
Increased Expression of MAP KINASE KINASE7 Causes
Deficiency in Polar Auxin Transport and Leads to Plant
Architectural Abnormality in Arabidopsis W

Ya Dai,a,1,2 Huanzhong Wang,a,b,1 Baohua Li,a,b Juan Huang,a,b Xinfang Liu,a Yihua Zhou,a Zhonglin Mou,a,3

and Jiayang Lia,4

a State Key Laboratory of Plant Genomics and National Center for Plant Gene Research, Institute of Genetics and

Developmental Biology, Chinese Academy of Sciences, Beijing 100101, China
bGraduate School of the Chinese Academy of Sciences, Beijing 100101, China

Polar auxin transport (PAT) plays a crucial role in the regulation of many aspects of plant growth and development. We report

the characterization of a semidominant Arabidopsis thaliana bushy and dwarf1 (bud1) mutant. Molecular genetic analysis

indicated that thebud1phenotype is a result of increased expression ofArabidopsisMAPKINASEKINASE7 (MKK7), amember

of plant mitogen-activated protein kinase kinase group D. We showed that BUD1/MKK7 is a functional kinase and that the

kinase activity is essential for its biological functions. Comparedwith thewild type, thebud1plants develop significantly fewer

lateral roots, simpler venation patterns, and a quicker and greater curvature in the gravitropism assay. In addition, the bud1

plants have shorter hypocotyls at high temperature (298C) under light, which is a characteristic feature of defective auxin

action. Determination of tritium-labeled indole-3-acetic acid transport showed that the increased expression ofMKK7 in bud1

or the repressed expression in MKK7 antisense transgenic plants causes deficiency or enhancement in auxin transport,

indicating thatMKK7negatively regulates PAT. This conclusionwas further substantiated by genetic and phenotypic analyses

of double mutants generated from crosses between bud1 and the auxin-related mutants axr3-3, tir1-1, doc1-1, and atmdr1-1.

INTRODUCTION

The plant hormone auxin, mainly indole-3-acetic acid (IAA), plays

a crucial role in a wide variety of developmental processes,

including embryogenesis, apical dominance, lateral root forma-

tion, and vascular differentiation (Benkova et al., 2003; Leyser,

2003; Reinhardt et al., 2003; Morris et al., 2004). IAA is biosynthe-

sizedmainly in the shoot apex and young leaves, and its transport

is quite complex both in shoots and in roots. The basipetal polar

auxin transport (PAT) in shoots is important for lateral shoot

inhibition because either blocking PAT or removing the shoot

apex promotes shoot branching, although auxin does not enter

the lateral bud directly, suggesting the existence of secondary

messengers in mediating auxin action (Gil et al., 2001; Booker

et al., 2003, 2004, 2005; Leyser, 2003; Sorefan et al., 2003). Auxin

can also be acropetally transported into the meristem through

the epidermis to induce organ formation (Reinhardt et al., 2003).

In roots, IAA moves acropetally (toward the root apex) through

the central vasculature and basipetally (from the root apex

toward the base) through the epidermis (Muday and DeLong,

2001; Kepinski and Leyser, 2005). Inhibition of acropetal auxin

transport from shoots into roots or disruption of auxin signaling

significantly inhibits lateral root development (Reed et al., 1998;

Casimiro et al., 2001; Rogg et al., 2001; Fukaki et al., 2002).

Appropriate distribution of auxin is also necessary for normal

vascular differentiation in leaves and stems. Seedlings grown in

media containing auxin transport inhibitor show altered leaf

vascular patterns (Galweiler et al., 1998; Mattsson et al., 1999;

Steynen and Schultz, 2003), and mutations in auxin transport or

signaling components confer simpler leaf venation (Hardtke and

Berleth, 1998; Steynen and Schultz, 2003). In inflorescence

stems, differentiation of interfascicular fibers is influenced by

inhibitor treatment and altered in auxin transport mutants

(Mattsson et al., 1999; Zhong and Ye, 1999).

PAT requires asymmetrically localized influx and efflux carriers

on the plasma membrane (Marchant et al., 1999; Steinmann

et al., 1999; Swarup et al., 2001). The permease-like AUXIN

RESISTANCE1 protein, which is asymmetrically localized on the

plasma membrane of root protophloem, facilitates IAA entry into

cells (Marchant et al., 1999; Swarup et al., 2001). On the other

hand, IAA moving out of plant cells requires efflux facilitators

(Palme and Galweiler, 1999; Muday and DeLong, 2001; Friml

et al., 2002).PIN-FORMED1 (PIN1) encodes amembrane protein

that is detectable at the basal end of auxin transport–competent
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cells in vascular tissues (Galweiler et al., 1998). Similarly, immu-

nolocalization studies have shown that EIR1/AGR1/PIN2 that

mediates gravitropism and PAT in roots is also asymmetrically

localized in the carrier cells (Chen et al., 1998; Luschnig et al., 1998;

Muller et al., 1998). Besides IAA influx and efflux facilitators,

several other proteins identified in genetic studies in Arabidopsis

thaliana have also been found to participate in the modulation

of PAT. For example, mutation in chalcone synthase, the first en-

zyme in the flavonoid biosynthetic pathway, was demonstrated

to enhance the auxin transport, reinforcing the conception that

flavonoids may act as endogenous inhibitors in controlling auxin

distribution in vivo (Brown et al., 2001; Peer et al., 2004). The BIG

gene, encoding a calossin-like protein, was also found to play

a role in auxin transport because disruption of BIG in the tir3-1

(doc1-1) mutant displays PAT disruption phenotypes, such as

decreased inflorescence height and reduced apical dominance

(Gil et al., 2001). Recently, ATP binding cassette proteins were

also shown to be involved in auxin transport regulation. The

double mutant atmdr1-1 atpgp1-1was decreased in auxin trans-

port, showing pleiotropic phenotypes such as reduced apical

dominance, decreased fertility, wrinkled and curled leaves, and

stunted stature (Noh et al., 2001; Luschnig, 2002). Further studies

have shown that the atmdr1-1 mutant plant displays faster and

greater gravitropism (Noh et al., 2003).

Reversible protein phosphorylation may also control the ac-

tivity of auxin transport proteins. The broad-spectrum kinase

inhibitors staurosporine and K252a rapidly reduce auxin efflux,

suggesting that protein phosphorylation may be essential to

sustain the activity of the efflux carrier (Delbarre et al., 1998).

Treating with auxin transport inhibitor napthylphthalamic acid

(NPA) and Tyr kinase inhibitors, Bernasconi (1996) found that Tyr

phosphorylation is able to reduce the regulation of auxin efflux.

Genetic studies have provided further evidence that protein

phosphorylation is involved in auxin transport regulation. For

instance, disruption of the RCN1 gene, which encodes the

regulatory subunit of protein phosphatase 2A, leads to an in-

crease in root basipetal auxin transport and a reduction in root

gravity response (Garbers et al., 1996; Deruere et al., 1999).

PINOID, a gene encoding a protein-Ser/Thr kinase, has been

found to direct auxin transport by acting as a binary switch in

apical-basal PIN polar targeting (Friml et al., 2004). Although

these studies have provided useful clues, additional mutants and

regulatory components are needed for a better understanding of

the regulation of auxin transport.

Mitogen-activated protein kinase (MAPK) phosphorylation

cascades are conserved in all eukaryotes and play essential

roles in transmitting diverse stimuli, including mitogen, develop-

mental cues, and various stress signals (Bogre et al., 2000;

Ichimura, 2002; Jonak et al., 2002). A MAPK cascade consists of

three classes of enzymes, MAPK, MAPK kinase (MAPKK), and

MAPKK kinase (MAPKKK). MAPK is activated by dual phos-

phorylation of Thr and Tyr residues in a TXYmotif by its upstream

MAPKK, which is in turn activated by the phosphorylation of Ser

and Thr residues by its upstreamMAPKKK. MAPKKs with Asp at

the third residue in the S/TXXXXXS/T consensus motif may also

be autoactive (Kiegerl et al., 2000; Cardinale et al., 2002). Be-

sides participating in response to various extracellular biotic and

abiotic stimuli (Bogre et al., 2000; Petersen et al., 2000; Asai et al.,

2002; Menke et al., 2004), MAPK cascades have been shown to

be involved in developmental process and hormonal responses

(Nishihama et al., 2001; Krysan et al., 2002; Lu et al., 2002;

Soyano et al., 2003; Bergmann et al., 2004; Liu and Zhang, 2004).

Several lines of evidence have implicated the association of

MAPK cascades with auxin action. It has been reported that

extracts from 2,4-D–treated tobacco (Nicotiana tabacum) cells

displayed a kinase activity on recombinant MPK2 protein three-

fold to fourfoldmore effective than that of the auxin-starved cells,

suggesting that auxinmay function as an activator of plantMAPK

(Mizoguchi et al., 1994). Using an Arabidopsis leaf protoplast

transient expression system, Kovtun and colleagues (2000) have

shown that an oxidative stress MAPK cascade could negatively

regulate early auxin response. In addition, auxin was shown

to activate an unknown MAPK in Arabidopsis seedling roots

(Mockaitis and Howell, 2000). However, these experiments were

mainly performed in cultured cells and all lack genetic evidence.

In this article, we report that Arabidopsis MAP KINASE KINASE7

(MKK7) negatively regulates PAT, which in turn affects the plant

architecture.

RESULTS

Isolation and Morphological Characterization

of bud1 Plants

A bushy and dwarf 1 (bud1) mutant was identified from a T1

population of transgenic plants generated by a sense/antisense

RNA expression system (Mou et al., 2002). In the T2 progeny,

self-pollinated bud1 plants segregated into three distinctive

phenotypes, namely, severely bushy and dwarfed phenotype,

an intermediate phenotype, and wild-type-like phenotype (Fig-

ures 1A, 1B, and 1E). Genetic analysis showed a segregation

ratio of 95:214:84 for these three phenotypes, fitting the ex-

pected ratio of 1:2:1 (P > 0.05). These results suggested that the

initial T1 plantwas heterozygotewith a semidominantmutation in

a single nuclear gene, and the T2 segregants were homozygous,

heterozygous, or lacking the mutation, respectively. To confirm

this, T3 progeny derived from the self-pollinated wild-type-like

plants and plants showing the intermediate phenotype were

analyzed. As expected, all T3 progeny derived from wild-type-

like T2 plants produced only wild-type plants, whereas those

derived from the intermediate-phenotyped plants segregated

into the three types with a ratio similar to the original T1 plant.

Plants homozygous for bud1 were highly sterile due to their

shorter stamens relative to gynoecium (Figures 1C and 1D), and

hand-pollination with its own pollen can restore mutant fertility.

One of the most characteristic features of the bud1 plant is its

loss of apical dominance, producing significantly more branches

than the wild type at the late developmental stage (Figure 1E,

Table 1). Although the bud1 plant is strongly branched, only one

lateral inflorescence emerges from each leaf axil (Figures 1B and

1E), suggesting that the extreme branching phenotype of the

bud1 plant is formed due to the continuous formation of higher

order branches by releasing dormant buds from axils of rosette

and cauline leaves.

The bud1 mutant plant is significantly smaller and the in-

florescence stem is more slender than the wild type (Figure 1,
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Table 1). When grown in soil under continuous white light, 50-d-

old homozygous mutant plants are <5.0 cm in height. By

contrast, the wild-type plants are taller than 24.0 cm at the

same age (Table 1). The bud1 flowers also show an altered

morphology, being less elongated both in sepals and petals than

those of the wild type (Figures 1C and 1D). In addition, the bud1

petioles are shorter and the leaves are curled and smaller than

those of the wild type (Figure 1F, Table 1). Scanning electron

microscopic analysis further revealed defective cell expansion in

bud1 stems and leaves (Figures 1G to 1L).

Abnormalities in Hypocotyl Elongation Induced by

High Temperature and Formation of Lateral Roots

and Vascular System in bud1 Plants

The loss of apical dominance and other morphological changes

of bud1 plants suggest that the mutant might be defective in

auxin action. Based on the previous findings that the deficiency

in auxin biosynthesis, transporting, and/or signaling would

specifically affect the hypocotyl elongation induced by high

temperature (Gray et al., 1998), we compared the hypocotyl

elongation at high temperature between the bud1 and wild-type

plants. The hypocotyls of 9-d-old wild-type seedlings grown at

298C were significantly longer than those at 208C, whereas the

hypocotyls of the bud1 seedlings were slightly elongated (Figure

2A), indicating that the hypocotyl elongation at high temperature

is impaired in bud1 mutant plants.

Reduction of lateral roots has also been regarded as a criterion

of the PAT disruption from shoots into roots or the disruption of

auxin signaling (Reed et al., 1998; Xie et al., 2000; Rogg et al.,

2001; Fukaki et al., 2002; Gray et al., 2003). As shown in Figure

2B and Table 1, 2-week-old bud1 seedlings developed signifi-

cantly less lateral roots than the wild type, suggesting that auxin

polar transport or signaling may be altered in the mutant plants.

Figure 1. Morphological Comparison between Wild-Type and bud1

Mutant Plants.

(A) The 35-d-old wild-type plant grown on soil. Bar ¼ 2 cm.

(B) The 35-d-old bud1 heterozygous (left) and homozygous (right) plants

grown on soil. Bar ¼ 2 cm.

(C) Flowers of wild-type (left), bud1 heterozygous (middle) and homozy-

gous (right) plants.

(D) Flowers of wild-type (left) and bud1 homozygous (right) plants,

showing differences in pistils and stamens.

(E) The 50-d-old bud1 heterozygous (left) and homozygous (right) plants

grown on soil. Bar ¼ 2 cm.

(F) The third rosette leaves of wild-type (left), bud1 heterozygous (mid-

dle), and homozygous (right) plants.

(G) to (I) Scanning electron microscopy of the third internodes of wild-

type (G) and bud1 heterozygous (H) and homozygous (I) plants. Bars ¼
150 mm.

(J) to (L) Scanning electron microscopy of the fifth rosette leaves of wild-

type (J) and bud1 heterozygous (K) and homozygous (L) plants. Bars ¼
150 mm.

Characteristic cells are marked in blue in (G) to (L).

Table 1. Morphological Abnormalities of the bud1 Plant

Measurements BUD1/BUD1 BUD1/bud1 bud1

Height (cm) 23.94 6 0.76 10.11 6 0.41 4.09 6 0.28

Internode length (cm) 1.56 6 0.05 0.82 6 0.02 0.44 6 0.03

Leaf blade length (cm)a 1.44 6 0.05 0.63 6 0.03 0.48 6 0.03

Leaf blade width (cm)a 0.67 6 0.02 0.46 6 0.02 0.38 6 0.03

No. inflorescences

(>5 mm)

2.63 6 1.73 6.04 6 0.35 10.15 6 0.68

No. sterile siliques 0 10.50 6 0.59 17.50 6 1.91

No. plants measured 35 28 33

No. lateral roots per

rootb
11.88 6 0.52 – 4.64 6 0.46

Hypocotyl length (cm)b 0.57 6 0.02 – 0.23 6 0.01

Data shown are means 6 SE. The 50-d-old plants were used for the

measurement unless indicated. The differences among wild-type

(BUD1/BUD1), heterozygous (BUD1/bud1), and homozygous bud1

plants were determined with the least significant difference t test. All

the data sets were significantly different among the three genotypes at

P ¼ 0.01.
a The third-paired rosette leaves.
b The 15-d-old seedlings grown on 0.53 MS plates were used for

analysis (n ¼ 30).
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Plants exhibit characteristic vascular patterns in stems and

leaves. Auxin has long been known to play a vital role in vascular

patterning (Sachs, 2000; Fukuda, 2004). We therefore compared

the vascular systems between wild-type and mutant plants. A

simpler venation patternwas found in both cotyledon (Figures 2C

and 2D) and true leaves of 12-d-old bud1 seedlings (Figures 2E

and 2F), which is similar to the venation pattern of the auxin

signaling mutant mp or auxin transport defective mutant pin1

(Hardtke andBerleth, 1998; Steynen and Schultz, 2003) and con-

sistent with our previous observation that the b-glucuronidase

(GUS) expression driven by the DR5 promoter was altered in the

leaf vascular of bud1 mutant plants (Dai et al., 2003). Further-

more, transverse section of bud1mutant stems also showed less

interfascicular fibers (Figures 2G and 2H).

Cloning and Molecular Characterization of BUD1

Genetic and molecular analysis indicated that the bud1 mutant

resulted froma single T-DNA insertion event. Genomic sequences

flanking the T-DNA were recovered by screening the bud1 geno-

mic sublibrary using the cauliflower mosaic virus (CaMV) 35S

enhancer as a probe, and the T-DNA insertion site was identified

(Figures 3A and 3B). A BLASTN search of the Arabidopsis geno-

mic database revealed that the T-DNA was inserted in Chromo-

some 1 without disrupting any known genes. However, careful

analysis revealed that the T-DNA is inserted 513 bp upstream of

the start codon of a putative MKK (At1g18350) and 1438 bp up-

stream of a putative basic transcription factor subunit (At1g18340)

(Figure 3A). Sequence analysis of the recovered insertion lo-

cus showed that the T-DNA insertion fragment is composed of

two inverted repeats, each of which contains a 23 CaMV 35S

Figure 2. The bud1 Mutant Phenotypes Seem Auxin Related.

(A) Induction of hypocotyl elongation by high temperature. Wild-type and

bud1 mutant seedlings were grown on 0.53 Murashige and Skoog (MS)

plates at 20 and 298C for 9 d and photographed with the same

magnification.

(B) Comparison of lateral roots between bud1 and wild-type plants,

which were grown on 0.53 MS plates for 14 d and photographed.

(C) to (F) Vascular systems of cleared specimens of wild-type ([C] and

[E]) and bud1 ([D] and [F]) plants were viewed with dark-field optics.

Photographs showing venation patterns of cotyledons ([C] and [D]) and

leaves ([E] and [F]) of the seedlings grown on 0.53 MS plates for 12 d

were taken with the same magnification.

(G) and (H) Microscopic comparison of the interfascicular fiber differen-

tiation among wild-type (G) and homozygous bud1 (H) stems, showing

the presence of three layers of interfascicular fibers in the wild type and

one to two layers of sclerified interfascicular cells in homozygous bud1

(arrowhead) or no interfascicular fibers (arrow). Bars ¼ 5 mm.
Figure 3. Cloning of BUD1.

(A) Physical map of the T-DNA insertion site. The T-DNA with two

inverted repeats was inserted 513 bp upstream of BUD1 and 1438 bp

upstream of At1g18340, respectively. The arrows indicate the transcrip-

tion orientations of the putative open reading frames flanking the in-

tegrated T-DNA.

(B) Structure of the integrated T-DNA in the bud1 genome.

(C) RNA gel blot analysis of the total RNA prepared from 30-d-old soil-

grown wild-type (þ/þ), bud1 heterozygous (þ/�), and bud1 homozygous

(�/�) plants. Ethidium bromide (EtBr)-stained total RNA was used as

a loading control.

(D) RT-PCR analysis of the BUD1 and At1g18340 expression in 30-d-old

soil-grown wild-type (þ/þ), bud1 heterozygous (þ/�), and bud1 homo-

zygous (�/�) plants. ACTIN7 was used as an internal control.
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enhancer without any cDNA insertion (Figure 3B). Surprisingly,

theNPTII gene in the T-DNAwas truncated, probably due toDNA

rearrangement that might occur in the process producing the T2

generation plants because the T1 plant of bud1 was resistant to

kanamycin, but its T2 generation plants became sensitive to

kanamycin. The rearrangement of the T-DNA did not affect its

flanking plant DNA sequence.

The T-DNA insertion between two putative genes suggests

that the mutant phenotype may result from altered expression of

At1g18340 and/or At1g18350. Therefore, the expression levels

of both genes in the mutant and wild-type plants at the mature

stagewere investigated byRNAgel blot analysis. The expression

level of At1g18350 was remarkably increased in mutant plants

(Figure 3C), whereas the expression ofAt1g18340was undetect-

able both in mutant and wild-type plants (data not shown),

probably due to its extremely low expression level. We therefore

employed a more sensitive method, RT-PCR, to monitor ex-

pression of these two genes. No difference of the At1g18340

expression betweenmutant andwild-type plants could be found,

but a dramatic increase in the At1g18350 expression was ob-

served (Figure 3D), as revealed by RNA gel blot hybridization.

These results indicate that the bud1 phenotype is very likely

caused by an increased expression of At1g18350, and accord-

ingly we designated the At1g18350 gene as BUD1.

Confirmation by Transgenic Studies

To verify whether At1g18350 represents BUD1, we performed

two experiments. First, we placed anAt1g18350 cDNA under the

control of the CaMV 35S promoter in the binary vector pBI121

and then transformed wild-type plants. Among 77 primary T1

transformants, 6 showed a bud1-like mutant phenotype, 56 died

at different stages, and 15 were wild-type-like plants (Figure 4A).

RNA gel blot analysis demonstrated that the bud1-like trans-

genic plants had an increased expression level of BUD1,

whereas the wild-type-like transgenic plants showed no appar-

ent increase in the BUD1 expression level compared with that of

the wild type (Figure 4B). These observations suggested that

overexpression of At1g18350 is able to recapture the bud1

mutant phenotype. The phenotype of the surviving bud1-like

transgenic lines includes small and curled leaves, reduced apical

dominance, and reduced length and diameter of internodes

(Figure 4A). Moreover, most of the seeds produced from these

transgenic lines were black and shrunken (Figure 4C), lacking the

ability to germinate and grow on the plates with or without

supplement of kanamycin, indicating that they were embryo

lethal. The seeds with normal appearance were able to geminate

and grow on normal MS plates but died with supplement of

kanamycin, indicating that they do not contain the transgene.

These results indicated that the small number of surviving T1

transgenic lines is heterozygous for the transgene, which was

Figure 4. Confirmation and Molecular Characterization of the BUD1

Gene.

(A) Phenotypes of transgenic plants. The transgenic plants generated

from the wild-type plant transformed with the 35S:BUD1 construct

mimicked the bud1 phenotypes but not the plant transformed with

35S:BUD1(K74R). The bud1 mutant phenotype was suppressed when

antisense BUD1 (35S:aBUD1) construct was introduced into the bud1

mutant plant.

(B) RNA gel blot analysis. Total RNA prepared from transgenic plants

containing the 35S:BUD1 transgene and showing the bud1-like pheno-

type (lane 1), from transgenic plants containing the 35S:BUD1(K74R)

transgene and showing the wild-type phenotype (lane 2), from transgenic

plants containing the 35S:BUD1 transgene and showing the wild-type

phenotype (lane 3), from bud1 homozygous plants (lane 4), and from

bud1 heterozygous plants (lane 5). Ethidium bromide (EtBr)-stained total

RNA was used as a loading control.

(C) T2 seeds of the bud1, wild-type, and transgenic plants.

(D) In vitro kinase activity assay. Autoradiogram showed the in vitro

autophosphorylation of purified MBP-BUD1 or MBP-BUD1(K74R) sep-

arated by SDS-PAGE. Purified MBP was used as a negative control.

(E) Photograph of purified MBP, MBP-BUD1, and MBP-BUD1(K74R)

separated by SDS-PAGE and stained with Coomassie blue.
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confirmed by DNA gel blot analysis (data not shown), suggesting

that both homozygote and heterozygote were completely lethal

in the T2 generation, probably due to the ectopic expression of

MKK7 driven by 35S promoter. Second, we overexpressed an

antisense cDNA construct ofAt1g18350 driven by the CaMV 35S

promoter in the heterozygous bud1 background. Out of the 23

transgenic lines, 17 displayed wild-type-like phenotype (Figure

4A), of which five lines were homozygous at the bud1 locus (data

not shown). Taken together, we conclude that At1g18350

representsBUD1 that is overexpressed in the bud1mutant plant.

BUD1 Encodes ArabidopsisMKK7

A BUD1 cDNA was cloned by rapid amplification of cDNA ends

(RACE)-PCR from the bud1 total RNA by taking advantage of its

overexpression feature. Sequence comparison between the

BUD1 cDNA and the genomic DNA revealed that BUD1 contains

an open reading frame of 924 bp without any intron, a 35-bp 59

untranslated region (UTR), and a 129-bp 39 UTR (see Supple-

mental Figure 1 online).

BLAST analysis suggested that BUD1 encodes the MKK7,

a member of the Arabidopsis MAPK cascades. In the Arabidop-

sis genome, 10 putative MAPKKs have been identified and

classified into four groups (Ichimura, 2002). Phylogenetic anal-

ysis revealed that BUD1 is one of the four members in Group D,

whose functions have not been identified and studied in any

detail (Ichimura, 2002; Jonak et al., 2002). BUD1 contains 11

conserved kinase domains and a highly conservedmotif SLDYCNS

(see Supplemental Figure 1 online), in which the Ser residues are

thought to be phosphorylated (Ichimura et al., 1998).

The MKK7 expression pattern was studied using quantitative

PCR. As shown in Supplemental Figure 2 online, MKK7 was

expressed in all tissues examined, with a relatively higher level in

leaves and lower level in roots and flowers. In the bud1 mutant

plants, the expression pattern was similar, although the expres-

sion level wasmuch higher. The ubiquitous expression pattern of

MKK7 was consistent with the pleiotropic mutant phenotypes.

The BUD1 Kinase Activity Is Essential for Its

Biological Function

To determine whether BUD1/MKK7 has a kinase activity, we

expressed and purified a maltose binding protein (MBP)-BUD1

recombinant protein from Escherichia coli cells. The purified

MBP-BUD1 displayed an autophosphorylation activity (Figures

4D and 4E). However, no kinase activity could be detected in

MBP-BUD1(K74R), in which a conserved Lys residue (K) at the

position 74 of the ATP binding site in the kinase domain II was

replaced with an Arg residue (R). These data indicate that MKK7

is indeed a functional kinase and its ATP binding site is in-

dispensable.

To investigate whether the kinase activity of BUD1 is required

for its biological functions in vivo, we constructed a plant trans-

formationplasmidcontaining themutatedBUD1gene,BUD1(K74R),

and transformed thewild-type plants. All of the 103 T1 transgenic

lines containing the highly expressed BUD1(K74R) transgene

showed the same phenotype as the wild type, whereas the

transgenic plants containing the highly expressed normal BUD1

transgene mimic the bud1 phenotype (Figures 4A to 4C), sug-

gesting that BUD1 kinase activity is essential for its biological

activity.

Deficiency of PAT in bud1

Based on the finding that the bud1 phenotype results from its

deficiency in auxin action, we performed experiments to find out

whether the biosynthesis, transport, and/or signaling of auxin is

altered in the mutant plants. The IAA levels in 15-d-old plants

grown on MS plates were measured, and no significant differ-

ence was found between the homozygous bud1 and wild-type

plants (data not shown). We then determined the sensitivity of

bud1 plants to exogenous auxin by examining the root growth

inhibition by 2,4-D. As shown in Figure 5A, both bud1 and wild-

type roots showed similar sensitivity to 2,4-D, suggesting that

auxin signaling in bud1 may not be affected. Expression of two

auxin-responsive genes, IAA1 and IAA5, were induced to a sim-

ilar degree in the roots treated with 2,4-D (Figure 5B). This is

Figure 5. Auxin Transport and Gene Expression Analysis.

(A) Inhibition of root elongation by synthetic auxin 2,4-D. Each value

represents the average of >10 seedlings. Bars represent 6 SE.

(B) Induction of auxin-responsive genes by 2,4-D (0.04 mM) treatment in

roots.

(C) PAT of inflorescence stems. Each assay used 10 wild-type and bud1

homozygous seedlings. Values shown are means 6 SE.

(D) PAT of the bud1 and wild-type seedlings. Values are means 6 SE of

three independent experiments. The difference between the wild type

and bud1 is significant (Student’s t test, P < 0.01).

(E) IAA efflux of dark-grown hypocotyl segments. Ten hypocotyl seg-

ments were used in each assay, and values are given as means 6 SE of

three to five independent assays. The difference between the wild type

and bud1 is significant (Student’s t test, P < 0.05).
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consistent with our previous result that theDR5 promoter–driven

GUS expression induced by IAA treatment was similar in bud1

and wild-type plants (Dai et al., 2003). These results suggest that

the bud1 phenotype may result from a deficiency in PAT, rather

than the auxin biosynthesis or signaling.

We therefore systematically compared the PAT between bud1

and wild-type plants. The tritium-labeled IAA (3H-IAA) basipetal

transport in inflorescence stems excised from bud1 plants was

reduced to one-tenth of that in the wild type (Figure 5C), as pre-

viously reported (Dai et al., 2003). To avoid the inaccuracy re-

sulting from the slender bud1 inflorescence stem segments

used in the assay, we further measured the auxin transport in

the hypocotyl segments of both light- and dark-grown seedlings

because the hypocotyl segments of bud1 and wild-type plants

are morphologically similar under these conditions. To measure

basipetalmovement of 3H-IAA, a singlemicrodropletwas applied

to the apex of 5-d-old light-grown seedlings, and the auxin

transport in the homozygous bud1 hypocotyl segments was

reduced to 72% of that of the wild type (Figure 5D). The efflux

rates of auxin transport in the etiolated hypocotyls were also

determined by measuring the amount of auxin retained in the

hypocotyl segments after sequential incubation in the auxin-

containing solution and in auxin-free buffer. As shown in Figure

5E, the 3H-IAA retained in dark-grown homozygous bud1 hypo-

cotyls was twice as much as that of the wild type and was less

sensitive to the auxin transport inhibitor NPA than that in the wild

type. Taken together, all these results indicated that auxin trans-

port in bud1 mutant plants is deficient.

Enhanced PAT inMKK7 Knockdown Plants

To investigate whether repressed MKK7 expression enhances

auxin transport,wegenerated theBUD1antisense transgenic lines

both in thebud1andwild-typebackgrounds.AntisenseBUD1RNA

significantly suppressed the BUD1 expression in the bud1 back-

ground (Figure 6A) and thereby reversed the mutant phenotype to

wild type (Figures 6B and 4A) and resumed the auxin transport

ability of the transgenic plant to the wild-type level (Figure 6C).

In the BUD1 antisense transgenic plants with wild-type back-

ground, the BUD1 expression level also decreased slightly

compared with that of the wild type (Figure 6A). As the BUD1

expression decreased, the lateral roots of antisense transgenic

plants appeared 1 d earlier and more lateral roots developed

(15.916 0.94) than that of the wild-type plants (11.896 0.52, n¼
30, P < 0.01) (Figure 6B). Consistent with the concept that

acropetal auxin transport in roots affects the lateral root de-

velopment (Reed et al., 1998; Casimiro et al., 2001), the auxin

transport from the shoot apex into the R2 segment and the root

tip was significantly enhanced, although no significant enhance-

ment in S-R TZ and R1 segments was detected (Figure 6C).

Taken together, the finding that the auxin transport was dis-

ruptedbythe increasedexpressionofMKK7 inbud1andenhanced

by repressed expression of MKK7 in antisense transgenic plants

suggests that MKK7 may function as a negative regulator of PAT.

Altered Gravitropism Response in bud1 Plants

In Arabidopsis, PAT is required for hypocotyl elongation of light-

grown seedlings but not for the dark-grown ones (Jensen et al.,

1998). Consistent with this view, bud1 showed a normal hypo-

cotyl elongation in the dark (Figure 7A) but a shorter hypocotyl

under light (Figure 2A, Table 1). We also found the absence of the

apical hook of dark-grown bud1 plants (Figure 7A), a phenotype

that may be related to the auxin transport defect (Li et al., 2004;

De Grauwe et al., 2005). Since the gravitropism of seedling

hypocotyls is related to PAT, we further performed a gravitropism

assay using etiolated seedlings. Compared with wild-type

plants, the mutant hypocotyls bent to a greater degree after

Figure 6. Analysis of the BUD1 RNA Antisense Transgenic Plants.

(A) RT-PCR analysis of the BUD1 expression level in the wild type, bud1,

antisense in the wild-type background (aBUD1/WT), and antisense in the

bud1 background (aBUD1/bud1).

(B) Comparison of lateral roots. Plants were grown on 0.53MS plates for

10 d and photographed.

(C) Auxin transport analysis of antisense BUD1 transgenic lines. Auxin

transport from the shoot apex to the shoot–root transition zone (S-R TZ),

its subsequent two 4-mm root segments below S-R TZ (R1 and R2), and

the 2- to 3-mm root tip (RT) were determined using 4.5-d-old light-grown

seedlings. Ten seedlings were used in each assay. Values shown were

means 6 SE of five independent assays. Significance compared with the

wild type (asterisks) was determined by the least significant difference

t test at P < 0.05.
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reorienting 908 for 18 h (Figure 7B). Kinetic analysis of the

curvature development showed that the bud1 hypocotyls bent

more quickly than the wild type within the beginning 2 h after

reorientation, and the bending rate tended to be the same in

a prolonged period (Figure 7C). The enhanced gravitropism

response of bud1 plants was quite similar to that of atmdr1-1,

a mutant that is defective in PAT (Noh et al., 2003).

Genetic Analyses of bud1 Double Mutants

To further investigate the function ofBUD1, we generated double

mutants of bud1 with either auxin-responsive or transport

mutants. The auxin-resistant mutant axr3-3 shows an enhanced

apical dominance, reduced root elongation, and increased

adventitious rooting and lacks root gravitropism (Leyser et al.,

1996). In the bud1 axr3-3 double mutant, the growth of axillary

buds was significantly inhibited and the number of lateral

branches was largely reduced compared with bud1 mutant

plants (Figures 8B to 8D), but the length of inflorescence stems

was only slightly increased and the size of leaves showed no

apparent alteration. This indicates that the bud1 bushy pheno-

typewaspartially suppresseddue to the hypersensitivity of axr3-3

to auxin, suggesting that BUD1 may act upstream of AXR3.

Moreover, the root growth of the double mutant bud1 tir1-1

exhibited a similar strong resistance to auxin as tir1-1 (Figure 5A),

a mutant defective in auxin signaling. These results suggested

that BUD1 may act upstream of IAA signaling.

Arabidopsis mutant doc1-1 is involved in both auxin transport

and light-related pathways and displays reduced apical domi-

nance (Gil et al., 2001). To test whether BUD1 functions in the

same or different PAT pathways, wemade a bud1 doc1-1 double

mutant and compared its phenotype with its parents. As shown

in Figures 8D to 8F, the double mutant bud1 doc1-1 exhibited an

extreme dwarf phenotype, and the internode elongation between

adjacent flowers was inhibited, suggesting thatBUD1 andDOC1

might regulate auxin transport through different pathways. Since

the pleiotropic phenotypes of bud1 are strikingly similar to

atmdr1-1 and atmdr1-1 atpgp1-1 double mutants, we further

crossed atmdr1-1 with bud1. The double mutant (Figure 8G)

showed a very similar phenotype to bud1 in both height and

lateral branching, suggesting that they may participate in the

same PAT regulatory pathway.

DISCUSSION

In Arabidopsis, 10 members of MAPKKs have been identified

based on the annotation of the genome sequence and have been

divided into four groups phylogenetically (Ichimura, 2002). Most

of the members in Groups A, B, and C have been shown to play

important roles in biotic and abiotic responses (Matsuoka et al.,

2002; Ren et al., 2002; Teige et al., 2004). However, the function

of Group Dmembers still remains to be elucidated. In this article,

we report the isolation of the bud1mutant and molecular genetic

characterization of MKK7. We also present direct evidence that

Figure 7. Comparison of Gravitropic Responses between Wild-Type

and bud1 Plants.

(A) and (B) Morphologies of dark-grown seedlings and their gravitropic

responses. Seedlings were grown in the dark for 4 d (A) and then the

plates were reoriented by 908 and photographed 18 h thereafter (B). The

bud1 seedlings showed greater gravitropic response than the wild type.

(C) Kinetics of hypocotyl gravitropism. Seedlings were grown in the dark

for 4 d in 0.53 MS plates and reoriented by 908. The gravitropic

curvatures were measured at the time intervals as indicated. Values

shown are means 6 SE of five independent assays.

Figure 8. Phenotypes of bud1 axr3-3, bud1 doc1-1, and bud1 atmdr1-1

Double Mutants.

Photographs were taken at 35 d after germination. (A) The wild type, (B)

axr3-3, (C) bud1 axr3-3, (D) bud1, (E) doc1-1, (F) bud1 doc1-1, and (G)

bud1 atmdr1-1. Bars ¼ 2 cm.
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the bud1 phenotype results from the enhanced expression of

MKK7, which negatively regulates PAT, thus affecting the for-

mation of plant architecture.

Enhanced Expression ofMKK7 Results in Reduced

Apical Dominance

Activation tagging provides an effective approach to identify

genes whose expression levels play a crucial role in normal plant

growth anddevelopment. Thebud1mutant, isolated based on its

abnormalities in plant architecture, may result from overexpres-

sion of MKK7 rather than from its ectopic or constitutive

expression. First, as revealed by RNA gel blot and quantitative

PCR analyses, the expression ofMKK7 in bud1 plants is strongly

increased compared with the wild type, and its relative expres-

sion pattern is similar to wild-type plants. However, it may have a

threshold of the MKK7 transcripts to cause an apparent mor-

phological phenotype because transgenic plants with weakly

activated or inhibited MKK7 showed subtle phenotypes. Over-

expression ofMKK7may result from the 23 35S enhancer in the

insertion. As previously reported, the CaMV 35S enhancer can

lead to just an enhancement of the endogenous gene expres-

sion, and the phenotype resulting from such an enhancement, as

opposed to true constitutive and ectopic activation, would be

more likely to reflect the normal role of the activated gene (Weigel

et al., 2000). Second, constitutive expression of MKK7 in wild-

type plants leads to lethality of the transgenic plants. The trans-

genic study of the ectopic and constitutive expression of MKK7

driven by the CaMV 35S promoter demonstrated that most of the

transgenic plants are lethal at different developmental stages,

except that only a small percentage of the transgenic plants can

grow like bud1 plants but set aborted seeds. The lethality of the

transgenic plants is very likely due to the ectopic and constitutive

expression of MKK7 rather than enhanced expression because

RNA gel blot analysis showed that theMKK7 expression level in

the transgenic plants is much weaker than that in the bud1

plants. Third, formation of reduced apical dominance requires

the overexpression of the MKK7 active form. Overexpression of

the mutated MKK7 form, MKK7(K74R), in which the kinase

activity is abolished by a single amino acid substitution in the

ATP binding site, failed to mimic the bud1 phenotype, demon-

strating that the MAPK cascade is involved in the formation of

normal plant architecture of Arabidopsis.

Generally, the MAPKK need to be phosphorylated by its

upstream MAPKKKs. However, there is a kind of MAPKK in

plants that contains anAsp residue in position 3 of the consensus

sequence that forms S/TXDXXXS/T located between subdomains

VII and VIII. These kinds of MAPKKs, such as SALT STRESS–

INDUCED MKK and other MAPKKs of the PMKK2 subfamily,

may constitute an autoactive class of MAPKKs (Kiegerl et al.,

2000; Cardinale et al., 2002). BUD1 falls into this kind of MAPKK.

Therefore, it is possible that enhanced expression ofBUD1 could

cause such a phenotype without upstream activation.

MKK7 Functions in Regulating PAT

The bud1 morphological phenotype and its defect in the in-

duction of hypocotyl elongation by high temperature suggest its

deficiency in IAA metabolism, signaling, or transport. The find-

ings that there are no significant differences in IAA content or in

response to auxin treatment between wild-type and bud1 plants

ruled out the possibilities that IAA biosynthesis or signaling is

involved in the formation of the bud1 phenotypes. Therefore, the

research focused on the auxin transport. Systematic and in-

depth studies indicate that the bud1 phenotypes result from the

deficiency in polar auxin transport.

Direct evidence comes from the three different IAA transport

assays, which all showed that the 3H-IAA transport in bud1

homozygous seedlings was significantly decreased. This was

further strengthened by the finding that the auxin transport of

bud1 plants is less sensitive to the auxin transport inhibitor NPA

than that of the wild type because of the already reduced auxin

transport in the bud1 plants. Moreover, we also showed sup-

porting evidence that the BUD1 expression level is consistent

with the auxin transporting ability, as manifested by auxin trans-

port and phenotypic analyses of BUD1 antisense transgenic

plants. The finding that the BUD1 antisense transgene was more

effective in bud1 than in wild-type backgrounds may be ex-

plained by the extremely low basal expression of BUD1 or the

existence of highly homologous subgroup D genes, for example,

MKK9, which is;81% identical to BUD1.

The conclusion is also supported by the results obtained from

the comparison of the hypocotyl elongation, gravitropism re-

sponse, lateral root formation, lack of apical hook, and vascular

patterns between the bud1 and wild-type plants. Unlike auxin

signaling mutants such as shy2 and axr3, which cause photo-

morphogenesis in dark-grown seedlings, the dark-grown bud1

plants showed no apparent alterations in seedlingmorphology or

hypocotyl elongation. However, the light-grown bud1 plants

showed decreased hypocotyl elongation. This is consistent with

previous studies that PAT is important for hypocotyl elongation in

the light but not in the dark in Arabidopsis (Jensen et al., 1998).

Like most PAT-deficient mutants, the bud1 mutant also pro-

duces less lateral roots, which is a characteristic feature show-

ing deficiency in auxin-regulated root development (Reed et al.,

1998). The apical hook formation of dark-grown seedlings was

controlled by interactions of auxin, ethylene, and gibberellins.

Recent studies have shown that auxin and its transport may play

a crucial role in this process, which is consistent with the

hookless phenotype of bud1 plants (Li et al., 2004; De Grauwe

et al., 2005). Furthermore, the observation that the bud1 plant

has abnormal vascular patterns in leaves and stems could par-

tially be explained by deficiency in auxin action, although some

auxin transport inhibition phenotype was not observed (Zhong

and Ye, 1999; Steynen and Schultz, 2003). This is also consistent

with our previous observations that the GUS expression pattern

guided by DR5 promoter was altered in bud1 mutant plants but

had a similar response to exogenous auxin treatment as the wild

type (Dai et al., 2003).

Genetic analysis with bud1 double mutants also supports the

conclusion that bud1 is an auxin transport mutant resulting from

enhanced expression of MKK7. The phenotype of the double

mutant bud1 axr3-3, which was generated from the cross of

bud1 with auxin hypersensitive response mutant axr3-3 (Leyser

et al., 1996), is much less severe than that of bud1 plants, indi-

cating that the lose of apical dominance in bud1 can be partially
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suppressed by elevating its sensitivity to auxin. However, when

crossed with the auxin transport decreased mutant doc1-1 (Gil

et al., 2001), the double mutant bud1 doc1-1 showed an

aggravated loss of apical dominance, which is much more

severe than any parental mutant. Mutation of the BIG gene in

doc1-1 not only causes an auxin transport disruption phenotype

but also affects the expression of light-related genes, for exam-

ple, CAB2 (Gil et al., 2001). However, the expression of CAB2 in

bud1 plants was not affected (H. Wang, unpublished data). The

extreme phenotype in bud1 doc1-1 and the different expression

patterns of CAB2 in bud1 and doc1-1 plants may suggest

that MKK7 and BIG regulate PAT through different pathways.

However, the finding that bud1 and its double mutant bud1

atmdr1-1 had very similar morphological phenotypes, including

curled leaves, increased lateral branching, decreased plant

height, and reduced fertility, may suggest the involvement of

BUD1 and MDR1 in the same PAT regulatory pathway in

Arabidopsis.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia (Col-0) wild-type and mutant

plants were grown on vermiculite saturated with 0.33 B5 medium under

continuous illumination (80 to 120 mE m�2 s�1) at 238C. For plants grown

on 0.53 MS plates (Gibco BRL), seeds were surface sterilized. For

temperature treatment, plants were germinated and grown on 0.53MS in

separate versatile environmental test chambers (Sanyo) under continu-

ous illumination (70 mE m�2 s�1) at 20 and 298C, respectively. The root

auxin sensitivity was assayed as follows: 4-d-old light-grown seedlings

were transferred to MS plates containing appropriate concentrations of

synthetic auxin 2,4-D, and the root length was measured after 3 d of

treatment.

Isolation of the T-DNA–Tagged Locus

Arabidopsis genomic DNA was digested completely with EcoRI, sepa-

rated on agarose gel, blotted onto a Hybond Nþ membrane (Amersham),

and probed with CaMV 23 35S promoter. The 7-kb DNA fragment that

cosegregated with the mutant phenotype was recovered and ligated into

the EcoRI-predigested lZAP II vector (Stratagene) to construct a sub-

library. The T-DNA–tagged locus was cloned by screening the sublibrary

with 23 35S enhancer as the probe and sequenced with a DNA

Sequencer 3700 (Applied Biosystems).

RNA Gel Blot Analysis, RT-PCR, and RACE-PCR

Total RNA was prepared by a guanidine thiocyanate extraction method,

and RNA gel blot analysis was performed as previously described (Hu

et al., 2000). RNA (20 mg per lane) was separated in an agarose gel

containing 10% formaldehyde, blotted onto a Hybond Nþ membrane

(Amersham), and probed with the PCR-amplified DNA fragments using

the following primers: BamHISTART (59-GGATCCTCTCTCTTCTATTTCC-

ATGGC-39) and SacIEND (59-GAGCTCACAAGCAGTCGGATCTAAAG-39)

for BUD1/MKK7; TFF (59-AGGAGATGTCTTCCGCTGATG-39) and TFR

(59-AAGTCTTCATCGGATTCGTGTG-39) for At1g18340.

For RT-PCR analysis, 2 mg of total RNA treated with DNase I (Gibco

BRL) was added in a 20-mL reverse transcription reaction using the

Superscript first-strand synthesis system for RT-PCR (Gibco BRL), and

an appropriate amount of the products was further applied for a 20-mL

PCR amplification reaction using gene-specific primers, including BamHI-

START and SacIEND for BUD1/MKK7, TFF and TFR for At1g18340,

and ACTIN7F (59-TGGAATGGTGAAGGCTGGTTT-39) and ACTIN7R

(59-CTGTTGGAAGGTGCTGAGGGA-39) for ACTIN7.

The 59 and 39 UTR sequences of BUD1 were obtained by RACE-PCR

with a 59/39 RACE kit (Roche). The specific primers used in RACE-PCR

were SP1 (59-GAGCTCAAGTATCATCACTCCG-39), SP2 (59-GCTAG-

TTGTTTCTCCGTAACGG-39), SP3 (59-CTGCTTCCTCTTCCGAGAAG-39),

and SP4 (59-CCGTTACGGAGAAACAACTAGC-39).

Plasmid Construction and Plant Transformation

To construct the plant transformation plasmids 35S:BUD1 and

35S:BUD1(K74R) in which the Lys residue (K) at the position of 74 was

point mutated into Arg (R), the DNA fragment containing the entire CDS of

BUD1 or BUD1(K74R) was double digested with BamHI/SacI and ligated

into the pBI121 vector (Clontech).BUD1was amplifiedwith primers Bam-

HISTART and SacIEND. BUD1(K74R) was generated by site-directed

mutagenesis PCR (Ho et al., 1989) using primer pairs of BamHISTART/

BUD1muR (59-CGTTGACTGATCTCAGAGCG-39) andBUD1muF (59-CGC-

TCTGAGATCAGTCAACG-39)/SacIEND (the mutated base pair is under-

lined).

To construct 35S:antisense BUD1 plant transformation plasmid, a

710-bp partialBUD1 fragment truncated at the 39 end by SacI was cloned

into pBI121 in an antisense orientation.

Plant transformation plasmids were introduced into Agrobacterium

tumefaciens strain GV3101 (pMP90RK) (Koncz and Schell, 1986) by

electroporation, and Arabidopsis plants were transformed via vacuum

infiltration (Bechtold et al., 1993). Transformants (T1) were selected on

plates containing 50mg/L kanamycin and transferred to soil to allow self-

pollination. Genetic and phenotypic analyses were performed mainly in

T2 or T3 generations.

To generate 35S antisense BUD1 transgenic plants in the bud1

homozygous background, the antisense plasmid was introduced into

BUD1/bud1 heterozygous plants, and the transformants were identified

by PCR analysis using the following primers: P1 (59-TCTAGAAGCCATG-

GAAATAGAAGAGAG-39), P2 (59-CTGCAGCCGTAGGGTCATGTGTGA-

CTG-39), P3 (59-ACCACGTCTTCAAAGCAAGTG-39), and P4 (59-TAT-

GATAATCATCGCAAGACCG-39).

Protein Expression and Kinase Assay

To express and purify BUD1 and BUD1(K74R) proteins for kinase assay,

we amplified the coding sequences from the above-described BUD1 and

BUD1(K74R) constructs with primers BUD1EcoRIF and BUD1SalIR

(59-AGAATTCATGGCTCTTGTTCGTAAACGC-39 and 59-AGTCGACCTA-

AAGACTTTCACGGAGAAAAGG-39). The PCR products were cloned into

the Escherichia coli expression vector pMAL-c2 (New England Biolabs)

and verified by sequencing. The fusion proteins were expressed and

purified by amylose-affinity chromatography (New England Biolabs) and

quantified by Bio-Rad protein assay reagent.

The autophosphorylation assay mixture (20 mL) containing 50 mM Tris-

HCl, pH 7.5, 10mMMgCl2, and 10mMMnCl2, 10mCi of g-32P-ATP, and 1

to 2mgMBP,MBP-BUD1, orMBP-BUD1(K74R)was incubated at 308C for

30 min, and the reaction was terminated by adding 4 mL 63 SDS-PAGE

sample buffer. The reactionmixture was heated at 958C for 5 min and then

separatedona10%(w/v)SDS-PAGE.ThegelwasstainedwithCoomassie

Brilliant Blue, and the 32P-labeled protein bands were visualized by the

Variable Mode Imager Typhoon 8600 (Amersham Pharmacia Biotech).

Generation of bud1 Double Mutants

The double mutant bud1 axr3-3, bud1 doc1-1, bud1 atmdr1-1, or bud1

tir1-1 was generated from the cross of homozygous bud1 with axr3-3,

doc1-1, atmdr1-1, or tir1-1 (Leyser et al., 1996) and identified from the F2
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progeny grown on nutrient plates by comparing with its parental pheno-

types and through PCR-based molecular analyses (Noh et al., 2001;

Zenser et al., 2001).

IAA Measurement and Transport Assay

IAA content was measured mainly by the method described previously

(Ouyang et al., 2000). Inflorescence stems of 6-week-old plants were

used for auxin polar transport assay as described (Okada et al., 1991).

Stem segments (2.5 cm in length) were placed in a 1.5-mL microcen-

trifuge tube with one end submerged in 30 mL of MES buffer (5 mM MES

and 1% [w/v] sucrose, pH 5.5) containing 1.45mMtotal IAAwith 100 nMof
3H-IAA at room temperature in darkness for 24 h. Based on the orientation

of the inflorescence segment within the tube, basipetal or acropetal auxin

transport wasmeasured. After incubation, the segment was removed and

the last 5 mm of the nonsubmerged end was excised and placed into

2.5mLof scintillation fluid. The sampleswere allowed to sit for at least 18 h

before being counted in a liquid scintillation counter.

IAA transport of dark-grown hypocotyls was assayed as described

previously (Garbers et al., 1996). In each assay, 10 apical hypocotyl seg-

ments each of 2.0-mm length were put in 30 mL of transporting buffer

(5mMsodiumphosphate, pH6.0, and1%sucrose) containing 1.0mMIAA

plus 5.0 nM 3H-IAA and incubated at room temperature for 2 h with

shaking at 100 rpm. The segmentswerewashed twice and then incubated

in 30 mL of buffer with shaking at 100 rpm for 2 h to allow the IAA to be

transported out. After washing twice, the segments were incubated in

2.5-mLuniversal scintillationfluid for>18h,and the radioactivitywascounted

by a liquid scintillation counter (1450 MicroBeta TriLux; Perkin-Elmer).

Auxin transport of young seedlings of wild-type and homozygous bud1

mutant plants was assayed as previously described (Murphy et al., 2000).

Plants were grown on filter paper saturated in 0.253MSmedium at 218C

for 5 d under continuous light. To assay IAA transport activity, a small drop

(0.2 mL) of 10 nM 3H-IAA in ethanol (50 nCi mL�1) was applied onto each

apical tip of 10 seedlings. After a 4-h transport period, the seedlings were

rinsed with 0.253 MS medium. By removing the upper hypocotyls and

cotyledons, the radioactivity in 2-mm sections excised above the

transition zone was determined by a scintillation counter.

Auxin transport from shoot apex into roots was assayed using intact

light-grown seedlings as described previously (Peer et al., 2004) with

some modifications. Before assay, 10 seedlings grown 4.5 d after

germination were transferred to vertically discontinuous filter paper strips

saturated in one-quarter MS medium and allowed to equilibrate for 2 h.

Auxin solutions were made up in 0.25% (w/v) agarose containing 25 mM

MES, pH 5.2. A 0.2-mLmicrodroplet containing 500 nMunlabeled IAA and

500 nM 3H-IAA (specific activity 25 Ci/mmol) was placed on the shoot

apical tip of seedlings. Seedlings were then incubated in the dark for 5 h.

After incubation, the hypocotyls and cotyledons were removed. A 2-mm

section of filter paper, upon which the S-R TZ was centered, was

harvested along with the 2-mm segment of tissue containing the S-R

TZ, and the subsequent three 4-mm filter paper strip sections containing

the indicated root tissue or the 2- to 3-mm root tip were also collected.

The samples were allowed to sit in 2mL of universal scintillation fluid for at

least 18 h before being counted in a liquid scintillation counter.

Accession Number

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession number DQ185389.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. BUD1 cDNA Sequence.

Supplemental Figure 2. BUD1 Expression in Different Organs.
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