthesis or stage 14 flowers, GUS activity was uni-

formly detected (Figure 3T). After anthesis, GUS gradually dis-

appeared from the apical end and was restricted to the

abscission zone of floral organs and the embryo, where it was

expressed uniformly through seed development (Figures 3P, 3U,

and 3V). In summary, NGA3PRO:GUS confirmed RNA in situ data

through inflorescence and flower development and revealed the

NGA3/TOP1 expression pattern in vegetative tissues.

ngaMutants Are Affected in Auxin Responses

We had noted that the phenotype of NGA-overexpressing lines

resembled plants with increased levels of auxin; for example,

rosettemorphology in35SPRO:NGA3plants is very similar toplants

overexpressing the YUC auxin biosynthesis genes (Woodward

et al., 2005; Kim et al., 2007). In addition, NGA3PRO:GUS was

detected in positions normally associated with high levels of

auxin synthesis or accumulation, suchashydathodes, lateral root

primordia, distal gynoecium, or ovule primordia (Aloni et al.,

2003, 2006). To check whether NGA loss of function affected

auxin responses, we determined classical auxin responses in

nga mutants, such as root gravitropism, lateral root formation,

and apical dominance. We found a modest reduction of all these

traits in different nga mutant combinations (see Supplemental

Figures 6B to 6D online).

It has been described that vascular development is induced by

auxin (Reinhardt, 2003) and that the modification of auxin distri-

bution, such as inhibiting auxin transport by treatment with

naphthylphtalamic acid (NPA; a drug blocking polar auxin trans-

port) affects vascular patterning in the gynoecium (Nemhauser

et al., 2000). In the wild-type anthesis gynoecium, the medial

veins running along the repla bifurcate near the valve-style

junction to form ramified vascular fans (Figure 4A). We observed

a slight reduction of these stylar fans in all nga single mutants,

with a lower point of medial vein bifurcation (see Supplemental

Figure 6A online). nga3 nga4 double mutants showed an en-

hanced phenotype, with medial veins bifurcating at even lower

positions and producing less stylar fans (Figure 4B). In a few

severely affected flowers of nga3 nga4 double mutants and in

triple or quadruple mutants, vascular development was strongly

perturbed: the medial vein did not bifurcate and stopped below

the presumptive style, and in consequence no stylar fans were

formed (Figure 4C). Conversely, 35SPRO:NGA3 gynoecia showed

an extensive vascular development that resulted in increased

stylar fans (Figure 4D). Lateral veins in all mutant backgrounds

were less affected, being occasionally shorter than in the wild

type (Figure 4).

Exogenous treatment with auxin, inhibition of auxin transport

byNPA treatment, or genetically elevated auxin levels (in 35SPRO:

YUC1 plants) did not alter NGA3PRO:GUS expression, indicating

that the NGA3/TOP1 gene was not induced by high auxin levels

(see Supplemental Figures 6E to 6I online). To determine if

reducing auxin levels in the tissues in which NGA3/TOP1 is

normally expressed influences gynoecium development, we
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Figure 3. Expression Pattern of NGA Genes.

(A) to (L) RNA in situ hybridization in wild-type inflorescences and developing flowers.

(A) to (C) NGA3/TOP1 RNA expression pattern.

(A) Inflorescence apex showing localized expression of NGA3/TOP1 in the center of the floral meristems (arrows).

(B) Stage 8 flower showing strong NGA3/TOP1 expression at the distal end of the gynoecial tube (arrow) and the tip of the stamens (asterisk).

(C) Stage 11 flowers showing NGA3/TOP1 expression at the apical end of the gynoecium and the external surface of the ovules (arrows).

(D) and (E) NGA4 RNA expression pattern.

(D) Inflorescence apex showing expression of NGA4 in the floral meristems (arrow) and the apical portion of the growing gynoecium (asterisk) and the

stamens of a stage 7 flower (top left).

(E) Stage 10 flower showing NGA4 expression at the apical end of the gynoecium and the external surface of the ovules. NGA4 expression is also

detected in the tip of the growing petals (arrow).

(F) to (H) NGA2 RNA expression pattern.

(F) Inflorescence apex. NGA2 expression is detected in the adaxial half of the stage 2 floral primordium (arrow) and in the adaxial side of sepal primordia

of the stage 4 flower on the left.

(G) Stage 7 flower. NGA2 is detected in the adaxial side of the gynoecial tube.
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expressed the IaaL gene from the NGA3/TOP1 promoter

(NGA3PRO:IaaL). IaaL is a bacterial gene that encodes an enzyme

that inactivates free auxin through conjugation to Lys (Jensen

et al., 1998). We found that in NGA3PRO:IaaL transgenic plants,

>50% of the gynoecia had reduced apical tissues, similar to that

observed in nga double mutant combinations (Figure 5). These

data are consistent with the idea that NGA3/TOP1 could be

promoting auxin accumulation in the apical gynoecium and that

the nga phenotypes were related to reduced auxin levels in this

domain.

Figure 3. (continued).

(H) Stage 9 flower showing NGA2 expression at the apical end of the gynoecium and the placental tissue. NGA2 expression is also detected in the tip of

the growing petals.

(I) to (L) NGA1 RNA expression pattern.

(I) Inflorescence apex.NGA1 expression is similar toNGA2 in (F).NGA1 is expressed in the adaxial side of the stage 2 flower (arrow) and the adaxial side

of sepal primordia in the stage 4 flower on the left (asterisk).

(J) Stage 7 flower. NGA1 is detected in the adaxial side of the gynoecial tube, the stamen primordial, and in the tip of the petal primordia (arrow).

(K) Stage 9 flower showing NGA1 expression in the placenta and the apical end of the developing gynoecium.

(L) Stage 11 flower similar to that shown in (C). Expression of NGA1 is detected in the ovules but is very reduced in apical positions (arrow).

(M) to (V) NGA3PRO:GUS histochemical staining.

(M) Primary root of a 5-d-old seedling.

(N) Emerging lateral root primordium.

(O) Young seedling showing expression in the emerging leaves (black arrow), the distal end of the cotyledons (red arrow), and the root tip (asterisk).

(P) Stage 14 flower (after anthesis). GUS activity is detected in the ovules, the abscission zone of floral organs (arrow), and in a thin layer between the

style and the stigma.

(Q) Inflorescence apex. GUS activity is detected in the center of emerging floral primordia (arrow) and the tip of floral organs (stage 7 flower on the left).

(R) GUS staining in an inflorescence with flowers of different stages. Staining in developing flowers is mainly associated with the apical end of gynoecia

(arrow), the ovules, and the distal portions of developing petals and stamens.

(S) Ovule primordia of a stage 12 flower. GUS activity is detected mainly in the outer integument and the nucellus (arrow).

(T) Stage 14 flower showing uniform GUS activity in the ovules.

(U) In stage 17 fruits, GUS detection is restricted to the developing embryo.

(V) Mature seed showing uniform GUS staining in the embryo.

Figure 4. Vascular Patterning in Wild-Type, nga Mutant Combinations, and 35SPRO:NGA3 Gynoecia at Anthesis.

(A) The wild type.

(B) nga3-3 nga4-3 double mutants. Vascular fans in the style appear very reduced.

(C) nga1-4 nga2-2 nga3-3 nga4-3 quadruple mutant. Medial vein bifurcation is found at a low position (arrow) or is absent (asterisk). No vascular fans are

formed.

(D) 35SPRO:NGA3. Vascular fans at the style overproliferate. Bifurcation of the medial vein is distalized.

Bar = 500 mm. Arrows indicate medial vein primary bifurcation.
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NGAandSTYGenesCooperatively Interact toActivateYUC4

and to Direct Style Development

The STY1 gene encodes a RING-finger transcription factor

belonging to a small family of nine members (SHI-like). sty1

mutants show subtle defects in style and stigma development

(Figures 6A, 6C, 6E, and 6G), which increase in severity when

combined with mutations in the other members of the family,

similarly to what we observed for nga multiple mutants (Kuusk

et al., 2006). Moreover, the overexpression of STY1 shows

similarities to that of NGA3/TOP1, such as the narrow shape of

leaves or the massive vascular fans in the style (Kuusk et al.,

2002). In addition, the STY1 and NGA3/TOP1 patterns of ex-

pression are almost identical (Kuusk et al., 2002).

The combination of nga3/top1 and sty1 mutations severely

altered gynoecium development. nga3-3 sty1-1 carpels ap-

peared unfused at the apical end and lacked most of the style

and the stigma, which were transformed into leafy protrusions

and frequently developed horn-like structures (Figures 6B and

6F). nga3 sty1 mutants had reduced fertility, probably as a

consequence of the reduction of the transmitting tissues and

subsequent lack of ovule fertilization. nga3 sty1 double mutants

resembled multiple combinations of mutations in the SHI-like

gene family (Kuusk et al., 2006) or in the NGA family (Figure 2R).

Moreover, in a nga3 sty1 sty2 triple mutant, the sty2mutation did

not further enhance the nga3 sty1 phenotype (Figures 6D and 6H)

and, conversely, neither did nga4 in a triple nga3 nga4 sty1

mutant (see Supplemental Figure 7 online). We introduced a

STY1PRO:GUS reporter gene (Kuusk et al., 2002) into a nga3 nga4

mutant background and into an amiR-NGA line. In both back-

grounds, we foundSTY1pattern of expression to be similar to the

wild type, indicating that STY1 was not regulated by NGA

activities (Figures 6K and 6L). Likewise, NGA3PRO:GUS activity

was unaffected in a sty1 sty2 background (Figures 6I and 6J).

Taking these data together, it appears that the NGA and SHI-like

factors do not regulate each other’s expression, but probably

SHI-like and NGA proteins require each other to exert their

functions, at least in the gynoecium context.

Interestingly, a gene driving auxin synthesis, YUC4, has been

suggested as a putative direct STY1 target (Sohlberg et al.,

2006). YUC4 is expressed in wild-type gynoecia in the apical

domain and in the developing ovules, overlapping with both

STY1 and NGA3/TOP1 expression domains. Since nga mutant

phenotypes mimicked the effect of reducing auxin levels in the

apical gynoecium, we wondered whether YUC4 activation could

be dependent on NGA activity. To test this hypothesis, a

YUC4PRO:GUS reporter line (Cheng et al., 2006) was crossed

to an amiR-NGA line, which as shown in Figures 7A and 7B, still

expresses STY1 in the apical gynoecium. YUC4 expression was

very reduced or absent in apical gynoecial tissues of this line,

indicating that STY factors may require NGA activity to upregu-

late the YUC4 gene in the style (Figures 7C and 7D). Since YUC2,

an additional member of the Arabidopsis YUC family, is also

expressed in the style, we also checked YUC2PRO:GUS expres-

sion (Cheng et al., 2006) in amiR-NGA lines. As for YUC4, YUC2

expression was absent or very reduced in amiR-NGA apical

gynoecia (Figures 7E and 7F).

No positive interactions were found between NGA3/TOP1 and

STY1 in a yeast two-hybrid assay or in a bimolecular fluores-

cence complementation experiment in planta (data not shown).

Still, this did not exclude the possible synergy of both factors on

putative common targets to direct apical gynoecium develop-

ment. To test for this interaction, we generated a 35SPRO:STY1

35SPRO:NGA3 line. We found a new phenotype in the double

overexpressors, dramatically different from that of the individual

STY1 and NGA3/TOP1 overexpressing lines. As previously de-

scribed, NGA3/TOP1 overexpression strongly affected gynoe-

cium patterning, which developed fruits with long gynophores,

reduced ovaries, and enlarged misshaped repla (Figure 8B).

Vegetative phenotypes included narrow leaves, altered phyllo-

taxis, and smaller plant size (Figure 1). The 35SPRO:STY1 phe-

notypes consisted of ectopic style tissue in patches in the center

of the valves, which caused wrinkled ovaries to develop, and

similar but weaker vegetative phenotypes to 35SPRO:NGA3

plants (Figure 8A; Kuusk et al., 2002). In 35SPRO:NGA3 35SPRO:

STY1 lines, overall plant size was further reduced. Leaf size,

internode length, and flower size were strongly decreased (Fig-

ure 8G). Surprisingly, in the floral context, overall gynoecium

morphology was much less affected than in the individual over-

expressing lines. The relative proportions of gynophore, ovary,

and apical tissueswere restored to thewild type, although overall

fruit size was strongly reduced (Figure 8C). While a clear distinc-

tion of valve, valve margin, and replum was observed, most

epidermal cells in the valves showed the characteristic morphol-

ogy of style cells, with regular morphology, early differentiating

stomata, and typical crenellations (Figures 8D to 8F, 8H, and 8I).

The replacement of valve tissues by style cells in the ovary of

35SPRO:NGA3 35SPRO:STY1 plants strongly supports the hy-

pothesis that the STY and NGA proteins act cooperatively to

direct style identity specification.

DISCUSSION

TheNGAGenesActRedundantly toDirectFruitPatterning in

the Arabidopsis Gynoecium in a Dose-Dependent Manner

We have shown here that the NGA factors are redundantly

required for style and stigma specification and that this

Figure 5. Effect in the Fruits of Reducing Auxin Levels in the NGA3/

TOP1 Expression Domain.

Apical regions of young fruits of the wild type (A), NGA3PRO:IaaL (B), and

nga3-3 nga4-3 double mutants (C). Styles of NGA3PRO:IaaL and nga3

nga4 fruits appear poorly developed and partly unfused.
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redundancy is dosage dependent. While single mutants in the

different NGA loci show subtle or no defects in carpel morphol-

ogy, higher-order mutant combinations exhibit increasingly en-

hanced defects in apical gynoecium development, which is

completely disrupted in the quadruple mutant. Among all the

alleles used in this study, only nga3-1 and nga4-3 are likely to be

null, both of them showing a weak phenotype in the style. nga1-4

and nga2-2 do not exhibit abnormal gynoecium development,

but since they are probably not null, it is not possible to conclude

whether their functions are completely redundant or not. The

strongest phenotype corresponds to the nga3-3 allele, where the

NGA3 gene bears an Spm fragment insertion toward the end of

the B3 domain, which might produce a truncated protein that

could have an antimorphic effect. The style phenotype of the

quadruple mutant had already been preliminary described when

theNGA genes were targeted by an amiRNA as proof of concept

for the use of amiRNAs in functional studies (Alvarez et al., 2006).

The four members of the NGA family share a common orga-

nization, with a single N-terminal B3 DNA binding domain and

three short conserved motifs in the C-terminal half (see Supple-

mental Figures 1B and 8A online). Sequence similarity is high

throughout the B3 domain, but also extends to the rest of the

protein, being higher between the pairs NGA1/NGA2 and NGA3/

NGA4. Conservation of protein sequence fits well with the highly

similar phenotypes of plants overexpressing any of the fourNGA

genes. In addition, expression patterns of NGA genes are also

similar. The four NGA loci are located toward the telomeric

regions of different chromosomes, in regions that have been

shown to correspond to duplicated blocks (Blanc et al., 2003). A

cumulative benefit related to gene dosage effects and/or bene-

fits derived from buffering against dominant-negative mutations

can explain the frequency of functional redundancy. Regulatory

proteins are often part of multimeric complexes particularly

sensitive to gene dosage and dominant-negative mutations;

accordingly, transcription factors are overrepresented among

the duplicated genes retained in the Arabidopsis genome (Blanc

and Wolfe, 2004). The unusual level of redundancy found in the

NGA genes is in agreement with their proposed regulatory role

directing carpel development and parallels that of STY family

members in highly related functions, suggesting a concerted

Figure 6. Genetic Interactions between NGA and STY Family Members.

Apical regions of mature siliques ([A] to [D]) and scanning electron micrographs of anthesis gynoecia ([E] to [H]).

(A) and (E) sty1 mutant.

(B) and (F) nga3-3 sty1 double mutants. The phenotype is similar to the quadruple nga mutant in Figure 2.

(C) and (G) sty1 sty2 double mutant. The phenotype of the unfused style is enhanced with respect to the sty1 single mutant in (A).

(D) and (H) nga3-3 sty1 sty2. The phenotype is identical to the double nga3-3 sty mutants.

(I) and (J)Histochemical detection of NGA3PRO:GUS in wild-type (I) or sty1 sty2 double mutant inflorescences (J). No significant differences were found.

(K) and (L) Histochemical detection of STY1PRO:GUS in wild-type (K) or nga3 nga4 double mutant inflorescences (L). Likewise, STY1 expression is not

significantly altered in the nga3 nga4 mutant background.
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action of NGA and STY factors that could require an adequate

stochiometry of both activities (see below).

Database mining has not revealed any NGA homologs with a

similar domain organization outside the angiosperms. Intrigu-

ingly, while the copy number of NGA genes in Arabidopsis is

consistent with a single ancestor previous to monocot/dicot

divergence, in species where whole-genome sequence is avail-

able, NGA homologs with similar domain organization are found

frequently in several copies that could possibly be derived from

independent duplication events (for example, at least five related

proteins are found in Oryza sativa, two in Populus trichocarpa,

and two in Vitis vinifera; see Supplemental Figure 8 and Supple-

mental Data Set 1 online for alignments and a phylogenetic tree).

This suggests that maintaining multiple copies of NGA genes

could be beneficial for reproductive success, although deeper

phylogenetic and functional analyses are required to support this

hypothesis.

NGA Proteins Are Involved in Auxin Signaling Pathways

Both gain- and loss-of-function mutations in NGA genes cause

phenotypes related to altered auxin homeostasis or signaling

pathways. For example, several classic auxin responses, such

as apical dominance or gravitropism, are moderately altered in

the multiple combinations of nga mutants, like in plants with

reduced auxin levels or impaired auxin sensing (Timpte et al.,

1995; Hobbie et al., 2000; Cheng et al., 2007). Likewise, vascular

development in the gynoecia of nga mutants is reduced (Cheng

et al., 2006). In addition, the severe epinasty of rosette leaves in

35SPRO:NGA3 lines is similar to that caused by increased auxin

production, as in lines overexpressing YUC or the bacterial IaaM

gene (Romano et al., 1995; Zhao et al., 2001; Marsch-Martinez

et al., 2002). These phenotypes suggest that nga mutants could

have reduced levels of auxin. Consistent with this idea, we have

shown that a reduction of auxin levels in the NGA3/TOP1

expression domain (as in NGA3PRO:IaaL lines) mimics some of

the nga loss-of-function phenotypes.

Auxin accumulation in the apical gynoecium is likely a conse-

quence of direct auxin synthesis in this domain (Aloni et al.,

2006), and here we show that lack of NGA activity leads to a

failure to activate YUC2 and YUC4 in these positions. Our data

are thus consistent with a role of NGA genes in driving auxin

synthesis in the apical gynoecium through the upregulation of

YUC gene expression. However, outside of the apical gynoe-

cium, NGA proteins appear not to be required to activate YUC2

and YUC4 transcription. While absent in the style of amiR-NGA

lines, YUC2 and YUC4 expression is normal in the rest of the

flower, suggesting that independent activation of YUC genes by

other factors takes place in these other domains. Alternatively,

the residual NGA activity in the amiR-NGA lines may still activate

YUC expression in these nonapical gynoecium positions. YUC4

is not constitutively expressed in the 35SPRO:NGA3 line (see

Supplemental Figure 9 online), so it is likely that additional gene

functions are required along with NGA activity for YUC2 and

YUC4 upregulation, suggesting a complex scenario for spatial

and temporal regulation of the YUC genes.

Many different studies support the auxin gradient hypothesis

for gynoecium patterning at the apical-basal axis (reviewed in

Balanza et al., 2006). The requirement for locally high auxin levels

at distal positions of the gynoecial tube has been suggested by

experiments showing that localized application of exogenous

auxin at the apical end of developing gynoecia is able to restore

carpel closure and style and stigma development in sty1 sty2

mutants (Staldal et al., 2008). Likewise, treatment with NPA, an

inhibitor of polar auxin transport that would cause pooling of

auxin in the apical domain, restores style development in several

Figure 7. Reduced NGA Activity Severely Affects YUC2 and YUC4

Expression in the Style.

Histochemical detection of GUS activity driven by STY1 ([A] and [B]),

YUC4 ([C] and [D]), or YUC2 promoters ([E] and [F]) in inflorescences of

the wild type ([A], [C], and [E]) and an amiR-NGA line ([B], [D], and [F]).

While STY1 expression is not affected by the reduced NGA activity in the

amiR-NGA lines, YUC4 and YUC2 are activated only in the style of wild-

type gynoecia and not in the amiR-NGA lines. Arrows indicate styles of

flowers at different stages of development.
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Figure 8. Phenotypic Effects of the Ectopic Expression of NGA3/TOP1, STY1, or Both in Fruit Morphology.

(A) to (F) and (H) to (J) Scanning electron micrographs. Bars = 50 mm in (D) to (F) and 10 mm in (H) to (J).

(A) Mature 35SPRO:STY1 silique. Stripes of ectopic style tissue in the center of the apical half of the valves cause the fruits to wrinkle (arrow).

(B)Mature 35SPRO:NGA3 silique. The gynophore is elongated, the valves are dramatically reduced, and the replum appears wide and with an abnormal

cell orientation.

(C) Mature 35SPRO:NGA3 35SPRO:STY1 silique. Fruit morphology is restored to wild-type-like appearance, with normal relative proportions of

gynophore, valve, replum, and style. However, overall fruit size is dramatically decreased. Note that the same magnification applies for (A) to (C) (bars =

1 mm). Valves are covered by cells with typical style morphology.

(D) and (H) Close-up view of epidermal cells in the central region of the valves of 35SPRO:NGA3 35SPRO:STY1 gynoecium at anthesis. Cells show typical

column-like morphology, and crenellations of style cells and early differentiating stomata are also visible.

(E) and (I) Close-up view of the style of a wild-type gynoecium.

(F) and (J) Close-up view of the epidermal cells of a wild-type valve.

(G) Dramatically reduced plant size and internode elongation of a 35SPRO:NGA3 35SPRO:STY1 plant. Bar = 1 cm.

[See online article for color version of this figure.]
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unrelated mutants with defects in apical gynoecium develop-

ment (Nemhauser et al., 2000; Staldal et al., 2008). In this work,

we show that reducing auxin levels in the NGA3/TOP1 expres-

sion domain causes poor development of the style and the

stigma, thus providing direct support for the requirement of auxin

for correct specification of apical gynoecium development.

NGA, STY, and Style Specification

Striking similarities are found between theNGA and the STY gene

families. While the corresponding gene products are unrelated,

loss-of-function phenotypes for multiple mutants in NGA genes

or in STY genes are very similar. Both families also share a high

level of functional redundancy among their members and show

dosage-dependent loss-of-function phenotypes. Moreover, ex-

pression patterns of NGA and STY genes are similar, and, in fact,

NGA3/TOP1 and STY1 have almost identical patterns of expres-

sion.Our expressionanalyses indicate thatSTY1andNGA3/TOP1

do not regulate each other at the transcriptional level. Moreover,

significant homology is found among fragments of NGA3/TOP1

and STY1 upstream genomic regions, suggesting that they might

be coregulated. Taken together, these data suggest that NGAand

STY could act at the same level to regulate putative common

targets. The strong phenotypes of nga3 sty1 double mutants

suggest that NGA and STY proteins could be required to coop-

eratively direct style formation. Additional support for this idea is

providedby thestrikingphenotypeof35SPRO:NGA335SPRO:STY1

plants, where valve cells are replaced by style cells. While it is

possible that the NGA and STY proteins physically interact, we

have thus far not been able to detect such interaction. A possible

scenario is thatadditional factorsare required in thisputativestyle-

promoting complex. This hypothesis is in accordance with the

phenotype of 35SPRO:NGA3 35SPRO:STY1, which promotes ec-

topic style development only in the valves, suggesting that factors

specifically present in this domain could contribute to NGA-STY

activity. Different pieces of evidence suggest CRC, a member of

theYABBY family expressed in valve tissues, asacandidate factor

for this predicted interaction (Bowman and Smyth, 1999). Thus,

crcmutants showdefects in gynoeciumclosure anda reductionof

style and stigma (Alvarez and Smyth, 1999).

The Distribution of Tissues in the Gynoecium

The phenotype of loss-of-function mutations in the NGA genes

indicates a role for NGA factors in directing style and stigma

development; in fact, the effect of overexpressing simulta-

neously STY1 and NGA3/TOP1 supports this idea. However,

the phenotypes of NGA gain-of-function lines are also compat-

ible with a possible role of NGA factors regulating the distribution

of tissues within the gynoecium. In general, 35SPRO:NGA3 lines

show an altered patterning of the different regions of the carpel,

most frequently a reduction of the ovary at the expense of an

enlarged gynophore and style, but also an expansion of the

replum and the valve margin region into the reduced valves.

Thus, patterning along both apical-basal and medial-lateral axes

is compromised. The apical-basal defects in 35SPRO:NGA3 lines

are reminiscent of the phenotype of the 35SPRO:HEC1 or 35SPRO:

HEC3 lines (Gremski et al., 2007), while the medial-lateral phe-

notypes resemble that caused by overexpression of INDEHIS-

CENT (IND), a key factor for the development of the dehiscence

zone in the valve margins and the closest homolog to the HEC

genes (Liljegren et al., 2004). While the molecular bases for the

parallelisms of the observed phenotypes are still unclear, it would

be interesting to test if they depend on genetic or physical

interactions between the NGA and the HEC/IND factors.

The striking effect of constitutive coexpression of STY1 and

NGA3/TOP1 factors also awaits further studies. One possible

explanation for the observed effects could be as follows: when

high levels of STY1 are available, as in the apical domain of the

gynoecium or in the 35SPRO:STY1 lines, NGA3/TOP1 acts co-

operatively with STY1 to direct style formation; however, when

STY1 factors are not available, overexpression of NGA3/TOP1,

through still unknown mechanisms, interferes with genetic path-

ways directing tissue distribution in the gynoecium.

In summary, we have characterized a small subfamily of highly

redundant B3 transcription factors, the NGA family, with a key

role in style specification. Together with previous work, our data

point to a complex landscape of regulatory activities and hor-

monal pathways established in the developing gynoecium that

will need to be addressed in the future.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana plants were grown in cabinets at 218C under long-

day (16 h light) conditions, illuminated by cool-white fluorescent lamps

(150 mE m22 s21), in a 1:1:1 mixture of sphagnum:perlite:vermiculite.

The Arabidopsis plants used in this work were from the Col ecotype.

The top1-1D line was identified in an activation tagging mutagenized

population (Weigel et al., 2000). nga3-2, nga3-3, nga4-2, and nga4-3were

identified screening the AMAZE collection. nga3-3 has a fragment of a

En-1 element inserted at position 404; nga3-2, nga4-2, and nga4-3 carry

En-1 elements at positions 861, 225, and 125, respectively. nga3-1,

nga1-4, and nga2-2mutants were obtained from the ABRCStock Center.

nga3-1 has a T-DNA inserted at position 221 (line Sail_232_E10). nga1-4

bears a T-DNA insertion 171 bp downstream the STOP codon (line

WiscDsLox429G06), while nga2-2 carries an En-1 insertion at position

572 (line SM.20993). sty1 sty2 mutant seeds and the STY1PRO:GUS and

35SPRO:STY1 lines were kindly donated by Eva Sundberg (Kuusk et al.,

2002). 35SPRO:YUC1, YUC2 PRO:GUS, and YUC4 PRO:GUS were kindly

provided by Yunde Zhao (Cheng et al., 2006).

The 35Sx2PRO:NGA constructs were generated by PCR amplification

of the different NGA ORFs to introduce SalI and BamHI flanking restric-

tion sites, except for NGA4, where the XhoI site was preferred to SalI,

and subsequently cloned into SalI-BamHI–digested pBIN-JIT vector

(Ferrándiz et al., 2000). The 35SPRO:NGA3 (PMT17) construct was gen-

erated by cloning the NGA3 ORF into BamHI and EcoRI site of the

pGreenII0229-35S vector (www.pgreen.ac.uk). amiR-NGA lines were

generated as previously described (Schwab et al., 2006). The sequence

of the mature miRNA targeting all four NGA genes was 59-UACUU-

UGUCGAACAUGUGCCC-39. The corresponding amiRNA was PCR

amplified (see Supplemental Table 1 online for primer sequence) accord-

ing to the protocol provided via WMD2 Web MicroRNA Designer (http://

wmd2.weigelworld.org) with the greatly appreciated help of Rebecca

Schwab and cloned into SalI-BamHI sites of the pBIN-JIT vector. Trans-

genic plants were selected based on the kanamycin resistance.

The NGA3PRO:IaaL construct was generated by replacing the GUS

coding sequence with the coding sequence of the IaaL gene from

1406 The Plant Cell



Pseudomonas syringae into a BamHI-SacI–digested pMT5 plasmid (see

below). Transgenic plants were selected based on kanamycin resistance.

Cloning of top1-1D and Isolation of Loss-of-Function Alleles

Plasmid rescue on the original top1-1D line was performed as described

by Weigel et al. (2000).

To identify insertion alleles of nga3/top1 and nga4, we screened a

population of Arabidopsis Col plants that carries ;50,000 independent

insertions of the autonomous maize transposable element En-1 using

previously established methods (Baumann et al., 1998). Primers used in

PCR reactions were SS020 and SS023. Each oligo was used with both

En-1–specific primers En205 and En8130. Genomic DNA from single

plants was used to PCR amplify the region of En-1 insertion, and

subsequent sequence analyses identified the insertion site.

Homozygous plants with single Spm or T-DNA insertions were iden-

tified in the progeny of backcrosses of eachmutant allele to wild-type Col

by genomic DNA gel blot analyses probed with the full ORF of the

corresponding NGA gene following standard procedures.

Phenotypic Characterization

For scanning electron microscopy, samples were vacuum infiltrated with

4% formaldehyde (w/v) in 13 PBS for 10 min and fixed with fresh solution

for 16 h at 48C. Samples were dehydrated in an ethanol series and critical

point dried in liquid CO2 (Polaron E300 apparatus). Dried samples were

mounted on stubs; when necessary, several outer whorl organs of

individual flowers were removed manually. Then, samples were coated

with gold palladium (4:1) in a Sputter Coater SCD005 (BALTEC). Scanning

electron microscopy was performed with a JEOL JSM-5410 microcope

(10 kV).

Vascular Clearing

Anthesis gynoecia from wild-type and mutant lines were fixed, cleared in

chloralhydrate, and mounted according to Weigel and Glazebrook (2002)

to be viewed under dark-field microscopy.

Auxin Responses

Seeds were grown on vertical plates. For lateral root counts, roots were

counted at 10 d after planting. For root reorientation assays, plates were

rotated 908with respect to gravity and photos were taken 24 h later. Root

angles were calculated in Adobe Photoshop using the measure tool.

Apical dominance was measured by quantifying the number of lateral

inflorescences longer than 1 cm from the rosette from 15 plants per

genotype when the main inflorescence reached 10 cm.

Expression Analyses

For quantitative PCR, 100 ng of total RNA was used for cDNA synthesis

performed with the iScript TM cDNA synthesis kit (Bio-Rad), and the

qPCR master mix was prepared using the iQTM SYBR Green Supermix

(Bio-Rad). Primers used to amplify the NGA genes were as follows:

OMNG48 and OMNG49 for NGA1, OMNG46 and OMNG47 for NGA2,

OMNG42 and OMNG43 for NGA3, and OMNG44 and OMNG45 for

NGA4. Results were normalized to the expression of the UBIQUITIN-

CONJUGATINGENZYME21 (UBC21) mRNA, amplifiedwith UBC21F and

UBC21R primers. PCR reactions were run and analyzed using the ABI

PRISM 7700 sequence detection system.

RNA in situ hybridization with digoxigenin-labeled probes was per-

formed on 8-mm longitudinal paraffin sections of Col inflorescences as

described by Ferrándiz et al. (2000). NGA3/TOP1 RNA antisense and

sense probeswere generated from a 423-bp fragment of theNGA3/TOP1

cDNA (positions 655 to 1077), NGA4 from a 320-bp fragment (positions

655 to 987), NGA2 from a 388-bp fragment (positions 513 to 900), and

NGA1 from a 372-bp fragment (positions 505 to 877). All fragments were

cloned into the PCRII vector (Invitrogen), and sense and antisense probes

were synthesized using the corresponding SP6 or T7 polymerases.

The pMT5 construct (NGA3PRO:GUS) was generated by cloning a

fragment of NGA3/TOP1 upstream genomic sequence (22728 to +12)

PCR amplified from Col genomic DNA into HindIII-BamHI sites of a

pGREENII0029 vector (http://www.pgreen.ac.uk) previously modified by

introducing the GUS coding sequence from pBI101.2.

For GUS histochemical detection, samples were treated for 15 min in

90% ice-cold acetone and then washed for 5 min with washing buffer (25

mM sodium phosphate, 5 mM ferrocyanide, 5 mM ferricyanide, and 1%

Triton X-100) and incubated from 4 to 16 h at 378C with staining buffer

(washing buffer + 1 mM X-Gluc). Following staining, plant material was

fixed, cleared in chloralhydrate, and mounted according to Weigel and

Glazebrook (2002) to be viewed under bright-field microscopy. All de-

tections were made in heterozygous lines for the reporter transgene.

Genetic Combinations

Homozygous single mutants were cross-fertilized, and double mutants

were identified among the F2 segregants by novel phenotypes and

confirmed by genotyping or by segregation of F3 progenies.

For genotyping nga1-4, PCR with primers OTL2RWT and p745 gave a

0.6-kb product for the mutant allele and PCR with primers OTL2RWT and

SS071 produced a 1-kb fragment for the wild-type allele. For genotyping

nga2-2, PCR with primers OMNG14 and En8130 gave a 0.6-kb product

for the mutant allele and PCR with primers OMNG14 and OMNG15

produced a 0.7-kb fragment for the wild-type allele. For genotyping

nga3-3, PCRwith primers SS044 and SS043 produced a 1.5-kb fragment

for the wild-type allele and 2.1 kb for the nga3-3 allele. For genotyping

nga4-3, PCR with primers SS065 and SS066 gave a 1-kb product for the

wild-type allele, and PCR with primers SS065 and En8130 produced a

0.4-kb fragment for the mutant allele.

sty1-1 and sty2-1 genotyping was performed as previously described

(Kuusk et al., 2002).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative (AGI) or GenBank/EMBL data libraries under the following

accession numbers: for NGA1 to NGA4, the AGI numbers are

At2g46870, At3g61970, At1g01030, and At4g01500, respectively. STY1,

STY2, YUC1, YUC2, YUC4, and UBC21 correspond to At3g51060,

At4g36260, At4g32540, At4g13260, At5g11320, and At5g25760, respec-

tively. The GenBank number for the IaaL sequence is M35373.
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