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The regular arrangement of leaves and flowers around a plant’s stem is a fascinating expression of biological pattern

formation. Based on current models, the spacing of lateral shoot organs is determined by transient local auxin maxima

generated by polar auxin transport, with existing primordia draining auxin from their vicinity to restrict organ formation

close by. It is unclear whether this mechanism encodes not only spatial information but also temporal information about the

plastochron (i.e., the interval between the formation of successive primordia). Here, we identify the Arabidopsis thaliana

F-box protein SLOW MOTION (SLOMO) as being required for a normal plastochron. SLOMO interacts genetically with

components of polar auxin transport, and mutant shoot apices contain less free auxin. However, this reduced auxin level at

the shoot apex is not due to increased polar auxin transport down the stem, suggesting that it results from reduced

synthesis. Independently reducing the free auxin level in plants causes a similar lengthening of the plastochron as seen in

slomo mutants, suggesting that the reduced auxin level in slomo mutant shoot apices delays the establishment of the next

auxin maximum. SLOMO acts independently of other plastochron regulators, such as ALTERED MERISTEM PROGRAM1 or

KLUH/CYP78A5. We propose that SLOMO contributes to auxin homeostasis in the shoot meristem, thus ensuring a normal

rate of the formation of auxin maxima and organ initiation.

INTRODUCTION

Leaves and flowers are initiated at the shoot apical meristem of

higher plants in a defined spatial pattern and at regular time

intervals (Steeves and Sussex, 1989). The spatial pattern of

organ initiation determines the radial arrangement of organs

around the stem, called phyllotaxis, while the interval between

the initiation of two successive primordia, the so-called plasto-

chron, influences the vertical spacing of organs on the mature

stem. How the highly regular initiation of organs is regulated has

long fascinated mathematicians and biologists alike, and differ-

ent theoretical models have been put forward to explain this

patterning (reviewed in Kuhlemeier, 2007).

Based on a large body of experimental work andmathematical

modeling (Reinhardt et al., 2003; de Reuille et al., 2006; Jonsson

et al., 2006; Smith et al., 2006b; Stoma et al., 2008; Bayer et al.,

2009), the current view is that localized maxima of the plant

hormone auxin trigger organ initiation in the peripheral zone of

the shoot meristem. These maxima are generated by coordi-

nated polar auxin transport in the epidermis. The regular spacing

of the maxima is achieved because initiating primordia transport

auxin basally into the stem, thus depleting it from their immediate

surroundings and inhibiting the initiation of primordia close by. As

a result, the next primordium forms at a maximal distance from

established organs. This auxin transport-based model is a rep-

resentative of the wider class of inhibition-based phyllotactic

models. At the cellular level, polar auxin transport is dependent

on auxin efflux carriers of the PINFORMED (PIN) protein family

(Okada et al., 1991; Galweiler et al., 1998), whose polar subcel-

lular localization is regulated via reversible phosphorylation

mediated by the protein kinase PINOID (PID) and protein

phosphatases 2A (Friml et al., 2004; Michniewicz et al., 2007).

Mutations in the founding member of the PIN family, pin1, as well

as in pid result in a failure to initiate organs and as a consequence

largely naked inflorescencestems (Okadaet al., 1991;Christensen

et al., 2000).

While the above concept and the different mathematical

models based on it can explain most of the observations on

the spatial patterning of organ initiation, how the temporal

dynamics of organ formation are regulated remains unclear. In

particular, a major unanswered question is whether the length of

the plastochron merely emerges from the interaction between

the growth patterns of the meristem and the dynamics of the
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auxin-based inhibition mechanism or whether the plastochron is

set by an independent cyclical regulatory system that acts as a

biological clock, an idea first put forward by Hofmeister (1868).

Numerical simulations and elegant physical experiments have

demonstrated that inhibition-based mechanisms can generate

all of the different types of phyllotaxis seen in nature, while a

system based on Hofmeister’s clock can produce opposite or

spiral phyllotaxis (Douady and Couder, 1996; Smith et al.,

2006a). Thus, although the assumption of an independently fixed

plastochron may be too restrictive, there has been little exper-

imental evidence that the auxin-based mechanism encodes not

only spatial, but also temporal information.

Genetic studies in rice (Oryza sativa) and Arabidopsis thaliana

have identified mutations in a number of genes that alter the

plastochron. In mutants for the rice PLASTOCHRON1 (PLA1)

and the homologous Arabidopsis KLUH (KLU)/CYP78A5 gene,

leaf formation is accelerated (Miyoshi et al., 2004; Wang et al.,

2008). The same is seen in rice plastochron2mutants, and it has

been suggested that these genes regulate the timing of leaf

maturation, which would influence the strength of a hypothetical

inhibitory signal emanating from young leaves to suppress organ

initiation at the shoot meristem (Kawakatsu et al., 2006). Tran-

scription factors of the SQUAMOSA-PROMOTER BINDING

PROTEIN LIKE (SPL) family may represent this leaf-derived

signal or be involved in its generation, as overexpressing SPL

proteins in young organ primordia can lengthen the plastochron

(Wang et al., 2008). SPL genes are under negative regulation by

microRNA156 (miR156), which promotes organ initiation at the

Figure 1. slomo Mutants Have a Lengthened Plastochron.

(A) to (D) Inflorescences of Ler wild type (A), slomo-1 mutant (B), Col-0 wild type (C), and slomo-3 mutant (D).

(E) to (H)Quantification of the rate of flower (E,F) and leaf (G,H) initiation in slomomutants compared with respective wild-type lines. Tomeasure the rate

of leaf initiation, plants were grown under short-day (SD) conditions. To measure flower initiation, synchronous flowering was induced by shifting plants

from short days to long days (LD). Values for flower initiation in slomo-2 are presented in Supplemental Figure 1E online.

Values are mean6 SE from seven ([E], [F], and [H]) or five (G) plants. Dashed lines show linear regressions of organ number on time. Bar in (A) = 5 mm

and applies to all four images.

[See online article for color version of this figure.]
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shoot meristem by acting in young leaf primordia (Wang et al.,

2008). A failure to properly expressmiR156 is thought to underlie

the lengthening of the plastochron in serratemutants, affecting a

protein required for processing of microRNAs (Grigg et al., 2005;

Wang et al., 2008). Mutations in the Arabidopsis carboxypepti-

dase ALTERED MERISTEM PROGRAM1 (AMP1)/PRIMORDIA

TIMING and its rice ortholog PLA3 shorten the plastochron

(Chaudhury et al., 1993; Mordhorst et al., 1998; Kawakatsu et al.,

2009), and this effect is associated with an enlarged shoot

meristem and a higher cytokinin concentration (Helliwell et al.,

2001; Kawakatsu et al., 2009). A link between cytokinin levels and

the plastochron is also supported by the delay in organ formation

observed in plants overexpressing cytokinin-catabolizing en-

zymes (Werner et al., 2001, 2003). However, despite the identi-

fication of these potential regulators, whether and how they

interact with the auxin-based system that regulates primordia

spacing is at present unclear.

Here, we describe the functional characterization of the novel

Arabidopsis F-box protein SLOWMOTION (SLOMO), whose loss

of function causes a specific lengthening of the plastochron,

while maintaining a normal rate of cell production by the shoot

meristem. We demonstrate that slomo mutants have a reduced

level of free auxin in the shoot apex and provide independent

evidence that reducing the auxin concentration slows down

organ initiation. Thus, our findings suggest that the interplay

between the auxin transport–based system and the growth

patterns at the apex influences plastochron duration.

RESULTS

slomoMutants Form Lateral Organs at a Reduced Rate

In an ethyl methanesulfonate (EMS) mutagenesis screen, we

isolated two independent lines with a smaller inflorescence

containing fewer flower buds and open flowers than Landsberg

erecta (Ler) wild type (Figures 1A and 1B; see Supplemental

Figures 1A and 1B online). Complementation tests showed these

to be alleles of the same locus (see Supplemental Figure 1G

online), which we termed SLOMO. After cloning the gene (see

below), we also isolated a T-DNA insertion allele in theColumbia-0

(Col-0) background (Figures 1C and 1D; see Supplemental

Figures 1C and 1D online).

The reduced number of developing flowers in the inflores-

cence suggested that slomo mutants have a longer plastochron

and a reduced rate of lateral organ formation. To test this, we

induced synchronous flowering by shifting plants from short to

long days and counted the total number of developing flowers

every 2 or 3 d by dissection. Indeed, the rate of organ formation

by slomo mutant inflorescence meristems was significantly

reduced (Figures 1E and 1F; see Supplemental Figure 1E online).

To test whether this was also the case during the vegetative

phase, we determined leaf numbers during growth in short days.

Again, the rate of leaf formation was reduced in slomo mutants,

albeit to a lesser extent than after the floral transition (Figures 1G

and 1H). The effect in the vegetative phase is not only due to a

delayed emergence of visible leaves, but reflects a reduced

rate of initiation at the meristem, as slomo-1 mutants grown in

short days form fewer leaves overall before flowering at the

same time as the wild type (see Supplemental Figure 1F online).

Thus, mutations in the SLOMO gene cause a lengthening of

the plastochron in both the vegetative and the inflorescence

meristem.

SLOMO Encodes a Novel F-Box Protein with

Widespread Expression

We isolated the SLOMO gene by positional cloning. Fine map-

ping and sequencing of mutant alleles identified G-to-A transi-

tions typical of EMS-induced mutations in the At4g33210 locus,

predicted to encode a novel F-box protein with leucine-rich

repeats (LRRs) (see Supplemental Figures 2A to 2D online). The

slomo-1 allele is due to a missense mutation of a highly con-

served Gly to Glu in one of the C-terminal LRR domains; the

slomo-2 allele affects the conservedGTdinucleotide of the splice

donor site of intron 9, causing missplicing with the retention of

four additional nucleotides in the mRNA and a premature stop

codon; and the slomo-3 allele (Salk_091125) harbors a T-DNA

insertion in the first intron, which abolishes the production of

full-length mRNA (see Supplemental Figures 2A to 2E and 3

online). As the slomo-1mutation generally showed the strongest

phenotypes, we considered the possibility that it might represent

Figure 2. SLOMO Expression Pattern and Protein Interactions.

(A) and (B) GUS-stained seedling (A) and inflorescence (B) of a

ProSLOMO:GUS reporter line. Promoter activity is visualized by the

blue staining.

(C) Projection of a confocal z-stack through an inflorescence meristem of

a ProSLOMO:vYFPer expressing plant. Fluorescence is seen throughout

the inflorescence meristem (asterisk) and surrounding flower primordia,

with stronger expression at the boundaries between the two (arrows).

(D) to (F) Yeast two-hybrid interaction assay. Yeast expressing the

binding domain (BD) and activation domain (AD) fusion proteins indi-

cated in (F) were plated onto medium containing X-gal and either

galactose (D) or glucose (E) to induce or repress expression of the AD

fusion proteins, respectively. Wild-type SLOMO protein and the form

carrying the Gly-to-Glu mutation found in slomo-1 interact with the

Arabidopsis Skp1 homolog ASK1, as indicated by blue staining, but a

version of SLOMO lacking the F-box (SLOMODFbox) does not. UBC10 is

an Arabidopsis E2 protein used as a negative control.

Bars = 1 mm in (A) and (B) and 50 mm in (C).
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a dominant-negative allele. However, the rate of flower formation

in slomo-1/+ heterozygous plants was not significantly reduced

compared with the wild type (see Supplemental Figure 1H

online), arguing against this possibility.

To determine the expression pattern of SLOMO, we

analyzed lines carrying ProSLOMO:b-glucuronidase (GUS) and

ProSLOMO:vYFPer reporter genes, vYFPer being an endoplas-

mic reticulum-localized form of VENUS-YFP. The respective

constructs contain the same 59 genomic region as a fully

complementing rescue construct (see Supplemental Figure 2F

online), suggesting they harbor all cis-elements essential for

SLOMO function. GUS activity in the ProSLOMO:GUS line was

observed throughout the entire seedling (Figure 2A) and in all of

the inflorescence except for old petals (Figure 2B). Confocal

microscopy on the ProSLOMO:vYFPer line indicated expression

throughout the inflorescence meristem and flower meristems,

with higher levels at the boundary between the inflorescence

meristem and initiating flower primordia (Figure 2C). Thus, the

SLOMO promoter shows widespread activity in vegetative and

flowering plants.

F-box proteins generally act as the specificity-determining

components of multiprotein E3 ubiquitin-ligases, so-called SCF

complexes. The F-box interacts with the suppressor of kineto-

chore protein 1 (Skp1p) protein or its homologs in the SCF

complex, while other domain(s) in the F-box protein are respon-

sible for recruiting specific substrates for ubiquitination. Using a

yeast two-hybrid interaction assay, we found that the SLOMO

protein interacts with the protein encoded by the ARABIDOPSIS

SKP1 HOMOLOG1 gene (ASK1; Figures 2D to 2F). This interac-

tion is largely abolished by deletion of the F-box but is unaffected

by the missense mutation found in the slomo-1 allele. This

suggests that the SLOMO protein acts as the F-box component

of an Arabidopsis SCF complex.

The F-box and LRR-containing regions of the SLOMO protein

are strongly conserved throughout higher plants; by contrast, the

N-terminal region preceding the F-box is much more divergent

(see Supplemental Figure 3 online).

The Plastochron Defect in slomoMutants Reflects a

Decoupling of Shoot Growth and Organ Initiation

The reduced rate of organ formation by slomo mutant shoot

meristems could result from a specific requirement for SLOMO

function in organ initiation or from a more pleiotropic role in

promoting general shoot meristem activity. To determine

the extent of pleiotropy in the effects of slomo loss of function,

we measured the rate of overall shoot growth and the length

Figure 3. Shoot Growth and Lateral Organ Initiation Are Decoupled in

slomo Mutants.

(A) to (E) Quantification of the indicated parameters in slomo mutants

compared with their respective wild-type lines.

(A) Flowers opening per day.

(B) Rate of shoot growth.

(C) Mature internode length.

(D) Epidermal cell length in mature internodes.

(E) Number of epidermal cells per cell file in mature internodes, as

calculated from (C) and (D).

Values are mean6 SE from 20 ([A] and [B]) or 15 (C) plants per genotype

and from at least 180 cells from 10 plants per genotype ([D] and [E]).

**P < 0.01 compared with the respective wild type by Student’s t test.
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and constituent cell number of mature internodes as an approx-

imation for overall meristem activity. We first confirmed the

lengthened plastochron in the inflorescence of slomo mutants

using the number of flowers opening up per day as a nonde-

structive measure (Figure 3A). Except for slomo-2 mutants,

which have a slightly reduced rate of overall shoot growth, the

shoot of plants carrying either of the other two mutant alleles

elongates as rapidly as that of the control plants (Figure 3B).

Conversely, mature internodes of all three slomo mutant alleles

are significantly longer than in the wild type (Figure 3C) and

consist of an increased number of cells with wild-type length

(Figures 3D and 3E). Most of the proliferative divisions that

generate the cells of the mature internode occur in the subapical

region; assuming that the extent of this subapical cell prolifera-

tion is not affected by SLOMO, the increased internode length

suggests that in slomomeristems more cells are allocated to the

internodes for each successive organ formed. Consistent with

this interpretation, the plastochron ratio (i.e., the ratio of the

distances of successive flower primordia to themeristem center)

(Richards, 1951) tends to be higher in slomo mutants than in the

wild type (Table 1, Figures 4A and 4B), suggesting that the

meristem grows more between the initiation of successive or-

gans. By contrast, the divergence angle between successive

primordia was unchanged, confirming that SLOMO does not

affect phyllotaxis (Table 1, Figures 4A and 4B). Thus, these mea-

surements strongly suggest that the lengthened plastochron in

slomo mutants reflects a specific delay in the initiation of lateral

organs at the shoot meristem, rather than a generalized reduc-

tion in meristem activity.

TheLengthenedPlastochron in slomoMutants IsNotDue to

Altered Shoot Meristem Dimensions or Division Activity

To determine meristem activity in slomo mutants more directly,

we measured the dimensions of the inflorescence meristem and

its division activity from slomo-1 and slomo-3mutants compared

with thewild type. Using scanning electronmicroscopy (slomo-1)

or histological sections (slomo-3), bothmutant alleleswere found

to have inflorescence meristems that are <10% smaller than the

respective wild-type plants (Figures 4A to 4D, Table 1). We used

in situ hybridization against CLAVATA3 mRNA to determine the

relative sizes of central and peripheral zones in the meristem

(Figures 4E and 4F). CLV3 is specifically expressed in the stem

cells of the meristem within the central zone and encodes a

secreted peptide that limits the number of stem cells (Fletcher

et al., 1999; Lenhard and Laux, 2003). In this experiment, there

was only a marginal difference in overall meristem size between

Col-0wild-type and slomo-3mutant plants (Table 1). The number

of CLV3-expressing cells and, thus, the size of the central zone

was indistinguishable between the two genotypes, suggesting

that zonation of the meristem is not affected by loss of SLOMO

function.

Is the small difference in overall meristem size enough to

explain the observed reduction in the rate of flower formation? To

test this, we measured the rate of flower formation in plants that

have a >20% smaller, yet still self-maintaining meristem due to

an increased copy number of CLAVATA3 (CLV3) (Figure 4G)

(Lenhard and Laux, 2003). Despite a much larger reduction in

meristem size in the CLV3-overexpressing plants, their rate of

flower formation was only moderately decreased (Figure 4G),

suggesting that the lengthened plastochron in slomo mutants

cannot be explained by the slight reduction in meristem size. As

for cell division activity, there was no significant difference

between mutant and wild-type meristems (Table 1), consistent

with the apparently normal output of shoot epidermal cells by

mutant meristems (Figures 3B to 3E). Together, these observa-

tions support the above conclusion that the SLOMO gene

specifically affects the initiation of lateral organs at themeristem,

rather than influencing the plastochron indirectly via more gen-

eral effects on meristem architecture or function.

slomoMutant Shoot Apices Contain Reduced Auxin Levels

The localized auxin maxima that trigger organ initiation are the

result of coordinated polar auxin transport via the PIN1 auxin

efflux carrier, whose intracellular polarity is determined by phos-

phorylation via the PID protein kinase. Thus, it is conceivable that

wild-type SLOMO activity promotes organ initiation in one of at

Table 1. Quantification of Meristem Parameters in Wild-Type and

slomo Mutant Plants

Ler slomo-1 Col-0 slomo-3

Inflorescence meristem

size (mm)

Mean 79.2 73.7* 95.9/105.4 86.4*/100.1

SE 1.6 1.1 2.7/3.6 2.9/4.2

n 10 10 8/15 9/11

S-phase index (%)

Mean 6.1 5.4 17.4 16.6

SE 0.51 0.63 0.56 0.84

n 13 10 18 16

CLV3-expressing cells

Mean 15.4 14.5

SE 0.6 1.0

n 15 11

Divergence angle (8)

Mean 136.8 135.9 137.7 137.3

SE 1.80 2.0 0.31 0.32

n 11 13 12 9

Plastochron ratio

Mean 1.140 1.166* 1.098 1.114

SE 0.007 0.006 0.007 0.003

n 11 13 12 9

For inflorescence size, values for Ler and slomo-1 were obtained from

scanning electron micrographs. For Col-0 and slomo-3, the values

represent the corresponding measurement from tissue sections, with

the first values obtained from the histone H4 in situ hybridization, and

the second values obtained from the CLV3 in situ hybridization, respec-

tively. Asterisks indicate significant difference from the respective wild

type at P < 0.05. The S-phase index is the proportion of histone H4-

expressing cells of all the cells in a longitudinal section of the meristem.

The difference in absolute values for the S-phase index between

genotypes in the Ler and Col-0 backgrounds is likely due to the latter

having been harvested very shortly after the floral transition, while the

former represent older inflorescence meristems. Cell division activity is

known to be higher in meristems at the floral transition than in

established inflorescence meristems (Geier et al., 2008).
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least three ways: SLOMO could act in auxin perception, allowing

cells to respond efficiently to the new auxin maximum; it could

promote polar auxin transport, contributing to a timely estab-

lishment of the next auxin maximum; or it could increase the

overall amount of auxin available at the shoot meristem, ensuring

there is sufficient auxin for the polar transport machinery to form

the next maximum at the normal rate.

To test for a general role of SLOMO in auxin perception, we

quantified the effects of exogenously added auxin on root

growth. Root growth was inhibited indistinguishably in slomo

mutant and wild-type plants by increasing auxin concentrations

(see Supplemental Figure 4A online). Also, at the inflorescence

meristem, no differencewas detectable in the expression pattern

and strength of the synthetic auxin-response reporter ProDR5:

VENUS (see Supplemental Figure 5 online). These results sug-

gest that auxin perception is not grossly affected in slomo

mutants.

To test for an involvement of SLOMO in polar auxin transport,

we generated double mutants of slomo and pid or pin1. Single

mutants of pid or pin1 form very few aberrant flowers, before the

inflorescence meristem terminates in a naked pin (Figure 5A).

Assuming that the prolonged plastochron in slomo mutants

results from impaired polar auxin transport, one would either

expect epistasis of pid or pin1 over slomo, if SLOMO acts in the

same pathway as these two; or an enhanced pin1-like phenotype

in the doublemutants, if SLOMO influences polar auxin transport

independently from PID and PIN1. In contrast with either predic-

tion, combining the slomo-1mutation with either a strong (pid-1)

or an intermediate (pid-2) mutant allele of PID caused a signif-

icant increase in the number of flowers formed before the

meristem transitioned to a naked pin (Figures 5A, 5B, and 5G).

This partial rescue of organ formation was not specific to double

mutants involving pid alleles but was similarly observed in pin1

slomo-1mutants (Figure 5H); neither was the rescue due specif-

ically to the slomo-1 allele, as pin1 slomo-3mutants also formed

an increased number of flowers before the pin (Figure 5H). The

latter plants also showed additional phenotypes not observed in

pin1 single mutants, such as collar-like cauline leaves encircling

the inflorescence stem or wing-like leaves emanating from a long

stretch of the stem (Figures 5C to 5F), indicating an increased,

albeit improperly patterned ability to form lateral organs. Thus,

the loss of SLOMO function in backgrounds with compromised

Figure 4. Measurements of Meristem Dimensions and Cell Division

Activity.

(A) and (B) Scanning electron micrographs of dissected inflorescence

meristems of Ler wild-type (A) and slomo-1 mutant plants (B). Arrows

indicate where the measurements of meristem size were taken, from the

youngest visible flower primordium to the furrow separating the inflores-

cence meristem and the flower initiated four plastochrons earlier. The

dashed yellow lines indicate the distances from the center of the

inflorescence meristem to the centers of two successive flower meri-

stems used for calculating the plastochron ratio b:a.

(C) to (F) In situ hybridizations using a histone H4 ([C] and [D]) or a CLV3

([E] and [F]) antisense riboprobe on longitudinal sections through Col-0

wild-type ([C] and [E]) and slomo-3 mutant ([D] and [F]) inflorescence

meristems. Arrows in (C) and (D) indicate where the measurements of

meristem size were taken between the furrows separating the youngest

visible flower primordia in the sections. Arrowheads in (E) and (F) indicate

the domain of CLV3 expression in the central zone of the meristem.

(G) Relationship between relative meristem size and the relative rate of

flower formation in the indicated genotypes. Data for meristem size of the

CLV3-overexpressing and respective wild-type plants are from Lenhard

and Laux (2003). The dashed line shows the predicted dependence of

the rate of organ initiation on meristem size based on the CLV3-

overexpressing plants. Values are mean 6 SE from at least 12 plants

per genotype, taken from Figure 3A, Table 1, and Lenhard and Laux

(2003).

Bars = 50 mm in (A) to (F).

[See online article for color version of this figure.]
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polar auxin transport can partially rescue the formation of lateral

organs at the shoot meristem. To test whether this effect

was specific for mutations affecting polar auxin transport, we

eliminated SLOMO function in a monopteros (mp) mutant back-

ground. MP encodes AUXIN RESPONSE FACTOR5 that regu-

lates gene expression in response to auxin perception (Hardtke

and Berleth, 1998). Plants carrying the weak mpS319 allele form

on average two flowers, before the meristem terminates in a

naked pin (Figure 5I) (Cole et al., 2009). Doublemutants ofmpS319

and slomo-3 form even fewer flowers (Figure 5I). This indicates

that loss ofSLOMO function specifically alleviates the phenotype

of mutants affecting polar auxin transport, but not auxin signal-

ing, and suggests that polar auxin transport is not less efficient in

slomo mutants.

To test the third possible auxin-related role of SLOMO in

stimulating organ initiation (i.e., the promotion of high auxin levels

at the shoot meristem), we measured the concentration of free

indole-3-acetic acid (IAA) as the main active auxin in dissected

inflorescence apices of wild-type and slomo plants. Both mutant

alleles analyzed had only half the wild-type amount of IAA in the

apex (Figure 6A). This finding contrasts with additional aspects of

the slomo mutant phenotype, such as longer hypocotyls (see

Supplemental Figure 4C online), a slightly reduced branching

(see Supplemental Figures 1A to 1D online) and enhanced

Figure 5. Interactions of slomo Mutations with the Polar Auxin Transport System.

(A) to (F) Light micrographs.

(A) In pid-1 single mutants, organ formation at the inflorescence meristem terminates after the initiation of one or two flowers, giving rise to a naked pin

(arrowhead).

(B) By contrast, pid-1 slomo-1 double mutants form many more flowers before transition of the meristem to a naked pin (not visible).

(C) Whole-plant phenotype of pin1 single and pin1 slomo-3 double mutants.

(D) and (E)Close-ups of the inflorescence stem of the two plants shown in (C). pin1 slomo-3 double mutants form collar-like cauline leaves encircling the

inflorescence stem (arrowheads in [E]), which are never observed in pin1 single mutants (D) under our growth conditions.

(F) A pin1 slomo-3 double mutant showing extensive fusion of cauline leaves with the inflorescence stem (arrowhead).

(G) to (I) Quantification of flower formation before the meristem transits to a naked pin in the indicated genotypes. Values are mean 6 SE from at least

nine plants per genotype (except for pid-1 with only four plants). All differences are statistically significant at P < 0.01 ([G] and [H]) or P < 0.05 (I).

Bars = 4 mm in (A) and (B), 5 cm in (C), and 1 cm in (D) to (F).

[See online article for color version of this figure.]

Plastochron Regulation by SLOW MOTION 341



formation of lateral roots (see Supplemental Figure 4B online), all

of which are consistent with a higher, rather than a lower auxin

level throughout the rest of the plant. Indeed, measuring free IAA

in roots indicated that slomomutants tend to have slightly higher

auxin levels in roots (Figure 6B), consistent with the enhanced

lateral root formation (see Supplemental Figure 4B online). Thus,

SLOMO is required for normal auxin distribution within the plant.

The Reduced Auxin Levels in slomoMutant Apices Are Not

Due to Increased Polar Transport Down the Stem

The partial rescue of organ formation in polar auxin transport

mutants by loss of SLOMO function and the reduced level of free

auxin in slomomutant shoot apices raised the possibility that the

slomo mutations lead to increased polar auxin transport down

the stem, partially draining the shoot apex of auxin. To test this

possibility, we measured polar transport of radioactively labeled

IAA through segments of the inflorescence stem in wild-type and

slomo mutant plants. There was no significant difference be-

tween rates of transport between the wild type and mutants

(Figure 6C). This indicates that the reduced levels of free auxin in

the mutant apices are not due to increased polar transport, but

rather that they may result from reduced auxin synthesis at the

mutant apices.

Reducing IAA Levels Lengthens the Plastochron

To determine whether the reduced auxin levels in slomo mutant

apices could be causal for the lengthening of the plastochron, we

measured the rate of flower formation in plants overexpressing

the bacterial iaaL protein (Jensen et al., 1998). iaaL conjugates

IAA to Lys and thus leads to lower levels of active free auxin

throughout the plant. Indeed, Pro35S:iaaL-expressing plants

had a similarly reduced rate of flower formation as slomomutants

(Figure 6D). Other aspects of the phenotype were different,

however, with Pro35S:iaaL plants forming shorter internodes

(Figure 6E) and having a reduced apical dominance (Jensen

et al., 1998), which are likely to reflect the strongly reduced auxin

levels throughout all of the plant resulting from the ubiquitous

conjugation of IAA.

Genetic Interactions of slomowith Other

Plastochron Mutants

Several plant lines have been described that have a faster rate of

organ initiation, such as klu and amp1 mutants or miR156-

overexpressing plants (Chaudhury et al., 1993; Mordhorst et al.,

1998; Schwab et al., 2005; Wang et al., 2008). To test whether

SLOMO genetically interacts with any of these, we analyzed the

rate of flower formation in the respective double mutants. Plants

overexpressingmiR156b did not show an accelerated formation

of flowers under our growth conditions, and the plastochron in

the inflorescence of Pro35S:miR156b; slomo-3 plants was

Figure 6. slomo Mutant Shoot Apices Have a Reduced Amount of Free

Auxin.

(A) and (B) Free IAA levels in dissected inflorescence meristems (A) or in

roots (B) of the indicated genotypes. Each mark represents a measure-

ment on an independent pooled sample of 20 apices or roots, respec-

tively. For amp1 and amp1 slomo-1, only two replicates were analyzed.

For clarity, the asterisks in (A) each mark two independent, very similar

measurements. The roots were collected 7 d after germination to reduce

the morphological differences between slomo-1 and wild-type roots that

develop later due to the former’s increased lateral root formation (cf.

Supplemental Figure 4B online).

(C) Quantification of bulk polar IAA transport in stem segments of the

indicated genotypes. Mean values 6 SE of radiolabel transported (in

cpm) are shown. There is no significant difference between either wild

type and the respective mutant alleles. At least 19 stem segments were

assayed per genotype.

(D) and (E) Quantification of the rate of flower formation (D) and mature

internode length (E) in the indicated genotypes. Values are mean 6 SE

from 10 plants per genotype. Mean values for slomo-3 and Pro35S:iaaL

are significantly different from Col-0 at P < 0.001 (D) and P < 0.05 (E)

when compared using a t test with Bonferroni correction.
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indistinguishable from that in slomo-3 single mutants (see Sup-

plemental Figure 6E online). Also, the overall architecture of

Pro35S:miR156b; slomo-3plants was intermediate between that

of the parental lines (see Supplemental Figures 6A to 6D online),

indicating an independent function of SLOMO and miR156.

klu-2 slomo-1 double mutants showed an intermediate phe-

notype, with a reduction in the rate of organ formation compared

with the klu-2 single mutant (Figure 7). By contrast, the amp1

mutation was epistatic over the slomo-1 phenotype, with double

mutants forming flowers at the same increased rate as amp1

single mutants (Figure 7). This is consistent with both genes

acting in a common pathway.

To further explore the function of AMP1 and KLU in plasto-

chron regulation, we analyzed double mutants between these

genes and pid-2. In both cases, the number of flowers formed

before the meristem transitioned to a naked pin was increased in

the double mutants (Figures 8A, 8B, 8E to 8G, and 8I). Con-

versely, overexpression of KLU in its endogenous expression

domain (Anastasiou et al., 2007) in a pid-2 mutant background

reduced the number of flowers formed before the pin (Figures

8C, 8D, 8G, and 8H). Thus, in contrast with the opposite single

mutant phenotypes in amp1 and klu-2 compared with slomo,

when combined with pid mutations they produce the same

effect, arguing against SLOMO acting in a common genetic

pathway with either AMP1 or KLU.

To address the basis for the altered plastochron in amp1 and

klu-2 mutants, we measured the level of free IAA in dissected

shoot apices (Figure 6A). klu-2mutant apices contained only half

the wild-type level of IAA. By contrast, in amp1 mutants, the

auxin content was increased by ;25% compared with the wild

type, and amp1 slomo-1 double mutant apices had approxi-

mately wild-type IAA levels. This indicates firstly that the auxin

level is not always directly related to the rate of organ formation;

secondly, the limited effect of the slomomutation on auxin levels

in an amp1 mutant background indicates that SLOMO is still at

least partly active in amp1 mutants.

DISCUSSION

SLOMO Function Is Specifically Required for a Normal Rate

of Organ Initiation by the Shoot Meristem

The spatial patterning of lateral organ initiation at the shoot

meristem has been intensively studied and shown to involve

transient auxin maxima that determine the position of the next

organ (Reinhardt et al., 2003; de Reuille et al., 2006; Jonsson

et al., 2006; Smith et al., 2006b; Stoma et al., 2008; Bayer et al.,

2009). By contrast, much less is known about the timing of organ

initiation. For example, it is unclear whether this timing merely

emerges from the interaction between the dynamics of the auxin

transport system and growth patterns at the shoot meristem or

whether the plastochron is set by an independent regulatory

system, acting as a biological clock.

Here, we identify the novel Arabidopsis F-box protein SLOMO

as being required for normal plastochron timing. Mutations in

SLOMO result in a specific delay in the initiation of lateral organs,

with minimal pleiotropic effects on other aspects of shoot mer-

istem function. This is based on our result that slomo mutant

shoot meristems appear to form cells at a largely wild-type rate,

as judged both from the overall growth behavior and increased

internode length of the shoot, as well as from direct measure-

ments of meristem dimensions andmitotic activity. This situation

is in contrast with other cases of a lengthened plastochron, for

example, that resulting from the reduced cytokinin levels in

tobacco (Nicotiana tabacum) plants overexpressing cytokinin

oxidase (Werner et al., 2001). In these cytokinin-deficient plants,

the reduced rate of leaf formation was due to an overall decrease

in cell production by the shoot meristem, which was much

smaller than in the wild type. Thus, wild-type SLOMO function

appears to be specifically required to ensure normal plastochron

duration.

SLOMO and within-Plant Auxin Distribution

A critical question concerns the primary defect in slomomutants.

Based on our measurements of IAA levels, SLOMO appears to

be required to maintain the appropriate distribution of auxin

levels within the plant. Loss of SLOMO function reduces the level

of free IAA at the shoot apex, while no such reduction is observed

in roots. If anything, several additional phenotypes of slomo

mutants are consistent with slightly increased auxin levels in

other parts of the plant, such as the longer hypocotyls and the

higher density of lateral roots. These apparent changes in the

within-plant distribution of auxin could result from an alteration in

the spatial pattern of auxin biosynthesis or in auxin transport. In

either case, the previously described feedback regulation over

auxin synthesis (Ljung et al., 2001) appears compromised as

well, resulting in a reduced steady state level of auxin in the

meristem. Our double mutant analyses of slomo and mutations

affecting polar auxin transport had suggested a possible role for

SLOMO in auxin transport. Loss of SLOMO function in a pid or

pin1 mutant background defective in polar auxin transport par-

tially rescued organ formation, while combining slomo and a

weak mp mutation defective in auxin perception caused, if

anything, a more severe mutant phenotype with fewer flowers

Figure 7. Double Mutant Analysis.

Rate of flower formation in plants of the indicated genotypes. Percent-

ages show the changes in the rate of flower formation due to loss of

SLOMO function in the respective backgrounds. Values are mean 6 SE

from at least nine plants per genotype.
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being initiated by the inflorescence meristem before transition to

a naked pin. However, directly measuring the ability of slomo

mutant stems to transport auxin basipetally indicated no differ-

ence from the wild type. Thus, together with the reduced amount

of auxin in the mutant shoot apices, this result suggests that

SLOMO functions to promote auxin biosynthesis at the shoot

apex. Understanding how a mutation that reduced the level of

free IAA at the shoot apex can specifically promote flower

formation when polar auxin transport is compromised is an

important question for future study.

Auxin Levels and the Plastochron

What causes the lengthening of the plastochron in slomo mu-

tants? We have tested three possibilities suggested by the

current auxin transport–based models of lateral organ initiation

(i.e., a defect in auxin perception or in polar auxin transport or a

reduction in the auxin levels available at the shoot meristem). Our

results indicate that there is no gross defect in auxin perception

or in polar auxin transport. There is, however, a strong reduction

in free IAA levels at the shoot apex to only half thewild-type value.

When auxin levels are independently reduced by the overex-

pression of a catabolizing enzyme, the plastochron is similarly

lengthened as in slomo mutants, supporting the notion that the

auxin deficiency in the slomomeristem causes the delay in organ

initiation. In this view, it would take longer to build up the next

local concentration maximum from a reduced overall level of

free auxin to trigger initiation of a new organ. One important

implication of this hypothesis concerns the way in which auxin

maxima are perceived in the meristem. Based on studies in

maize (Zea mays) aberrant phyllotaxy1 mutants, it has recently

been proposed that organ initiation requires the formation of a

relative auxin maximum compared with the background level in

surrounding cells (Lee et al., 2009). However, if auxin concen-

tration was only measured relative to neighboring cells, the

Figure 8. Genetic Interactions of KLU and AMP1 with Polar Auxin

Transport Mutants.

(A) to (F) Light micrographs.

(A) and (B) Whole-plant phenotypes of pid-2 single (A) and pid-2 klu-2

double mutants (B). Note the increased number of flowers formed in the

double mutant.

(C) and (D) Overexpression of KLU in a pid-2 mutant background (D)

reduces the number of flowers formed compared with pid-2 single

mutants (C).

(E) and (F) Loss of amp1 function in a pid-2mutant background (F) allows

for the formation of more flowers before transition of the meristem to a

naked pin than in pid-2 single mutants.

(G) Quantification of flower formation before the meristem transits to a

naked pin in the indicated genotypes.

(H) Quantification of the rate of flower formation in the Ler wild type

versus plants overexpressing KLU in the endogenous expression domain

(KLUox) (Anastasiou et al., 2007).

(I) Quantification of flower formation before the meristem transits to a

naked pin in the indicated genotypes.

Values are mean 6 SE from at least seven (G) or nine ([H] and [I]) plants

per genotype. All differences are significant at P < 0.05 (H) or P < 0.01

([G] and [I]), when compared using Student’s t test.

Bars = 1 cm.

[See online article for color version of this figure.]
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absolute overall auxin level would not be expected to have a

strong influence on the timing of maxima perception. Thus, the

above hypothesis implies that an absolute concentration thresh-

old of auxin has to be exceeded locally to trigger initiation of a

new organ, which would take longer to reach when starting from

a lower overall level.

There are two possible objections to our hypothesis. First,

there is potentially a circular relationship between auxin levels

and organ formation, as young organs appear to be the major

source of IAA synthesis in the shoot (Ljung et al., 2001). Thus, if

slomo mutations lengthened the plastochron independently of

auxin, the reduced number of young primordia surrounding the

meristem at any time could in itself cause lower auxin levels.

Second, klu mutants form flowers at an increased rate despite

similarly low auxin levels in the shoot meristem as slomo mu-

tants, indicating that at least one of the two genes influences

the plastochron independently of auxin. At present, we cannot

formally rule out that auxin levels in slomo mutant apices are

lower because of an independent lengthening of the plasto-

chron; however, the reduced rate of organ formation in iaaL-

overexpressing plants demonstrates that the causality we

propose is plausible. Also, as the function of KLU is independent

of SLOMO based on our genetic analysis, we favor the above

hypothesis that the effect of SLOMO on the plastochron is

mediated by its effect on auxin levels in the meristem, while the

shortening of the plastochron in klu mutants may mainly result

from faster cell cycling (Wang et al., 2008).

Roles of KLU and AMP1 in Regulating Organ Initiation at

the Meristem

SLOMO acts independently of two other known plastochron

regulators, miR156 and KLU. The interaction between SLOMO

and AMP1 is more complex. Mutation of amp1 is epistatic over

slomo at the level of the plastochron phenotype. By contrast, loss

ofSLOMO function still causes a slight reduction in auxin levels in

an amp1mutant background, indicating that SLOMO remains at

least partially active in the absence of AMP1 function. Also, pid-2

amp1 double mutants show a similarly increased flower forma-

tion as pid-2 slomo double mutants, despite the opposite single

mutant phenotypes of amp1 and slomo. Therefore, we favor the

hypothesis that SLOMO and AMP1 act in largely independent

pathways. The observed epistasis in terms of the plastochron

may be linked to the enlargement of the shoot meristem due to

loss of AMP1 function (Helliwell et al., 2001).

How do KLU and AMP1 regulate the plastochron? In klu

mutants, the plastochron is shortened despite a reduction in

auxin levels to the same extent as in slomo. Although amp1

mutant meristems contain more auxin than the wild type, the

auxin level in amp1 slomo double mutant meristems is the same

as in thewild type, and yet organ formation in the doublemutants

is still faster. Both amp1 and klu mutations also largely rescue

organ formation by pid mutant meristems. By contrast, KLU

overexpression suppresses flower initiation in pid mutants. This

is consistent with the idea that AMP1 and KLU contribute to the

active suppression of organ initiation, possibly by delaying organ

maturation and allowing increased production of an inhibitor

emanating from young organs, as proposed for PLA genes from

rice (Kawakatsu et al., 2009).When this suppression is relieved in

the mutants, organs form faster despite the same (amp1 slomo)

or lower (klu) auxin levels than in the wild type. One possibility

would be that in amp1 and klu mutants, the value of the auxin

threshold level, at which a new primordium is initiated, is re-

duced. Also, cell division is accelerated in pla3 and klu mutants

(Wang et al., 2008; Kawakatsu et al., 2009), which is likely to also

contribute to the faster organ initiation.

In summary, we have identified a specific role for the SLOMO

F-box protein in regulating the rate of lateral organ initiation at the

shoot meristem. Our characterization of SLOMO function has

generated several testable hypotheses about the role of the polar

auxin transport-based system in determining the plastochron.

Whether and how other regulatory pathways, exemplified by

AMP1 and KLU, interact with the auxin transport-based system

or function independently in plastochron regulation are further

important questions for future studies.

METHODS

Plant Lines and Growth Conditions

The slomo-1 and slomo-2 alleles were isolated from an EMSmutagenesis

screen in the bb-1 background. Before analysis, both mutants were

backcrossed three times to the Ler wild type. The slomo-3 allele in the

Col-0 background was isolated from the SALK collection of T-DNA

insertion lines (SALK_091125). klu-2, pid-1, pid-2, mpS319, Pro35S:

miR156b, and Pro35S:iaaL seeds have been described before (Jensen

et al., 1998; Christensen et al., 2000; Schwab et al., 2005; Anastasiou

et al., 2007; Cole et al., 2009). pin1 (Gabi-KAT line GK_051A10) was

provided by Klaus Palme. amp1/pt mutants were obtained from the

Nottingham Arabidopsis Stock Centre (stock ID N235).

Unless stated otherwise, plants were grown under long-day conditions

(16 h light/8 h dark) at 208Cwith a light intensity of 120 mmol photons m22

s21. For measuring leaf numbers, plants were grown under short-day

conditions (9 h light/15 h dark) at 208C with a light intensity of 120 mmol

photons m22 s21.

Plastochron and Internode Measurements

For direct measurements of the plastochron, plants were grown in short

days for 30 d, before shifting to long days to induce synchronous

flowering. At the indicated times after the shift, the plants were dissected

under a stereomicroscope, and the total number of initiated flower

primordia was counted.

For nondestructive plastochronmeasurements, the two youngest open

flowers were removed on freshly bolted plants, leaving the pedicels as

markers. Six days later, the total number of siliques and open flowers

above the two removed flowers was counted.

To measure the rate of leaf initiation, plants were grown in short days,

and the number of leaves visible by eye was counted at the indicated

times.

The length of the basalmost five internodes was measured at maturity

using a ruler. To determine cell length in the internodes, epidermal peels

were stained with 0.1% toluidine blue and observed under a microscope.

Positional Cloning

To identify the SLOMO locus, the wild-type SLOMO allele from the Col-0

accession was backcrossed twice into the slomo-1mutant in Ler. Recom-

bination breakpoints were mapped in the resulting F2 using markers
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designed on the basis of published information (Jander et al., 2002).

Information on markers used is given in Supplemental Table 1 online.

Molecular Cloning

Transgene construction was performed using standard techniques. De-

tails on individual constructs are provided in Supplemental Methods

online.

Yeast Two-Hybrid Assay

The SLOMO coding region was cloned into plasmid pEG202 as a BamHI

fragment from pDL32. Screening for interacting proteins was performed

as described by Grebe et al. (2000) using a library prepared from

inflorescences and young siliques.

In Situ Hybridization and Microscopy

In situ hybridization using an anti-histone H4 riboprobe was performed as

described previously (Dinneny et al., 2004). GUS staining and scanning

electron microscopy were performed as previously described (Schoof

et al., 2000). The S-phase index was determined by relating the number of

H4-positive cells in longitudinal sections of the inflorescence meristem

to the total cell number as calculated from the area used for counting and

the average cell area. The plastochron ratio was determined by measur-

ing the distances between the center of the inflorescence meristem and

the centers of the five youngest flower primordia and averaging over the

four resultant individual ratios per plant.

YFP fluorescence was observed using a Zeiss 510 Meta confocal

laser scanning microscope.

PCR and RT-PCR

Details on oligonucleotides used for PCR-based genotyping are given in

Supplemental Table 2 online.

For RT-PCR, total RNA was isolated from pooled inflorescences of

Col-0 and slomo-3 plants using the Qiagen Plant RNeasy Mini Kit

according to the manufacturer’s instructions. Reverse transcription was

performed using an oligo(dT) primer and SuperScript III reverse tran-

scriptase (Invitrogen) according to the manufacturer’s instructions. PCR

products were visualized after agarose-gel electrophoresis using ethid-

ium bromide staining. Details of oligonucleotides used for the subsequent

PCRs are given in Supplemental Table 2 online.

IAA Measurements

Inflorescence meristems of plants with fewer than 10 open flowers were

dissected under a high-magnification stereomicroscope to leave only

the youngest four to six floral meristems attached. The topmost 400 to

500 mm of the remaining shoot was frozen in liquid nitrogen. For each

sample, apices from 20 plants were pooled. The meristems were freeze-

dried over night and their dry weight recorded using a Sartorius ME5-0CE

microbalance. Roots of 20 seedlings were dissected and pooled per

sample and freeze-dried over night. It was not possible tomeasure the dry

weight of the roots; therefore, the values were expressed as pg IAA per

root.

Lyophilized Arabidopsis thaliana tissues were ground in 500 mL meth-

anol prechilled at –208C. The samples were extracted for 1 h at 48C under

continuous shaking. As an internal standard, d2-IAA (100 pg for inflores-

cence meristems and 20 pg for roots; Sigma-Aldrich) was added. After

centrifugation (10,000g, 5 min), the supernatant was collected and

passed through a 20-mm filter (RESERVOIR-2 FRITS; Varian). The pre-

cipitate was extracted again with methanol for 10 min, centrifuged, and

filtered as described above. The combined filtrates were concentrated in

vacuo, resuspended in 20 mL of water containing 1% acetic acid, and

injected into liquid chromatography (1200 series; Agilent)-electrospray

ionization-tandem mass spectrometory (MS/MS; 6410 Triple Quad LC/

MS; Agilent) equippedwith a ZORBAX Eclipse XDB-C18 column (Agilent).

A binary solvent system was used consisting of water containing 0.01%

acetic acid as solvent A and acetonitrile containing 0.05% acetic acid as

solvent B. Separations were performed using an isocratic elution with

15% solvent B at a flow rate of 0.2 mL/min. The retention time of IAA and

d2-IAA was 8.8 min. The MS/MS conditions were as follows: gas temp,

3008C; gas flow, 9 L/min; nebulizer, 30 p.s.i.; capillary, 4000 V; fragmen-

tor, 110; collision energy, 18; MS/MS transition (m/z): 176/130 (unlabeled

IAA), and 178/132 (d2-IAA). The levels of IAA were calculated by Mass-

Hunter workstation software (Agilent).

Auxin Transport Assay

Auxin transport assays were performed as described (Bennett et al.,

2006), with the following slight modifications. Stem segments (18 mm

long) excised from the most basal cauline internodes were incubated for

18 h in 13 Arabidopsis salts medium (ATS) containing 1% sucrose and

radiolabeled IAA (1 mM). The amount of transported radiolabel was

quantified by scintillation counting (Top CountNXT; Packard Biosci-

ences). Plants were cultivated in the greenhouse under long-day condi-

tions with additional artificial light when needed. Six-week-old plants

were used for analysis.

Statistical Analysis

Comparisons of trait means were performed using Student’s t test in

SigmaPlot 10, with Bonferroni correction as appropriate.

Accession Numbers

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

libraries. The GenBank accession number for SLOMO mRNA is

NM_119475 and U60981 for ASK1 mRNA. The Arabidopsis Genome

Initiative locus identifier for SLOMO is At4g33210 and At1g75950 for

ASK1. For the alignment in Supplemental Figure 3, the following se-

quences were used: At SLOMO, Arabidopsis thaliana (GenBank

Q9SMY8); Sl SLOMO, Solanum lycopersicon (Sol Genomics Network,

sgn.cornell.edu, CU457764_7.1); Vv SLOMO, Vitis vinifera (Genbank

CAO43884); Os SLOMO,Oryza sativa (Genbank ABB47515); and Pp

SLOMO, Physcomitrella patens (Genbank XP_001756573).
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Regulation of plant growth by cytokinin. Proc. Natl. Acad. Sci. USA

98: 10487–10492.

348 The Plant Cell


