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Ribosomal protein L24 (RPL24) is implicated in translation reinitiation of polycistronic genes. A newly isolated Arabidopsis

thaliana short valve1 (stv1) mutant, in which one of the RPL24-encoding genes, RPL24B, is deleted, shows specific defects

in the apical-basal patterning of the gynoecium, in addition to phenotypes induced by ribosome deficiency. A similar

gynoecium phenotype is caused by mutations in the auxin response factor (ARF) genes ETTIN (ETT) and MONOPTEROS

(MP), which have upstream open reading frames (uORFs) in their 59-transcript leader sequences. Gynoecia of a double

mutant of stv1 and a weak ett mutant allele are similar to those of a strong ett allele, and transformation with a uORF-

eliminated ETT construct partially suppressed the stv1 gynoecium phenotype, implying that STV1 could influence ETT

translation through its uORFs. Analyses of 59-leader-reporter gene fusions showed that the uORFs of ETT andMP negatively

regulate the translation of the downstream major ORFs, indicating that translation reinitiation is an important step for the

expression of these proteins. Taken together, we propose that perturbation of translation reinitiation of the ARF transcripts

causes the defects in gynoecium patterning observed in the stv1 mutant.

INTRODUCTION

The plant hormone auxin plays a crucial role in a wide variety of

plant morphogenetic and physiological responses. Proper cel-

lular responses to auxin gradients established by polar transport

underlie organ patterning (Berleth et al., 2004). For example,

genetic and pharmacological studies have established that

apical-basal patterning of the gynoecium, the female reproduc-

tive organ of flowering plants, involves both auxin responses and

polar auxin transport. TheArabidopsis thaliana gynoecium arises

from two congenitally fused carpels and is composed of four

distinct parts along the apical-basal axis: stigma (Figures 1A and

1C, orange), style (blue), ovary (magenta), and gynophore (green)

(Sessions and Zambryski, 1995; Bowman et al., 1999). The female

gametophytes are located in the ovary. Mutations in the PINOID

(PID), PIN-FORMED1 (PIN1), ETTIN (ETT), and MONOPTEROS

(MP) genes cause the development of abnormal gynoecia, in

which the boundary between ovary and gynophore is more distal

than in thewild type (cf. Figure 1Ewith a in Figure 1D,white arrow-

heads) (Bennett et al., 1995; Sessions and Zambryski, 1995;

Przemeck et al., 1996). PID and PIN1 encode a Ser/Thr protein

kinase and amembrane-localized protein, respectively, and both

genes are regulators of polar auxin transport (Gälweiler et al.,

1998; Christensen et al., 2000; Friml et al., 2004). Young flower

buds sprayed with a polar auxin transport inhibitor develop

abnormal gynoecia much like those of the auxin-related mutants

described above (Nemhauser et al., 2000). The ETT and MP

genes encode auxin response factors (ARF) 3 and 5, respectively

(Sessions et al., 1997; Hardtke and Berleth, 1998). ARF protein is

a transcription factor that binds to auxin response elements in

the promoters of early auxin response genes and regulates their

expression (Ulmasov et al., 1997).

ARF activity is considered to be partially regulated at the

protein level, as it is repressed by interactionwith auxin/indole-3-

acetic acid proteins (Berleth et al., 2004). Specifically, auxin

perception triggers degradation of auxin/indole-3-acetic acid

proteins through the ubiquitin-proteasome pathway, which re-

sults in ARF activation (Berleth et al., 2004). ARF2 protein, which

mediates ethylene and light signaling, is degraded in response to

ethylene treatment (Li et al., 2004).

Translational control also contributes to the specific gene reg-

ulation associated with developmental programs and environ-

mental responses. For example, several kinds of cis-elements on

mRNA are known to affect translation efficiency. One such cis-

element is the upstream open reading frame (uORF), which is

often found in the 59-transcript leader sequence (conventionally

known as the 59-untranslated region) of eukaryotic mRNAs. A

uORF may regulate the translation of the downstream ORF

encoding the major gene product (Geballe and Sachs, 2000;
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Morris and Geballe, 2000). If uORFs are recognized by a ribo-

some scanning the mRNA, translation will be terminated at the

stop codon of the uORF, and translation of the downstreamORF

will require translation reinitiation. For translation reinitiation, the

ribosome must form a new initiation complex with eIF2-GTP and

Met-tRNA at the start codon of the downstreamORF. Translation

efficiency of the downstream ORF can be regulated by several

mechanisms, including modulation of the efficiency of reinitia-

tion, stalling of ribosomes due to inhibition of elongation or

termination of uORF translation, and exposure of an internal

ribosome entry site by ribosome progression along the uORF

(Hinnebusch, 1996; Geballe and Sachs, 2000; Morris and

Geballe, 2000; Yaman et al., 2003). In some cases, uORFs are

involved inmRNA stability (Vilela et al., 1999; Morris andGeballe,

2000; Ruiz-Echevarria and Peltz, 2000).

Cytosolic ribosomal protein L24 (RPL24) belongs to the class

of ribosomal proteins present only in archaebacterial and eu-

karyotic, but not in prokaryotic, ribosomes. An archaebacterial

RPL24 homolog, L24e, is located at the surface of the ribosomal

large subunit that interacts with the small subunit, close to the

main factor binding site (Ban et al., 2000). Yeast mutant analyses

showed that RPL24 is involved in the association of large and

small ribosome subunits to enhance translation efficiency, al-

though it is not essential for cell viability (Baronas-Lowell and

Warner, 1990; Dresios et al., 2000). In plant cells, Arabidopsis

RPL24 interacts with transactivator protein (TAV), which is

encoded by the cauliflower mosaic virus (CaMV) genome and

stimulates translation reinitiation of downstream ORFs of the

polycistronic CaMV 35S RNA (Park et al., 2001). Increased

expression of RPL24 enhances the TAV-dependent stimulation

of translation reinitiation but has no effect on the first translation

initiation (Park et al., 2001). These previous studies demon-

strated that RPL24 plays a pivotal role in translation reinitiation.

Here, we report the isolation of an Arabidopsis RPL24 mutant,

short valve1 (stv1; valve refers to the outer wall of the ovary),

which shows defects in apical-basal gynoecium patterning

similar to ett and mp mutants. From the results of our genetic

and molecular biological analyses, we suggest that ETT and

MP expression is regulated by uORFs and requires RPL24-

dependent translation reinitiation.

RESULTS

STV1 Is a Novel Factor Involved in Auxin-Mediated

Organ Pattern Formation

From a T-DNA–tagged Arabidopsis population, we isolated

a recessive mutation, stv1-1, which disturbs the apical-basal

development of the gynoecium. Like auxin response and polar

transport mutants (Figure 1E) (Bennett et al., 1995; Sessions

and Zambryski, 1995; Przemeck et al., 1996), the gynoecium of

stv1-1 has a shorter ovary and longer gynophore than the wild

type, but the total length of the gynoecium is normal before

pollination (Figures 1A to 1C). The extent of the reduction in ovary

size varies in each carpel; in some cases, one side of the ovary

is missing (c in Figure 1D, arrow), indicating that the apical-

basal patterning of the two carpels of the gynoecium develops

independently. The stv1-1 phenotype included defects in

vascular system and embryo organization, which are also

associated with auxin signaling (Friml et al., 2003; Mattsson

et al., 2003; Berleth et al., 2004). In the vasculature of wild-type

cotyledons, a primarymidvein is formed and secondary veins are

connected symmetrically (a in Figure 1G). However, most coty-

ledons of stv1-1 (96%, n ¼ 51) had abnormal vascular patterns

that were asymmetric (b in Figure 1G) and/or disconnected (c in

Figure 1G). Cotyledons of stv1-1 were occasionally fused or

single (3%, n ¼ 98), indicating that stv1-1 is associated with

defects in embryo patterning (d in Figure 1G). This series of

Figure 1. Apical-Basal Pattern in Gynoecia and Vascular Patterns in

Cotyledons of the Wild Type and stv1.

(A) and (B) Scanning electron micrographs of wild-type (A) and stv1-1 (B)

gynoecia. The regions of stigma, style, ovary, and gynophore are colored

orange, blue, magenta, and green, respectively.

(C) Diagram of gynoecium structures of the wild type and stv1.

(D) Fertilized siliques of wild type (a), stv1-1 (b and c), stv1-2 (d), and stv1-1

transformed with a genomic fragment, including STV1, which is hemi-

zygous for the transgene (e; see Figure 4A). The arrow indicates

a complete loss of the ovary region.

(E) Siliques of auxin response (left, ett-2) and polar auxin transport (right,

pid-8) mutants.

(F) Siliques of ribosomal protein mutants (left, pfl1/rps18; center, pfl2/

rps13; right, aml1/rps5 heterozygote). White and black arrowheads ([A]

to [F]) indicate the apical and basal boundaries of the gynophore,

respectively.

(G) Vascular patterns of cleared cotyledons from 12-d-old seedlings of

the wild type (a) and stv1-1 (b to d).

Bars ¼ 0.5 mm in (A) and (B), 5 mm in (D), and 1 mm in (G).
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phenotypic effects suggested that STV1 is involved in auxin-

mediated pattern formation.

STV1 Has Pleiotropic Effects on Whole-Plant Development

Morphological defects associated with stv1-1 were also appar-

ent in other plant organs and tissues. After pollination, the gynoe-

cium of stv1-1 failed to elongate, resulting in shorter siliques (a

and b in Figure 1D). We found a predominance of arrested seeds

in these siliques, resulting in lower fertility (Figure 2A, arrows).

Because outcrossing with wild-type pollen resulted in the pro-

duction of arrested seeds similar to those of self-pollinated plants

(data not shown), we predicted that there would be defects in

stv1-1 ovules. In fact, as observed in cleared gynoecia, the stv1-1

ovules had shorter integuments thanwild-type ones, and in some

extreme cases, the gametophyte was protruding from the

integuments (Figure 2B). This abnormal development of ovules

in stv1-1 mutants may explain the reduction in female fertility.

Growth was retarded in both aerial and underground parts of

stv1-1 mutants, resulting in plants that were smaller overall than

the wild type (Figure 2C). In stv1-1 roots, growth rates were

reduced (Figure 2D). However, mature root epidermal cells had

the same size as those in the wild type (Figure 2E), indicating that

cell division but not cell elongation were affected in the mutant

root tips. stv1-1 leaves were smaller than wild-type ones and

pointed (Figure 2F). These phenotypic observations suggested

that STV1 had pleiotropic effects on whole-plant development in

addition to specific effects on organs and tissues affected by

known auxin signaling mutations.

Genetic Interactions between STV1 and ETT

To investigate the genetic interactions between STV1 and a gene

involved in auxin signaling, we examined the phenotype of an

stv1-1 ett-2 double mutant. ett-2 is a weak allele mutant of ett,

whose gynoecium resembles that of stv1-1, as described above

(Figure 1E) (Sessions and Zambryski, 1995). The ett-2 allele has

a point mutation at a splice junction that may reduce the amount

of ETTmRNA (Sessions et al., 1997). The gynoecia of stv1-1 ett-2

double mutants showed severe reduction of the ovary and

morphological abnormalities in the apical region that were similar

to ett strong allele mutant phenotypes (Figure 3A) (Sessions and

Zambryski, 1995). This result indicated that the stv1-1 mutation

enhanced the gynoecium phenotype of the ett-2 mutation.

Occasionally, inflorescences of the double mutant failed to

produce any normal flower buds, resulting in pin-like structures

Figure 2. Pleiotropic Effects of the stv1 Mutation during Plant Development.

(A) Seeds in elongated siliques of the wild type (left) and stv1-1 (right). Arrested seeds are shown in stv1-1 (arrows).

(B) Nomarski micrographs of ovules from cleared wild-type (left) and stv1-1 (right) siliques. Inner and outer integuments are shortened, and the female

gametophyte is exposed in the stv1-1 ovule (arrow).

(C) Aerial parts of 44-d-old wild-type (left) and stv1-1 (right) plants.

(D) Elongation of primary root of the wild type (circle), stv1-1 (square), and stv1-2 (triangle). Error bars indicate SD (n ¼ 39 for the wild type, n ¼ 18 for

stv1-1, and n ¼ 30 for stv1-2).

(E) Epidermal cell length of wild-type, stv1-1, and stv1-2 roots. Root hair-forming cells 5 to 7 mm from the root tip of 10-d-old seedlings were measured.

Each bar represents the mean for 10 to 14 individual plants. Error bars indicate SD (n ¼ 51 for the wild type, n ¼ 37 for stv1-1, and n ¼ 47 for stv1-2).

(F) Aerial parts of 23-d-old wild-type (left) and stv1-1 (right) plants.

Bars ¼ 0.5 mm in (A), 0.1 mm in (B), 2 cm in (C), and 5 mm in (F).
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(Figure 3C) that were not found in either stv1 or ett single mutants

(Figures 2C and 3B). This observation indicated that both STV1

and ETT function in flower bud formation. Pin-like inflorescences

are formed in mp, pid, and pin1 mutants (Okada et al., 1991;

Bennett et al., 1995; Przemeck et al., 1996) and in wild-type

plants treated with polar auxin transport inhibitors (Okada et al.,

1991). These results supported our proposition that STV1 is

associated with auxin signaling.

Molecular Cloning of STV1

We isolated genomic DNA fragments flanking the T-DNA insert

by screening a genomic library made from stv1-1 genomic DNA.

We pinpointed the STV1 locus within the region covered with an

annotated BAC clone, F8J2, on chromosome III, and found that

the T-DNA insertion resulted in the deletion of an entire 10-kb

region containing five predicted genes (Figure 4A). We then

transformed stv1-1 mutants with wild-type genomic DNA frag-

ments, each containing one of the five predicted genes of the

replaced region, and identified a locus, RPL24B (At3g53020),

that restored the phenotype of stv1-1 to wild type (e in Figure 1D).

Another T-DNA–tagged line of this gene was isolated from a

T-DNA insertion collection and was found to have the same

phenotype as stv1-1 (d in Figure 1D, and Figures 2D and 2E). We

concluded that STV1 is the RPL24B gene and named the new

line stv1-2. RPL24B encodes an Arabidopsis homolog of cyto-

solic RPL24, which is found in archea and higher eukaryotes

(Figure 4C). There is another homolog encoded by the RPL24A

gene (At2g36620) in Arabidopsis. The STV1 protein and its

homolog have highly conserved amino acid sequences in their

N-terminal halves (Figure 4C). stv1-1 plants transformed with

a truncated STV1 gene encoding only the N-terminal half of the

protein (amino acids 1 to 71), which differs from that of the

homolog by only one amino acid, were indistinguishable from

wild-type plants (data not shown), which suggested that the

STV1 protein and its homolog possess equivalent functions.

Expression Pattern of STV1

RNA gel blot hybridization using the 39-half sequence as a probe

revealed thatSTV1was transcribed in all testedorgans (Figure 5A,

left panel).STV1 transcriptswerenot detected in stv1-1and stv1-2

by the sameprobe, indicating that this probe did not recognize the

transcripts of the RPL24A encoding the homolog (Figure 5A, right

panel). However, it remained unknown whether truncated STV1

transcripts were expressed in stv1-2 or not. To determine the

temporal and spatial pattern of STV1 expression, we histochem-

ically analyzed transgenic plants carrying the b-glucuronidase

(GUS) gene under the control of a 1.1-kb STV1 promoter. Strong

GUS staining was observed in shoot apices (Figures 5B and 5C),

young developing leaves (Figures 5B and 5C), the vasculature of

leaves (Figure 5B and 5D), the cell division region of root tips

(Figure 5E), the vasculature of roots (Figure 5F), lateral root

primordia (Figure 5G), pollen (Figure 5H), the vasculature of floral

organs (Figure 5H), inflorescence apices (Figure 5I), and young

flower buds (Figure 5I). Many parts of the stained tissues are

known to have high cell proliferation activity. STV1 expression in

the early stages of flower development was examined more

closely by mRNA in situ hybridization. The STV1 transcript was

detected throughout the shoot apices and in young developing

flowers (cf. Figures 5J to 5L with 5M), although the signal was

strongest in regions with vigorously dividing cells, such as inflo-

rescence and flower meristems (Figure 5J), primordia of floral

organs (Figures 5J and 5K), and regions expected to developmale

and femalegametophyteswithin anthers andcarpels, respectively

(Figures 5L). The results showed that STV1was transcribed in the

flower at the early stages of carpel development, including the

tissues in which ETT and MP are transcribed (Sessions et al.,

1997; Hardtke and Berleth, 1998). STV1 expression in meriste-

matic cells and vasculature is consistent with the typical expres-

sion pattern of ribosomal protein genes (Van Lijsebettens et al.,

1994; Williams and Sussex, 1995; Ito et al., 2000; Weijers et al.,

2001).

Phenotypic Comparison of stv1with Other Ribosomal

Protein Gene Mutants

Previous reports showed that three Arabidopsis ribosomal pro-

tein genemutants,pfl1/rps18,pfl2/rps13, and aml1/rps5, showed

growth retardation, reduced fertility, narrow leaves, and defects

in vascular patterning resembling that observed in the stv1 mu-

tant (Van Lijsebettens et al., 1994; Ito et al., 2000; Weijers et al.,

2001). The overlapping phenotypes of these mutants are to be

expected because the genes involved encode components of

the same cellular machinery, the ribosome. However, none of

these known mutants has any defects in gynoecium patterning

(Figure 1F), indicating that STV1 has a unique function in gynoe-

cium development that distinguishes it from other ribosomal

protein genes.

ETT andMP Have uORFs

Park et al. (2001) reported that Arabidopsis RPL24, encoded by

RPL24A, is associated with translation reinitiation of viral poly-

cistronic RNA in plant cells. This suggested that the stv1 muta-

tionmight cause defects in the expression of polycistronic genes

or genes with a uORF. Because some uORFs are predicted in

the 59-genomic regions of ETT and MP (Figures 6A and 6B,

orange characters), we investigated whether the regions con-

taining these putative uORFs are actually transcribed. Using the

primers (Figures 6A and 6B, magenta arrows) designed to cover

Figure 3. Genetic Interaction of STV1 with ETT.

(A) Gynoecia of stv1-1 ett-2 double mutants (left) and ett-1 (right),

a strong allele of ett. Bar ¼ 1 mm.

(B) and (C) Shoot apices of ett-2 (B) and stv1-1 ett-2 double mutant (C).
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the region containing the putative uORFs and the first intron

(Figures 6A and 6B, italic characters), the 59-transcript leader

sequences were amplified from cDNA derived from young flower

buds (Figure 6C). Subsequent sequence analyses for these PCR

fragments verified that they were amplified from cDNAs without

introns. These studies of the 59-transcript leader sequences

revealed that ETT has at least two and MP at least six uORFs in

their 59-transcript leader sequences (Figures 6A and 6B).

Partial Suppression of the stv1 Phenotype by

uORF-Eliminated ETT Expression

Based on the findings that ETT and MP have uORFs, we

hypothesized that full expression of ETT and MP involves trans-

lation reinitiation and would thus require STV1. To test this

hypothesis, we expressed an ETT version lacking the uORFs in

the stv1 background. If the gynoeciumdefect in stv1 is caused by

a perturbation in the efficiency of translation reinitiation of ETT,

then making ETT expression independent of translation reinitia-

tion should affect the stv1 gynoecium phenotype. First, we

constructed a modified ETT genomic clone in which the start

codons of the two uORFs were changed from ATG to TTG, to

prevent uORF translation initiation (Figures 6A and 6B, upper-

case characters, and Figure 7A), and then we transformed either

the modified clone (mutant ETT) or the unmodified clone (intact

ETT) into an ett-2 mutant to confirm that the genomic regions

introduced are sufficient for ETT function. The T1 lines expressing

Figure 4. Molecular Cloning of STV1.

(A) Genomic structure of the BAC F8J2-covered region. Open boxes represent inserted T-DNAs. Predicted ORFs and cloned genomic DNA fragments

for phenotype-rescue experiments are shown below the map as arrows and bars, respectively. Transformation with the DNA fragment represented by

the white bar conferred a wild-type phenotype on stv1 plants (see e in Figure 1D). White arrow represents the STV1/RPL24B gene.

(B) Schematic structure of STV1. The solid line corresponds to the cloned STV1 genomic fragment in (A). Closed and open rectangles indicate the

protein coding regions and untranslated regions, respectively. A T-DNA inserted in the fourth exon in stv1-2 is shown.

(C) Alignment of RPL24 amino acid sequences from Arabidopsis (STV1/RPL24B and RPL24A), barley, yeast, human/rat, and Methanococcus. Dots

represent residues identical to those of STV1. The bracket indicates the amino acid sequences in the C terminus–truncated protein sufficient for STV1

functions (see text).
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Figure 5. Expression Pattern of STV1.

(A) RNA gel blot analysis of STV1 expression in various organs of the wild type (left panel) and in inflorescence meristems and young flower buds of the

wild type, stv1-1, and stv1-2 (right panel). The complementary strand of the 39-half of the STV1 cDNA was used as a specific probe. Ethidium bromide

staining of rRNA serves as a loading control.

(B) to (I)Histochemical GUS staining patterns of transgenic plants carrying the;1.1-kb STV1 promoter:GUS fusion construct. T2 plants derived from at

least four independent T1 lines were observed.

(B) Aerial parts of a 15-d-old plant.

(C) High-magnification image of (B).

(D) Rosette leaf of a 13-d-old plant.

(E) Root tip.

(F) Root vasculature.

(G) Lateral root primordium.

(H) Open flower.

(I) Inflorescence with young flower buds.

(J) to (M) In situ hybridization analysis of STV1mRNA abundance in shoot apices and young flowers. im, inflorescence meristem; fm, floral meristem; fp,

flower primordium; sp, sepal primordium; cp, carpel primordium; st, stamen primordium; ca, carpel; an, anther.

(J) A longitudinal section of an inflorescence meristem and young flower buds with sepal primordia.

(K) A longitudinal section of a young flower bud with carpel and stamen primordia.

(L) A longitudinal section of a flower initiating the formation of gametophytes.

(M) Sense probe was hybridized as a control.

Bars ¼ 3 mm in (B), 1 mm in (C), (D), (H), and (I), 0.2 mm in (E), 50 mm in (F) and (G), and 0.1 mm in (J) to (M).



both constructs showed complementation of the gynoecium

defect (data not shown). There were apparent morphological

differences between plants carrying intact or mutant ETT genes.

We then crossed two independent T1 lines for each construct

with stv1-1 and examined the gynoecium structures of the

established F3 and F4 generations in the stv1-1 background.

The most frequent ratio of ovary length to total gynoecium length

observed in stv1-1 lines carrying the mutant ETT construct was

intermediate between those of stv1-1 and the wild type (Figure

7B), suggesting that expression of the form of ETT lacking the

uORFs partially suppressed the stv1 gynoecium phenotype.

Plants expressing the intact ETT showed a slight suppression

of the stv1 gynoeciumphenotype, but the effect wasweaker than

in plants expressing the mutant ETT (Figure 7B). Additional

copies of the ETT gene might affect the gynoecium patterning in

stv1 by increasing ETT expression levels.

As mentioned above, one side of the ovary of stv1-1 gynoecia

was completely lost in extreme cases (4%). The frequency at

which this severe malformation occurred was not decreased in

the transgenic plants (7.8% in plants expressing intact ETT;

4.5% in plants expressing mutant ETT), indicating that the

complete loss of ovaries occasionally observed in stv1 may be

caused by different mechanisms than the defect of apical-basal

patterning. These findings were consistent with our hypothe-

sis that STV1 is involved in uORF-mediated expression of func-

tional ETT.

The uORFs of ETT andMP Repress Translation of

Downstream ORFs

It is widely thought that in some cases uORFs can affect the

translation of a downstream major ORF specifying a gene

product. Therefore, we examinedwhether the uORFs associated

with ETT orMP regulate the expression of themajor downstream

ORF. We inserted the ETT and MP 59-upstream sequences

including the 59-transcript leader sequences (Figures 6A and 6B,

underlined characters), with or without mutations in the trans-

lation start codons of the uORFs (Figures 6A and 6B, uppercase

characters), between a constitutive promoter and the luciferase

Figure 6. ETT and MP uORFs.

(A) and (B) Sequences of the 59-genomic region, including the transcript

leader (top) and summary of gene structure (bottom) of ETT (A) and MP

(B). Underlined sequences were subcloned into a reporter construct for

the transient expression assay and in vitro translation (see Figures 8 and

9). Magenta arrows represent primers used for RT-PCR in (C). Italics

represent the first intron. Orange, magenta, and green characters

represent uORF sequences, start or stop codons, and main ORF coding

regions, respectively. Uppercase characters represent nucleotides mu-

tated in the uORF-eliminated constructs (see Figures 7 to 9). In the

summary diagrams, orange triangles represent uORFs, and green boxes

represent coding regions.

(C) Amplification of the 59-transcript leader sequences of ETT and MP

by RT-PCR. Total RNA for the template was isolated from wild-type

inflorescence meristems and young flower buds (Columbia ecotype).

C and G represent cDNA and genomic DNA, respectively. M represents

the molecular marker, a 100-bp ladder. Bands indicated by red arrows

were excised and sequenced. The resulting sequences were consistent

with their predicted 59-transcript leader sequences.
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coding sequence (Figures 8A and 8B, left panels). We then

introduced the constructs into Arabidopsis mesophyll proto-

plasts. Right panels in Figures 8A and 8B show relative luciferase

activities (white bars) and mRNA accumulations (black bars)

measured after overnight incubation. The luciferase activity

produced from the ETT construct without uORFs was 44.5-fold

higher than that from the intact construct. An increase of the

luciferase activity was also observed in the case of MP, where

the construct lacking the uORF gave fourfold higher activity than

the intact one. On the other hand, the amounts of mRNA derived

from the constructs in which uORFs had been eliminated were

2.3- and 1.5-fold higher than those from the intact ETT and MP,

respectively. Thus, the major cause for the enhancement of

luciferase activity in the absence of uORFs was the efficiency of

translation and not the accumulation of mRNA.

We tested the hypothesis that the ETT and MP uORFs de-

crease the translation levels of the downstream ORFs using

wheat germ extract as an in vitro translation system. We

synthesized luciferase mRNA fused to ETT or MP 59-upstream

sequenceswith or without uORFs (Figures 6A and 6B, underlined

characters) in vitro and added a 59-cap structure and a poly(A) tail

(Figures 9A and 9C). Duplicate assays using independently

synthesized mRNA showed increased translation efficiency of

ETT when the uORF had been eliminated (Figure 9B). Similar

results were obtained for MP (Figure 9D). These in vivo and in

vitro analyses suggested that the ETT andMP uORFs control the

expression of the downstream main ORFs by repression of their

translation.

The First ETT uORF Is Translated in Vitro

To investigate whether uORFs are translated, in vitro translation

was performed in the presence of 35S-Met. A peptide of the size

predicted from the first uORF sequence of the ETT gene (11 kD)

was detected only when the uORF was actually present, indi-

cating that this uORF sequence was translated (Figure 9E, single

asterisk). However, we could not find a peptide corresponding to

the second uORF, possibly because the size of the predicted

peptide, 0.5 kD, was too small for detection. The amount of

peptide corresponding to luciferase (36 kD) synthesized from the

ETT fusion mRNA that lacked the uORFs was larger than that

from the intact mRNA (Figure 9E, double asterisk). This result

was consistent with the difference of luciferase activity. In the

case of MP, the amount of luciferase increased similarly, but no

small peptides that might have been encoded by the uORFs

(predicted sizes were below 2.9 kD) could be detected in our

system (data not shown).

DISCUSSION

Specific Role of RPL24 in Gynoecium Pattern Formation

Some ribosomal proteins have specific functions in addition to

those required for general protein synthesis (Wool, 1996). Arabi-

dopsis RPL24 plays a pivotal role in translation reinitiation of

polycistronic CaMV 35S RNA in plant cells (Park et al., 2001). In

this paper, phenotypic analyses of stv1, a mutant of RPL24,

revealed that in addition to its ribosome-related role in whole-

plant growth and the development of several organs, RPL24

functions specifically in auxin-mediated apical-basal patterning

of the gynoecium. This additional function has not been shown

for other ribosomal proteins so far and could be explained if

RPL24 affected the translation reinitiation of genes responsible

for gynoecium development.

We suggest that ETT and MP, mutants of which show similar

gynoecium phenotypes as stv1, are candidate genes whose

translation could be affected by RPL24. This hypothesis is

supported by three observations in this study: (1) ETT and MP

possess uORFs that affect the expression of the downstream

ORF, (2) the gynoecium phenotype of a weak ett allele was

enhanced by a stv1 mutation, and (3) the gynoecium phenotype

of stv1 was partially complemented by transformation with the

Figure 7. Transformation with ETT Lacking the uORFs Partially Sup-

presses the stv1 Gynoecium Phenotype.

(A) Overview of the genomic subclone constructs used for the transfor-

mation experiments in (B). Constructs include an ;7.2-kb genomic frag-

ment from the ETT locus, with (intact ETT) or without (mutant ETT) uORFs.

The construct without uORFs has point mutations in the upstream ATGs

(see Figure 6A). Triangles and arrows represent the uORFs and ETT

ORFs, respectively.

(B) Frequency distribution of the ratio of ovary length to total carpel

length of the wild type (diamond), stv1-1 (square), and stv1-1 trans-

formed with intact ETT (intact ETT in stv1-1; triangle) or with mutant ETT

(mutant ETT in stv1-1; circle). The abscissa is the ratio of ovary length to

total length (diagram shown in the chart), and the ordinate is the

percentage of carpels in each ratio category. Ovary and total lengths

were from fully elongated siliques. The arrow indicates the most frequent

ratio observed in stv1-1 transformed with mutant ETT.
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ETT gene lacking its uORFs. The enhancement of the weak ett

allele by stv1 indicated that a loss of RPL24 activity might cause

a decrease of ETT translation, while the partial complementation

of stv1 by the expression of uORF-less ETT suggested that the

removal of the uORFs abolished the dependence of ETT expres-

sion on RPL24 and increased the level of ETT protein in stv1. The

quantification of ETT and MP protein levels in wild-type and stv1

plants will clarify the role of RPL24 in ETT andMP translation. We

do not, however, discard the possibility that other genes are also

involved in the RPL24-dependent regulation of gynoecium de-

velopment.

The N-terminal half of RPL24, the amino acid sequence of

which is highly conserved in archea and eukaryotes, is sufficient

to bind to the CaMV TAV protein that controls translation

reinitiation (Park et al., 2001). Our study demonstrated that the

N-terminal half is sufficient for all STV1 functions in Arabidopsis.

These findings suggest that the specific role of RPL24 in trans-

lation reinitiation might also be conserved in other organisms.

Indeed, mammal and fungal cells contain a subset of genes

whose expression is regulated by uORFs (Geballe and Sachs,

2000; Morris and Geballe, 2000). Recently, it was reported that

a mouse mutant lacking RPL24 shows slow progression of the

cell cycle and tissue-specific defects during development (Oliver

et al., 2004). It would be interesting to test whether some aspects

of the mutant phenotype are owing to altered expression of

uORF-regulated genes.

uORFs of the ETT andMP Genes

There are several uORFs in the ETT and MP 59-transcript leader

sequences.Wedemonstrated that a peptide encoded by the first

uORF of ETT was translated in vitro, but peptides from the

second ETT uORF and the MP uORFs were not detected.

Investigation of the sequence context around the start codons

(uATGs) of the ETT andMP uORFs showed that there are purine

residues at position�3 (with respect to the Aof the ATGcodon) in

the second uATG of ETT and in five of the eight uATGs of MP.

This purine residue at position �3 is the most important nucle-

otide for the initiation of translation by scanning ribosomes

(Kozak, 1986). We assume that the uORFs carrying a purine at

position�3 probably were translated and that the peptides could

not be detected because of their small sizes (the predicted

molecular mass of the largest peptide was only 2.9 kD).

uORFs are involved not only in the regulation of translation but

also in the control of mRNA stability (Vilela et al., 1999; Ruiz-

Echevarria and Peltz, 2000). The elimination of the uORFs of ETT

and MP resulted in 1.5- to 2.3-fold accumulation of mRNAs in

protoplasts transiently expressing the 59-leader-reporter gene

Figure 8. Effects of ETT and MP uORFs on the Expression of Downstream ORFs in Mesophyll Protoplasts.

Constitutive CaMV 35S promoter–driven Renilla luciferase genes that had been fused to intact (with uORFs) or mutant forms (without uORFs) of the ETT

(A) and MP (B) 59-transcript leader sequences were transiently expressed in Arabidopsis mesophyll protoplasts, and luciferase activity and mRNA

accumulation were analyzed after overnight incubation (see Methods). Symbols used in the description of constructs on the left are defined below the

figure. Open and closed bars in the chart on the right indicate luciferase activity and mRNA accumulation, respectively. Results for the Renilla luciferase

activity and mRNA accumulation were normalized with respect to the activity and mRNA accumulation, respectively, of the cointroduced firefly

luciferase gene. Then, the luciferase activity and mRNA accumulation of the mutant fusion constructs relative to those of the intact fusion constructs

were calculated. The data are given as means of three independent assays, and error bars indicate SD.
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fusions, indicating that theETT andMP uORFsmight affectmRNA

stability. On the other hand, the reporter activities of translation

products were increased by point mutations of the uATGs to

a greater extent than the accumulation of mRNA. In fact, mRNAs

that lacked the uORFs were translated more effectively by an

in vitro translation system than the complete mRNAs. These

findings suggested that the ETT and MP uORFs repress the ex-

pression of the downstream ORF at the translational level.

After termination of uORF translation, the efficiency of the

reinitiation of the translation of the downstreamORFmaydepend

mainly on the length of the uORF and the intercistronic distance

between the uORF stop codon and the start codon of the main

ORF (Hinnebusch, 1996; Geballe and Sachs, 2000; Morris and

Geballe, 2000). Previous observations that increases in the

length of uORFs or in the size of the intercistronic spacer resulted

in the inhibition or enhancement, respectively, of downstream

ORF translation gave rise to the hypothesis that recharging of the

ribosome with initiation factors is required for translation reini-

tiation. Ribosomes translating longer uORFs may take longer

time for recharging because they shed the factors, and longer

intercistronic spacers may permit additional time for recharging.

The second ETT and all MP uORFs consist of <75 nucleotides,

short enough to reinitiate translation at the downstream ORF

(Rajkowitsch et al., 2004). However, the first uORF of ETT is 279

nucleotides long. In the case of CaMV 35S RNA, ORF VII, a 291-

nucleotide ORF, is upstream of ORF I, which is translated

effectively with TAV (Bonneville et al., 1989), and RPL24 is

involved in its translation reinitiation (Park et al., 2001). Therefore,

RPL24 might play a role in the translation regulation by long

uORFs inETT as in 35SRNA. The lengths of intercistronic spaces

in the ETT 59-leader and in MP are 61 and 91 nucleotides,

respectively. They appear long enough for efficient reinitiation,

compared with the intercistronic length of other uORF-regulated

genes, such as ORF I of CaMV 35S RNA (60 nucleotides;

Bonneville et al., 1989).

There are two types of uORF-mediated translational control,

one dependent on and the other independent of the amino acid

sequences of the peptides encoded by the uORFs (Geballe and

Sachs, 2000; Morris and Geballe, 2000). The peptide sequence

encoded by the ATB2/(At)bZIP11 uORF is conserved in the

Figure 9. ETT and MP uORFs Affect the Translation of Downstream

ORFs in an in Vitro System.

(A) to (D) Equivalent amounts of Renilla luciferase mRNAs fused to intact

(with uORFs) or mutant forms (without uORFs) of the ETT ([A] and [B]) or

MP ([C] and [D]) 59-transcript leader sequences were subjected to

in vitro translation using wheat germ extract, and luciferase activity was

measured. Structures of the mRNAs used for the assay ([A] and [C]) and

relative luciferase activities ([B] and [D]) are shown. Symbols in (A) and

(C) are the same as in Figure 8. Open and closed bars in (B) and (D)

indicate relative luciferase activity of intact and mutant form mRNA,

respectively. Renilla luciferase activity was normalized against the

activity of cotranslated firefly luciferase mRNA. The luciferase activity

relative to that of the intact formmRNAwas then calculated. Assays were

performed twice for independently synthesized mRNAs.

(E) 35S-Met–labeled products of in vitro translation were analyzed by

SDS-PAGE on a 16.5% Tris-Tricine SDS polyacrylamide gel. Molecular

masses of protein standards are shown on the left. The predicted size of

the ETT first uORF is 11 kD (single asterisk) and that of the Renilla

luciferase is 36 kD (double asterisk).
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59-transcript leader sequences of some other basic domain/

leucine zipper (bZIP) genes in Arabidopsis and other plants,

suggesting that these amino acid sequences could be crucial for

the uORF-mediated translational control of ATB2/(At)bZIP11

(Wiese et al., 2004). On the other hand, the translational control

of the maize Lc gene does not depend on the amino acid

sequences of the uORF peptides (Wang and Wessler, 1998). In

the case of theETT andMP uORFs, there is no conservation of the

number, length, or amino acid sequence of the encoded peptides,

even though the uORFs of both genes affect the translation of the

downstream major ORF. These differences raise the possibility

that translational control by ETT and MP uORFs might be in-

dependent of the amino acid sequences. Alternatively, translation

ofETT andMPcould be regulated bydifferentmechanisms,which

might be related to the finding that ETT and MP have distinct

effects, namely activation and repression of the transcription of

auxin response genes (Ulmasov et al., 1999; Tiwari et al., 2003).

uORF-Mediated Translational Control and the

Auxin Response

uORF-mediated translational control is responsible for poly-

amine homeostasis and sucrose sensing in plants (Hanfrey et al.,

2002; Wiese et al., 2004). In these cases, polyamine and

sucrose induce the uORF-mediated translation repression of

the S-adenosylmethionine decarboxylase and ATB2/(At)bZIP11

genes, respectively. Similarly, the uORF-mediated translational

control of ETT and/or MP expression could be regulated by

extracellular or intracellular signals. Specifically, these signalsmight

be associated with the auxin response because ETT and MP

encode ARF proteins, which can regulate the expression of auxin

response genes (Sessions et al., 1997; Hardtke and Berleth, 1998).

The Arabidopsis Information Resource database (http://

www.arabidopsis.org/home.html) thus far includes nine ARF

genes with apparent uORFs (see Supplemental Figure 1 online).

The other ARF genes could also have uORFs, but their

59-transcript leader sequences are not known. It is plausible,

therefore, that uORF-dependent translational regulation may be

a common aspect of the auxin response. An Arabidopsismutant

with a lesion in a subunit of the translation initiation factor eIF3h,

which is responsible for uORF-mediated translation, shows

altered transcription of early auxin response genes (Kim et al.,

2004), a finding that supports our hypothesis. Another possibility

is that other environmental and hormone signals could regulate

the uORF-controlled translation of ARF proteins because there is

crosstalk between the response pathways for auxin and these

other signals (Swarup et al., 2002; Halliday, 2004; Li et al., 2004).

Further analyses would clarify the significance of uORF-

mediated translational control in auxin signaling.

METHODS

Plant Material and Growth Conditions

stv1-1 was isolated by screening a CaMV 35S promoter:CPC transgenic

plant population, in which the absence of trichomes is a dominant visible

marker for the transgene (Wada et al., 1997). stv1-2 is a line, CS11180,

identified by PCR screening of K. Feldmann’s T-DNA insertion collection,

provided by the ABRC (Feldmann, 1991; McKinney et al., 1995). ett-2 and

pfl1 were also provided by the ABRC. pid-8 was kindly provided by

D. Smyth, pfl2 by T. Ito and K. Shinozaki, and aml1 by D. Weijers and

R. Offringa. The ecotypes of the wild type, stv1-1, stv1-2, ett-2, and pid-8

are Wassilewskija, pfl1 and aml1 are C24, and pfl2 is Nossen. The

genotypes of each mutation in the double mutant were verified by PCR.

Primers used for the stv1-1 mutation were 59-TGCGGATAAGGTAATT-

GCC-39, 59-CCAATATTCATGGTGTTCCT-39, and 59-AAGAAGAGAGCT-

GAGAAGCC-39, and for the ett-2 mutation, 59-GGTCTAATACTCCTC-

ACATG-39 and 59-CTTAAGGCTTCAGGAGATTC-39. Amplified DNA

fragments were digested with AflII for ett-2 analysis. The genotype of

the aml1 heterozygote was verified by PCR using the following primers:

59-GCTTCGTCAATCATTTACCATATT-39, 59-AAATAGTATCATTGGAAC-

AAGGAA-39, and 59-CACAGTTTTCGCGATCCAGACTG-39.

Seeds were sown on the surface of vermiculite in small pots and

incubated for 3 d at 48C. Plants were grown under continuous white

fluorescent light at 228C. Growth conditions for observation of under-

ground plant parts were described previously (Nishimura et al., 2003).

Phenotypic Analyses of stv1

Siliques, leaves, and roots were studied with an M420 microscope

(Leica). Microscopy images were taken with a Coolpix 990 digital camera

(Nikon). Scanning electron microscopy was performed as described

previously (Matsumoto and Okada, 2001). For the observation of vascu-

lature, 12-d-old seedlings were fixed overnight in acetic acid:ethanol (9:1,

v:v). After replacement with 70, 50, and 30% ethanol, samples were

cleared in chloral hydrate:glycerol:water (8:1:2, w:v:v).

Molecular Cloning of STV1

A genomic region containing theSTV1 locuswas isolated by screening an

stv1-1 genomic library constructed in the lFIXII vector (Stratagene) using

the T-DNA region as a probe. Genomic DNA fragments covering the

deleted region in stv1-1, corresponding to regions 83663 to 86400, 84881

to 88202, 87679 to 91911, 90270 to 93560, and 92558 to 94619 of the

F8J2 BAC vector, were amplified by PCR from F8J2 using the Expand

High-Fidelity PCR system (Roche Diagnostics) and subcloned into the

pPZP221 binary vector (Hajdukiewicz et al., 1994). Subcloned DNA

fragments were transformed into stv1-1 by vacuum infiltration using

Agrobacterium tumefaciens strain ASE for phenotype rescue. cDNA of

STV1 was amplified by RT-PCR from total RNA isolated from inflores-

cencemeristem and young flower buds of Landsberg erecta ecotypewith

the Superscript II first-strand synthesis system (Invitrogen), cloned into

the pT7 blue vector (Novagen), and sequenced. The construct for

expression of the N-terminal half of the STV1 protein was made by self-

ligation of a DNA fragment amplified from the STV1 genomic clone using

KOD plus polymerase (Toyobo) and the inversely directed primers

59-CTTCTTGGTGGCACGTCTCCTTCT-39 and 59-TGAAGAGCTTAAAG-

CCATCTTTTC-39.

Expression Analyses of STV1

For RNA gel blot analyses, total RNA was isolated with the RNeasy plant

mini kit (Qiagen). Total RNA (10 mg) was separated on a 1.5% agarose/

formaldehyde gel, transferred to a Hybond Nþ membrane (Amersham

Biosciences), and probed with the 39-sequences of STV1 cDNA.

The sequences for the probe were amplified from the cDNA clone by

PCR using the primers 59-AGGACGAGAAGAAGGCAAAGAAGG-39 and

59-CTCAAGTCTGATATTATAAGAGTAGCAAAA-39.

A promoter-GUS construct for STV1 was made by insertion of the

promoter region of STV1 (;1.1 kb), amplified by PCR, in front of theGUS

gene of the pBI101 binary vector (Clontech). The primers were 59-AGC-

TGTTTATGCAAGTAGTC-39 and 59-CATGGTAGTAGCTGCTCCTC-39.
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The construct was transformed into the Columbia ecotype by vacuum

infiltration as described above. Histochemical GUS staining was per-

formed by the methods described previously by Donnelly et al. (1999) for

aerial parts and by Malamy and Benfey (1997) for roots.

In situ mRNA hybridization was performed as described previously

(Matsumoto and Okada, 2001). The probe for the 39-sequence was

amplified from the cDNA clone using the primers 59-GGCAAACGCT-

GAAGAGCTTAAA-39 and 59-AGGACGAGAAGAAGGCAAAGAAGG-39.

Sequencing of the 59-Transcript Leaders of ETT andMP

The 59-transcript leader sequences of ETT and MP were amplified from

first-strand cDNAs derived from inflorescence meristems and young

flower buds of the Columbia ecotype using the primers shown in Figure 6

(magenta arrows), subcloned into the pT7 Blue vector, and sequenced.

Transient Expression Assay

The 59-upstream regions of ETT and MP (Figures 6A and 6B, underlined

characters) were amplified from the BAC clones T1B8 and F6K9,

respectively, using the KODplus DNA polymerase and inserted between

the constitutive CaMV 35S promoter and theRenilla luciferase gene of the

221-hRL vector. The 221-hRL vector, which contains the CaMV 35S

promoter, the Renilla luciferase gene, and the nopaline synthase gene

(NOS) terminator, was made from pBI221 (Clontech) by replacing GUS

with the Renilla luciferase gene derived from the hRL-null vector (Prom-

ega). The subcloned regions are shown in Figure 6. Site-directed

mutagenesis was achieved by PCR. The mutagenized DNA fragments

were amplified from the subclones using the KODplus DNA polymerase

and inversely directed primers carrying point mutations and self-ligated.

The mutagenesis was repeated in the case of multipoint mutations. The

221-lucþ vector harboring a firefly luciferase gene driven by the 35S

promoter (Matsuo et al., 2001) was used as an internal control.

Transient transformation of the reporter fusion genes into Arabidopsis

thalianamesophyll protoplasts was based on the method for suspension

cells described previously (Ueda et al., 2001). More than 20 rosette leaves

of plants (Wassilewskija ecotype) growing under continuous white light

were cut into narrow stripswith a razor blade andwere incubated in 25mL

of enzyme solution (0.4 M mannitol, 5 mM EGTA, 1% [w/v] cellulase Y-C

[Kyowa Chemical Products], and 0.05% [w/v] pectolyase Y-23 [Kyowa

Chemical Products]) for 30 min at room temperature under vacuum and

then for 1 h at 308Cwith gentle agitation. The enzyme solutionwas passed

through nylon mesh (120-mm pore size) and centrifuged at 100g for 5 min

to harvest mesophyll protoplasts. The protoplasts were washed twice

with 25 mL of solution A (0.4 M mannitol, 70 mM CaCl2, and 5 mM MES,

pH 5.7) and resuspended in MS-mannitol medium (Murashige and Skoog

cell culture medium [Murashige and Skoog, 1962] supplemented with

0.4 M mannitol and 5 mM MES, pH 5.7). Five micrograms of the Renilla

luciferase-fusion construct, 3 mg of 221-lucþ, and 2 mg of salmon sperm

DNA were added to 0.2 mL of the MS-mannitol solution containing 106 to

107 protoplasts, together with 0.2mL of polyethylene glycol solution [25%

PEG6000, 100 mM Ca(NO3)2, and 450 mM mannitol, pH 9]. The mixture

was incubated at room temperature for 15 min and then diluted with 5 mL

of Ca(NO3)2. The protoplasts were collected by centrifugation at 100g for

5min, resuspended in 8mL of theMS-mannitol solution, and incubated at

228C for 16 h in the dark. After washing with 5 mL of 0.4 M mannitol,

reporter activity was measured by the Dual-Reporter assay system

(Promega) with a Lumat LB9507 luminometer (Berthold Technology).

mRNA accumulation was quantified by real-time RT-PCR. Total RNA

was isolated from protoplasts with the RNeasy plant mini kit. On-column

DNase digestion (Qiagen) was performed during the RNA purification.

After an additional DNase I treatment (Invitrogen), the first-strand cDNA

was synthesized as described above. All reactions were performed also

without the reverse transcriptase as a control. Real-time PCR was

subjected by the Taqman sequence detection system with an ABI-Prism

7500 sequence detector (Applied Biosystems). The Renilla luciferase

genewas amplifiedwith the primers 59-GCGACGATCTGCCTAAGATGT-39

and 59-CGACAATAGCGTTGGAAAAGAA-39 and detected with the FAM-

labeled minor groove binder probe 59-TCGAGTCCGACCCTGG-39. The

firefly luciferase gene was amplified with the primers 59-TGCACATA-

TCGAGGTGGACATC-39 and 59-GCCAACCGAACGGACATTT-39 and

detected with the VIC-labeled minor groove binder probe 59-CTTACGC-

TGAGTACTTC-39. Amounts of mRNA were calculated by subtraction of

the value of the reaction without reverse transcriptase from that with re-

verse transcriptase, normalized with respect to the cointroduced firefly

luciferase gene. cDNA from protoplasts transformed with the 221-hRL

vector and the 221-lucþ vector was used as a standard control for each

independent experiment.

Construction and Observation of Transgenic stv1 Plants

Expressing ETTwith or without uORFs

The ETT genomic region corresponding to 79,439 to 86,552 of the T1B8

BAC clone was amplified from T1B8 by PCR with the KODplus DNA

polymerase and subcloned into the pPZP221NP binary vector. The

pPZP221NP binary vector was made from pPZP221 by replacing the

CaMV 35S promoter with the NOS promoter derived from pBI101

(Nishimura et al., 2003). The mutant ETT genomic clone was constructed

by complete replacement of the 59-upstream region of the ETT genomic

clone with that of the mutant 59-upstream-luciferase fusion construct

described above. These ETT genomic clones were transformed into ett-2

plants by vacuum infiltration to verify the recovery of the wild-type

phenotype. For each construct, two independent transgenic ett-2 plants

were crossed with the stv1-1 mutant to generate stv1-1 homozygotes

with the transgene. From F3 or F4 transgenic stv1-1 homozygotes, we

dissected;10 fully elongated siliques per individual from the 6th to 15th

flowers on the primary or secondary shoots. The total number of

dissected carpels was 400 for the wild type, 396 for stv1-1, 238 and

280 for the two independent transgenic lines of intact ETT, and 720 and

380 for the two independent transgenic lines of mutant ETT. Lengths of

the whole gynoecium and ovary region were determined from micro-

graphs with the scientific image analysis program Image-Pro Plus (Media

Cybernetics).

In Vitro Transcription and Translation

In vitro transcription and translation were performed as described pre-

viously (Chiba et al., 2003), with a minor modification. Constructs for in

vitro transcription are made by inserting the 59-upstream-Renilla lucifer-

ase fusion gene described above for the transient assay between theXbaI

and SacI sites of the pSP64 poly(A) vector (Promega) containing the SP6

promoter and poly(A)30. The plasmid DNAs were linearized with EcoRI

and transcribed using the AmpliCap SP6 high yield message maker kit

(Epicentre Technologies). After treatment with RNase-free DNase I, the

transcripts were purified using the RNeasy plant mini kit and the

QuickPrepMicro mRNA purification kit (Amersham Biosciences). In vitro

translation was performed in a reaction mixture containing 12.5 mL of

wheat germ extract (Promega), 2 mL of 1 mM amino acid mixture lacking

Met (Promega), 2.5 mL of 1 mM L-Met, 25 units of RNasin (Promega),

200 fmol ofRenilla luciferase fusionmRNA, and 400 fmol of the Luciferase

control RNA (Promega) as a control, for total volume of 25 mL. Reactions

were performed at 258C for 25 min. Luciferase activities were measured

as described above.

For electrophoresis of translated products, the reaction was performed

in a reaction mixture containing 12.5 mL of wheat germ extract, 2 mL of

1 mM amino acid mixture lacking Met, 25 units of RNasin, 25 mCi of
35S-Met (Amersham Bioscience), Complete Mini EDTA-free protease

inhibitor cocktail (Roche Diagnostics), and 1 pmol of Renilla luciferase
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fusion mRNA in a total volume of 25 mL. Reactions were performed at

258C for 40 min, and samples were separated on a 16.5% Tris-Tricine

SDS polyacrylamide gel (Schägger and von Jagow, 1987). The gel was

treated with a fluorographic enhancer, ENLIGHTNING (Perkin-Elmer Life

and Analytical Sciences), and examined with a BAS1500 Bio-Imaging

analyzer (Fuji Photo Film).

Accession Numbers

Sequence data from this article can be found in the GenBank data library

under accession numbers AB199790 (STV1 cDNA), AB199791 (the

59-region of ETT cDNA), and AB199792 (the 59-region of MP cDNA).

Protein IDs of the amino acid sequences used for the alignment are

AAD20138 (RPL24A), P50888 (barley), P04449 (yeast), P83731 (human),

P83732 (rat), and P54064 (Methanococcus). Accession numbers of the

BAC clone sequences are AL132969 (F8J2), U78721 (T1B8), and

AC007797 (F6K9).

Supplemental Data

The following material is available in the online version of this article.

Supplemental Figure 1. uORFs of Arabidopsis ARF Genes.
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