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SUMMARY

Although multiple photoreceptors converge to control common aspects of seedling de-etiolation, we are

relatively ignorant of the genes acting at or downstream of their signalling convergence. To address this issue

we screened for mutants under a mixture of blue plus far-red light and identified roc1-1D. The roc1-1D mutant,

showing elevated expression of the ROTAMASE CYCLOPHILIN 1 (ROC1/AtCYP18-3) gene, and partial loss-of

function roc1 alleles, has defects in phytochrome A (phyA)-, cryptochrome 1 (cry1)- and phytochrome B

(phyB)-mediated de-etiolation, including long hypocotyls under blue or far-red light. These mutants show

elevated sensitivity to brassinosteroids in the light but not in the dark. Mutations at brassinosteroid signalling

genes and the application of a brassinosteroid synthesis inhibitor eliminated the roc1 and roc1-D phenotypes.

The roc1 and roc1-D mutants show altered patterns of phosphorylation of the transcription factor BES1, a

known point of control of sensitivity to brassinosteroids, which correlate with the expression levels of genes

directly targeted by BES1. We propose a model where perception of light by phyA, cry1 or phyB activates ROC1

(at least in part by enhancing its expression). This in turn reduces the intensity of brassinosteroid signalling

and fine-tunes seedling de-etiolation.
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INTRODUCTION

Light triggers profound changes in seedling growth and

development upon emergence of the shoot from the soil. In

Arabidopsis thaliana, light inhibits the growth of the hypo-

cotyl and promotes the expansion of the cotyledons, the

organisation of the photosynthetic apparatus and the syn-

thesis of photo-protective pigments (Chen et al., 2004; Jiao

et al., 2007). Exposure of the seedling to light activates

phytochromes (Quail, 2005) and cryptochromes (Cashmore

et al., 1999) among other photoreceptors. In the dark, phy-

tochromes are synthesised in the inactive red-light absorb-

ing Pr form, which upon light absorption is transformed to

the active far-red light absorbing Pfr form. There are five

phytochrome genes (PHYA to PHYE) in Arabidopsis. phyA

and phyB are quantitatively the most important phyto-

chromes during seedling de-etiolation under far-red light or

red light, respectively (Quail, 2005). Cryptochromes are

UV-A/blue light photoreceptors, and there are two crypto-

chrome genes (CRY1 and CRY2) in Arabidopsis. The main

blue-light receptor during de-etiolation is cry1 (Cashmore

et al., 1999). The action of phytochromes and crypto-

chromes converges not only to produce largely similar

morphological and physiological de-etiolation responses

but also to cause similar long-term changes in the tran-

scriptome after the dark to light transition (Ma et al., 2001;

Wang et al., 2002a; Tepperman et al., 2004; Jiao et al., 2005).

Under the input of strong natural light signals, the action of

phytochromes and cryptochromes tends to be redundant

(Sellaro et al., 2010).

Comparatively little attention has been paid to the iden-

tification of components acting downstream of both phyto-

chrome and cryptochrome. The best characterised pathway

involves the E3 ligase CONSTITUTIVE PHOTOMORPHO-

GENESIS 1 (COP1) and its target ELONGATED HYPOCOTYL

5 (HY5), a bZIP transcription factor (Yi and Deng, 2005). HY5,

HOMOLOG OF HY5 (HYH), SUPPRESSOR OF PHYA 1 (SPA1)

and SPA4 are central to the synergistic convergence of phyB
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and cry1 signalling that creates a hysteretic switch (Sellaro

et al., 2009). Genes required for both phyA and cry signalling

pathways include the mutually interacting bHLH protein

genes LONG HYPOCOTYL IN FAR-RED (HFR1) (Duek and

Fankhauser, 2003) and KIDARI (KDR) (Hyun and Lee, 2006),

the bHLH transcription factor MYC2 (Yadav et al., 2005), the

bZIP transcription factor G-BOX-BINDING FACTOR 1 (GBF1)

(Mallappa et al., 2006), the cytoplasmic Ca2+-binding protein

SUB1 (Guo et al., 2001) and SPA1 (Hoecker et al., 1999; Lian

et al., 2011; Liu et al., 2011).

The aim of this work is to identify additional signalling

components affecting (at least) both phyA- and cry-medi-

ated de-etiolation. We designed a mutant screening protocol

based on de-etiolation under a blue plus far-red light

mixture. The molecular, genetic and physiological charac-

terisation of the selected mutant points to the cyclophilin

gene ROTAMASE CYCLOPHILIN 1 (ROC1/AtCYP18-3) as a

link between phytochrome/cryptochrome signalling and

brassinosteroid sensitivity.

RESULTS

The 84461-2 mutant shows impaired de-etiolation under

blue and far-red light

To identify new signalling components involved in both

phyA and cry pathways, we screened a collection of trans-

genic Arabidopsis 35S-cDNA lines (LeClere and Bartel, 2001)

for mutants showing impaired de-etiolation under a mixture

of blue and far-red light. The combination of 2 lmol m)2 per

sec of blue light plus 1 lmol m)2 per sec of far-red light was

chosen because in preliminary tests it yielded short

hypocotyls in the wild type (WT), weak defects in the phyA or

cry1 mutants and long hypocotyls in the phyA cry1 double

mutant. The 84461-2 mutant was isolated in this screening.

The 84461-2 mutant showed WT morphology in the dark

(Figure 1a). Inhibition of hypocotyl elongation and cotyledon

unfolding are induced by far-red light perceived by phyA, by

blue light perceived by phyA, cry1 and cry2, and by red light

perceived by phyA and phyB (Ahmad and Cashmore, 1993;

Nagatani et al., 1993; Parks and Quail, 1993; Reed et al., 1993;

Lin et al., 1998; Neff and Chory, 1998). Compared with the WT,

the 84461-2 mutant showed long hypocotyls and poorly

unfolded cotyledons under blue and under far-red light and

normal hypocotyls and more unfolded cotyledons under red

light (Figure 1a–c). Anthocyanin accumulation is induced by

far-red light perceived by phyA and by blue light perceived by

phyA, cry1 and cry2 (Neff and Chory, 1998; Poppe et al., 1998;

Mockler et al., 1999). The 84461-2 mutant showed reduced

anthocyanin accumulation under blue or far-red light (Fig-

ure 1d). Chlorophyll synthesis is reduced when the seedlings

are exposed for several days to far-red light perceived by

phyA before being transferred to white light (Barnes et al.,

1996). The 84461-2 mutant showed reduced blocking of

greening by far-red light (Figure 1e).

Figure 1. Impaired photomorphogenic responses in the 84461-2 mutant.

(a) Representative seedlings grown under continuous blue light (B,

2 lmol m)2 per sec), far-red light (FR, 3 lmol m)2 per sec), red light (R,

5 lmol m)2 per sec) or darkness (D). (b) Fluence-rate response of hypocotyl

length under continuous blue, far-red or red light.

(c) Cotyledon unfolding under conditions described in (a). (d) Anthocya-

nin levels under continuous far-red light (18 lmol m)2 per sec), blue

light (15 lmol m)2 per sec) or darkness. (e) Blocking of greening by

continuous far-red light (3 days, 7 lmol m)2 per sec) compared with

darkness before transfer to fluorescent white light (1 day, 30 lmol m)2 per

sec) (difference in chlorophyll content between darkness and far-red light).

(f) Cotyledon area in seedlings grown under long days (16 h of fluorescent

white light, 8 h of darkness). (g) Flowering time (number of rosette leaves

at bolting) under short days (SD, 8 h of fluorescent white light, 16 h of

darkness) or long days (LD, 16 h of fluorescent white light, 8 h of

darkness).

Seedlings were 3 (a–e) or 11 (f) days old. Each datum point is mean � SE

of three replicate boxes (b–e) or 12 plants (f, g). *P < 0.05, **P < 0.01,

***P < 0.001 according to Student’s t-tests or factorial ANOVA followed by

Bonferroni post-tests.
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In experiments where the seedlings were grown under

long days (16 h white light/8 h in the dark), the 84461-2

mutant showed a reduced cotyledon area (11 days, Fig-

ure 1f). Flowering time was accelerated in 84461-2 mutant

plants grown under long days and normal under short days

(8 h white light/16 h in the dark) (Figure 1g).

The 84461-2 mutant phenotype is caused by overexpression

of ROC1

A single T-DNA insertion was found in the 84461-2 mutant by

using thermal asymmetric interlaced polymerase chain

reaction (TAIL-PCR) (Liu et al., 1995). This T-DNA was

inserted in a gypsy-like retrotransposon (At3g60935), a locus

unlikely to be responsible for the phenotype, suggesting that

the phenotype could be due to the cDNA fragment present in

the T-DNA. The 3:1 mutant/WT ratio observed in the blue-

light-grown F2 population of the cross between the 84461-2

mutant and the WT (Col-2) indicated a dominant mutation

responsible for the 84461-2 phenotype. In the F2 generation,

blue light hyposensitivity co-segregated with the resistance

to Basta conferred by the T-DNA, and with PCR products

obtained by using specific primers adjacent to the cDNA

(PCR positive/herbicide resistant, 65 plants; PCR negative/

herbicide sensitive, 21 plants; other combinations, 0 plants;

chi-square test, P < 5 · 10)20). Sequencing the latter PCR

product of approximately 1 kb revealed the presence of the

At4g38740 gene downstream of the 35S promoter in the

T-DNA. This gene encodes a cytoplasmic single-domain

cyclophilin named ROC1/AtCYP18-3 (Romano et al., 2004).

The 84461-2 mutant showed increased expression levels of

ROC1 (Figure 2a).

To test whether the observed 84461-2 mutant phenotypes

result from overexpression of ROC1, we transformed Col-2

plants with ROC1 cDNA under the control of the 35S

promoter. Independent transgenic lines overexpressing

ROC1 showed long hypocotyls under blue light (Fig-

ure 2b,c). Recapitulation of the 84461-2 mutant phenotype

indicates that it is caused by increased expression of ROC1,

which is in agreement with the dominant phenotype

observed in the 84461-2 mutant, hereafter named roc1-1D.

Impaired de-etiolation in partial loss-of-function roc1

mutants

To investigate whether the phenotype of overexpressors of

ROC1 reflects the actual function of the gene, we examined

two independent lines bearing a T-DNA insertion in the

promoter of the ROC1 gene [SALK_121820 (roc1-2) and

SALK_050945 (roc1-3)]. Both mutants retained ROC1

expression, albeit at reduced levels (Figure 3a). Both, roc1-2

and roc1-3 showed hyposensitivity of cotyledon unfolding

and hypocotyl growth inhibition to blue, far-red and red light

(Figure 3b,c). The effects were stronger at higher fluence

rates, and to highlight this feature we plotted the ratio of

hypocotyl length between roc1 mutants and Col-0 WT for

each irradiance level (Figure 3b, bottom boxes). Both

mutants showed increased anthocyanin accumulation

under continuous far-red light (Figure 3d). The roc1-2

mutation, but not the roc1-3 mutation, enhanced anthocya-

nin accumulation under continuous blue light and blocking

of greening by far-red light (Figure 3d,e). Cotyledon area

under white light was increased in roc1 mutants compared

with the WT (Figure 3f). Both roc1 mutant alleles showed

slightly accelerated flowering under long days and normal

flowering under short days (Figure 3g). In summary, hypo-

cotyl growth and cotyledon unfolding responses under far-

red and blue light were reduced, and flowering under long

days was accelerated both by the high levels of ROC1 in the

roc1-1D mutant and the reduced levels of ROC1 in roc1. The

other phenotypes were opposite in gain- and loss-of-func-

tion mutants: cotyledon unfolding under red light was

enhanced in roc1-1D and reduced in loss-of-function roc1;

Figure 2. Increased expression of the ROC1 gene accounts for the 84461-2

mutant phenotype.

(a) ROC1 expression in the rosette leaves of two independent wild type (WT)

and 84461-2 mutant plants (roc1-1D). ACTIN 2 (ACT2) was used as a loading

control.

(b) ROC1 expression in three independent transgenic lines (two different

seedlings per line) compared to the WT Col-2.

(c) Overexpression of ROC1 recapitulates the 84461-2 mutant phenotype.

Hypocotyl length in seedlings grown for 3 days under continuous blue light

(7 lmol m)2 per sec). The three independent transgenic lines described in (b)

are included. Data are means � SE of three replicate boxes. **P < 0.01,

***P < 0.001 according to one-way ANOVA followed by Bonferroni post-tests.
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anthocyanin accumulation, blocking of greening and coty-

ledon area were reduced in the roc1-1D mutant and en-

hanced in loss-of-function roc1.

Light promotes the expression of ROC1

Since roc1 mutants affect seedling photomorphogenesis we

investigated the response of ROC1 expression to light.

Compared with darkness, blue, red and far-red light pro-

moted ROC1 expression (Figure S1 in Supporting Informa-

tion), confirming previous observations (Chou and Gasser,

1997; Tepperman et al., 2004, 2006; Zimmermann et al.,

2004; Sellaro et al., 2009). These effects are mediated by cry1

(Sellaro et al., 2009), phyA and phyB (Tepperman et al.,

2004, 2006).

The roc1 phenotype requires phyA, phyB and cry1 under

selective wavebands

We produced double mutants of roc1-2 with phyA, phyB and

cry1 and the triple mutant with phyA and cry1. The phyA,

phyB and phyA cry1 backgrounds, respectively, abolished

the roc1 phenotype under far-red light (Figure 4a), red light

(Figure 4b) and blue light (Figure 4c). We therefore conclude

that the roc1 phenotype requires phyA under far-red light,

phyB under red light and either phyA or cry1 under blue

light. The phyA cry1 roc1 triple mutant was not significantly

different from the phyA cry1 double mutant, indicating that

the contribution of cry2 to the roc1 phenotype under blue

light is negligible.

ROC1 affects sensitivity to brassinosteroids

The diageotropica (dgt) mutant of tomato is affected in the

LeCYP1 cyclophilin gene (Oh et al., 2006) and shows altered

sensitivity to auxin (Daniel et al., 1989; Muday et al., 1995),

cytokinin (Coenen and Lomax, 1998) and brassinosteroid

(Park, 1998). Taking into account the sequence similarity

between ROC1/AtCYP18-3 and LeCYP1 (Oh et al., 2006) we

decided to investigate the responses to exogenous applica-

tion of the synthetic auxin picloram (Hansen and Gross-

mann, 2000), the natural cytokinin t-zeatin and the natural

brassinosteroid 24-epiBL in roc1 and roc1-1D mutants. In

dark-grown seedlings, exogenously applied auxin reduces

hypocotyl growth; whereas in light-grown seedlings, auxin

promotes hypocotyl elongation at low doses and inhibits

Figure 3. Impaired photomorphogenesis in partial loss-of-function roc1

mutants.

(a) Expression levels of ROC1 in the rosette leaves of the wild type (WT; Col-0)

and two roc1 T-DNA insertional mutants (two independent plants per

genotype, two samples per plant). (b) Fluence-rate response of hypocotyl

length under continuous blue (B), far-red (FR) or red (R) light. Bottom boxes

display the roc1/WT ratio (data from top boxes). (c) Cotyledon unfolding

under B (0.18 lmol m)2 per sec), FR (0.5 lmol m)2 per sec) or R light

(1.8 lmol m)2 per sec) or darkness (D).

(d) Anthocyanin levels under continuous FR light (15 lmol m)2 per sec), B

light (15 lmol m)2 per sec) or D. (e) Blocking of greening by continuous FR

light (3 days, 7 lmol m)2 per sec) compared with darkness before transfer to

fluorescent white light (1 day, 30 lmol m)2 per sec) (difference in chlorophyll

content between darkness and FR light). (f) Cotyledon area in seedlings grown

under long days (16 h of fluorescent white light, 8 h of darkness). (g)

Flowering time (number of rosette leaves at bolting) under short days (SD, 8 h

of fluorescent white light, 16 h of darkness) or long days (LD, 16 h of

fluorescent white light, 8 h of darkness).

Seedlings were 3 (b–e) or 11 (f) days old. Each datum point is mean � SE of

three replicate boxes (b–e) or 12 plants (f, g). *P < 0.05, **P < 0.01,

***P < 0.001 according to factorial ANOVA followed by Bonferroni post-tests.
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hypocotyl elongation at high doses (Savaldi-Goldstein et al.,

2008). Cytokinin inhibits hypocotyl elongation in both dark-

and light-grown seedlings (Vandenbussche et al., 2007). The

roc1 and roc1-1D mutants showed WT responses to auxin or

cytokinin under blue light (note parallel curves) and in the

dark (Figure S2). Brassinosteroids can promote hypocotyl

elongation under light and dark conditions, but concentra-

tions above 0.1 lM can inhibit growth in the dark (Neff et al.,

1999; Vandenbussche et al., 2007). The roc1 and roc1-1D

mutants showed WT responses to 24-epiBL in the dark

(Figure 5a). Under blue light, 1 lM 24-epiBL reduced hypo-

cotyl growth in roc1 and roc1-1D mutants but not in the WT,

suggesting a higher sensitivity to exogenous brassinoster-

oids (Figure 5b). To explore this possibility we investigated

in further detail the response to low doses of brassinoster-

oids. In Figure 5(c) hypocotyl length in the absence of

brassinosteroids is subtracted to focus on the response to

24-epiBL. Both roc1 and roc1-1D mutants showed an

enhanced response to 24-epiBL. We also tested the sensi-

tivity to brassinazole, an inhibitor of brassinosteroid

biosynthesis (Asami et al., 2000). The roc1 and roc1-1D

mutants showed WT responses to brassinazole in the dark,

Figure 5. The roc1-1D, roc1-2 and roc1-3 mutants are hypersensitive to exogenous natural brassinosteroid (24-epiBL) and brassinazole under blue light.

(a) Hypocotyl-lengthresponse to24-epiBL indark-grown seedlings. (b) Hypocotyl-lengthresponseto24-epiBLundercontinuous blue light (4 lmol m)2 persec). (c)Detail

of the hypocotyl-length response to 24-epiBL under continuous blue light at low doses of 24-epiBL. Hypocotyl length of the controls without 24-epiBL for each genotype

was subtracted to highlight the differences in the slope of response to 24-epiBL. (d) Hypocotyl-length response to brassinazole in dark-grown seedlings. (e) Hypocotyl-

length response to brassinazole under continuous blue light (4 lmol m)2 per sec). (f) Slope of linear regression lines from the brassinazole response curves (d, e).

Data are means � SE of four replicate boxes (a, b, d, e). In (c), the difference in hypocotyl length between seedlings at a given dose and the control without 24-epiBL was

calculated for each genotype in three independent experiments (four replicate boxes per experiment) and these differences were used for statistics. *P < 0.05,

**P < 0.01, ***P < 0.001 between the mutant and the corresponding wild type according to factorial ANOVA and Bonferroni post-tests.

Figure 4. phyA, phyB and cry1 mutations abolish the roc1 phenotype

Seedlings were grown under continuous far-red light (6 lmol m)2 per sec) (a),

red light (30 lmol m)2 per sec) (b), blue light (4 lmol m)2 per sec) (c), or

darkness. Data are means � SE of three replicate boxes. **P < 0.01,

***P < 0.001 between the ROC1 (white column) and roc1-2 (grey column)

alleles for each photoreceptor genetic background according to factorial

ANOVA followed by Bonferroni post-tests.
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and a steeper response to brassinazole under blue light

(Figure 5d,e), indicating that the roc1 and roc1-1D pheno-

types require brassinosteroids. Figure 5(f) shows that the

slope of the response to brassinazole is reduced by blue light

in a ROC1-dependent manner.

The roc1 and roc1-1D mutant phenotypes require

brassinosteroid signalling

The addition of brassinazole alleviated the roc1 and roc1-1D

mutant phenotypes (Figure 5e), suggesting that they require

brassinosteroid signalling. To test this possibility we pro-

duced double mutants between roc1 or roc1-1D and bras-

sinosteroid-signalling mutants. We used bes1-D (Yin et al.,

2002) and bzr1-D (He et al., 2002; Wang et al., 2002b), gain-

of-function mutants of two homologous transcription fac-

tors acting positively in brassinosteroid signalling, and the

weak loss-of-function mutant of brassinosteroid receptor

bri1-301 (Xu et al., 2008). The bri1 roc1 double mutant could

not be obtained due to the very close location of both genes

on chromosome IV. The bes1-D and bzr1-D mutations

abolished the roc1 and roc1-1D mutant phenotypes for

hypocotyl growth under blue light (Figure 6). The bri1

mutation also abolished the roc1-1D mutant phenotype

(Figure 6).

Altered patterns of phosphorylation of BES1 in the roc1-1D

and roc1 mutants

Given that enhanced BES1 activity abolished the roc1-2 and

roc1-1D mutant phenotypes we decided to investigate the

abundance and phosphorylation status of BES1 (Li, 2010) in

our mutants. Protein blots using an antibody able to detect

both forms of BES1 revealed no differences for the phos-

phorylated (inactive) form of BES1 in the different geno-

types. Interestingly, we detected higher levels of the

dephosphorylated (active) BES1 form in roc1-1D (Figure 7).

The roc1-2 and roc1-3 alleles showed increased abundance

of a partially dephosphorylated form of BES1, whose

abundance was decreased in roc1-1D (Figure 7).

Since cyclophilins possess peptidyl–prolyl cis–trans isom-

erase activity, and in both bes1-D and bzr1-D the mutations

affect a Pro residue important for the stability and function of

the proteins (Yin et al., 2002; Tang et al., 2011; see Discus-

sion), we decided to assess whether ROC1 is able to interact

with BES1 or with its immediate upstream regulator, the

GSK3 kinase BIN2.Yeast two-hybrid assays using a WT and

the mutant form of BES1 (BES1-D, Pro-233 to Leu) and WT

BIN2 yielded negative results (Figure S3).

Expression of genes directly targeted by BES1

We reasoned that if the effects of ROC1 on BES1 phos-

phorylation are physiologically important they should be

reflected in the expression of genes directly targeted by

BES1. To investigate this issue, we selected 11 genes that are

direct targets of BES1 (Yu et al., 2011) and show expression

affected in bes1-D compared with the WT (Yu et al., 2011), by

brassinosteroids (Yu et al., 2011) and by light compared with

darkness (Zimmermann et al., 2004) in previous studies. At

least three biological replicates of roc1-1D, roc1-2, roc1-3,

Figure 7. Altered pattern of BES1 phosphorylation in the roc1-1D, roc1-2 and

roc1-3 mutants.

One-day-old dark-grown seedlings were transferred to blue light (4 lmol m)2

per sec) for 3 days.

(a) Representative autoradiograph revealed by using anti-BES1 antibody and

anti-2-Cys-Prx as a loading control. P = phosphorylated form, deP = dephos-

phorylated form.

(b) Quantification of the abundance of the phosphorylated, dephosphorylated

and partially dephosphorylated forms of BES1. Data are expressed relative to

the wild-type controls (Col-0 for roc1-2 and roc1-3 alleles and Col-2 for roc1-

1D). Data are means � SE of three blots with independent biological samples.

**P < 0.01 according to one-way ANOVA followed by Bonferroni post-tests.

Figure 6. Brassinosteroid signalling mutants abolish the roc1 phenotype.

Seedlings were grown under continuous blue light (4 lmol m)2 per sec) or

darkness. Data are means � SE of three replicate boxes. ***P < 0.001

between roc1-2 or roc1-1D and the wild type (Col-0) according to one-way

ANOVA followed by Bonferroni post-tests.
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Col-0 and Col-2 were grown under blue light and harvested

for RNA extraction and analysis of gene expression by real-

time PCR. Of the 11 genes, nine showed expression levels

that correlated with the levels of the partially dephospho-

rylated form of BES1 (i.e. the form significantly affected in

the three mutants compared with their WT) (Figure 8). All

these nine genes showed a direction of response consistent

with increased BES1 activity. In effect, eight of these genes

(At1g69160, At4g31820, At1g72180, At1g76240, At4g17460

and the brassinosteroid synthesis genes At5g05690,

At3g50660, At4g36380) show expression reduced in bes1-D

compared with the WT and by the application of brassi-

nosteroids (Yu et al., 2011) and their expression levels were

negatively related to the partially dephosphorylated form of

BES1 (Figure 8). The remaining gene (At1g21910) shows

expression promoted in bes1-D compared with the WT and

by the application of brassinosteroids (Yu et al., 2011), and

its level of expression was positively related to the partially

dephosphorylated form of BES1 (Figure 8). Of the two genes

without significant correlation with partially dephosphoryl-

ated BES1, At1g29395 expression was significantly reduced

in roc1-1D compared with the WT (Col-2, 1.00 � 0.11; roc1-

1D, 0.40 � 0.03) and unaffected by roc1-2 or roc1-3 muta-

tions. The effects were largely light specific because in

dark-grown seedlings none of these genes showed consis-

tent effects of both roc1 loss-of-function mutations and the

At1g69160 gene showed reduced expression in roc1-D

compared with its WT (Table S1), whilst under blue light

roc1-1D promoted the expression of this gene (Figure 8).

DISCUSSION

By screening for mutants under blue plus far-red light we

have identified the dominant roc1-1D mutant with long

hypocotyls under blue and under far-red light (Figure 1). The

roc1-1D mutant shows elevated expression of the ROC1/

AtCYP18-3 cyclophilin gene and transgenic overexpression

of ROC1 in the WT background recapitulated the roc1-1D

phenotype (Figure 2). Partial loss-of-function roc1 alleles

showed long hypocotyls under blue, far-red and red light

(Figure 3). Other seedling phenotypes (cotyledon unfolding

under red light, anthocyanin accumulation, blocking of

greening, cotyledon expansion) were opposite in gain- and

loss-of function mutants (Figures 1 and 3). Cyclophilins are

present in all organisms examined including bacteria, fungi,

animals and plants, and possess peptidyl–prolyl cis–trans

isomerase activity, catalysing the rotation of X-Pro peptide

bonds from cis to trans conformation, a rate-limiting step in

protein folding (Romano et al., 2004). Over 90% of proteins

contain trans prolyl imide bonds (Romano et al., 2004).

Arabidopsis ROC1 is a cytosolic single-domain cyclophilin

that had been reported to assist in the folding of the Pseu-

domonas syringae AvrRpt2 effector protein upon infection

of the plant host (Coaker et al., 2005, 2006). Therefore, ROC1

is involved in functions beyond light signalling.

The diageotropica (dgt) mutant of tomato shows altered

sensitivity to auxin (Daniel et al., 1989; Muday et al., 1995),

cytokinin (Coenen and Lomax, 1998) and brassinosteroids

(Park, 1998). dgt is affected in the LeCYP1 cyclophilin gene

(Oh et al., 2006), bearingsignificant sequencesimilarity to the

Arabidopsis ROC1/AtCYP18-3. The roc1-1D and roc1-2, roc1-3

alleles showed normal responses to exogenous auxin and

cytokinin (Figure S2). However, these mutants showed high

sensitivity to the brassinosteroid 24-epiBL and to the brassi-

nosteroid synthesis inhibitor brassinazole (Figure 5). The

latter phenotypes were observed under light but not under

dark conditions. A partial loss-of-function mutation at the

brassinosteroid receptor gene BRI1 (Xu et al., 2008) and gain-

of-function mutations at the BRI1 downstream transcription

factors BES1 (Yin et al., 2002) or BZR1 (He et al., 2002; Wang

et al., 2002b) were abolished the roc1-1D and/or roc1-2

phenotypes (Figure 6). These results indicate that a fully

functional BRI1 is necessary for ROC1 to have an effect, and

Figure 8. Expression of genes directly targeted by BES1 in seedlings of roc1-

1D, roc1-2 and roc1-3 grown under blue light.

Eleven genes were selected a priori among direct targets of BES1 by their

consistent expression responses to the bes1-D mutation and brassinoster-

oids and their response to blue light. Expression levels relative to the

corresponding wild type are plotted against the abundance of the partially

dephosphorylated form of BES1 (data from Figure 7b), i.e. the first point on

the abscissa corresponds to roc1-1D, the second two points (overlapped)

correspond to Col-0 and Col-2 and the last two points to roc1-2 and roc1-3.

R2 values are indicated for significant correlations: *P < 0.05; **P < 0.01;

***P < 0.001; ****P < 0.0001. Each datum point is mean and SE of at least

three biological replicates (i.e. analysis of correlation involves at least 15

biological replicates).
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that this effect can be by-passed by the overactive transcrip-

tion factors acting downstream in the signalling pathway.

Brassinosteroid and light signalling converge to control

several aspects of plant growth and development and

mutually affect their activities. This convergence is also

reflected in the numerous genes that are targets of both

signalling pathways (Goda et al., 2002; Luo et al., 2010; Sun

et al., 2010; Yu et al., 2011). Brassinosteroids are required to

maintain the repression of photomorphogenesis in the dark

(Li et al., 1996). Upon exposure to light, brassinosteroids

fine-tune light responses by differentially modulating the

action of different photoreceptors (Luccioni et al., 2002).

The BAS1 and SOB7 genes encode cytochrome P450

proteins (CYP734A1 and CYP72C1, respectively) that act

redundantly to reduce, through hydroxylation, the levels of

active brassinosteroids such as brassinolide and castaster-

one (Neff et al., 1999; Turk et al., 2003, 2005). Since these

genes affect active brassinosteroid levels and brassinoster-

oid signalling modulates light signalling as described above,

bas1 and sob7 mutants have clear photomorphogenic

phenotypes (Neff et al., 1999; Turk et al., 2003, 2005). Our

knowledge of the putative points of reciprocal control, i.e.

the occurrence of targets of light signalling within the core

brassinosteroid signalling pathways, is much more frag-

mentary. One example is provided by the CYP734A1 (BAS1)

protein, whose accumulation is increased by far-red light,

suggesting a far-red light-induced reduction of active bras-

sinosteroid levels (Turk et al., 2003). This control would not

be present under red or blue light (Turk et al., 2003), which is

consistent with the lack of reductions in brassinosteroid

levels under white light (Neff et al., 1999; Bancos et al., 2006;

Symons and Reid, 2008; Symons et al., 2008). Another

example is provided by MSBP1, whose expression is

promoted by light via the transcription factors HY5 and

HYH (Shi et al., 2011). MSBP1 binds brassinosteroids,

reducing their activity (Yang et al., 2005). One of the

distinctive features of ROC1 overexpression or loss-of-

function growth phenotypes is that they are strictly depen-

dent on light perceived by cry1, phyA or phyB (Figure 4) (in

contrast to BAS1 or MSBP1) and strictly dependent on

brassinosteroid signalling (Figure 6).

Light is likely to reduce the sensitivity to brassinosteroids

under the conditions where it does not reduce active

brassinosteroid levels (Neff et al., 1999; Turk et al., 2003;

Vandenbussche et al., 2007). The roc1-1D, roc1-2 and roc1-3

mutants have increased sensitivity to exogenous 24-epiBL

and to the brassinosteroid synthesis inhibitor brassinazole

under blue light but not in the dark (Figure 5). It is difficult to

account for the roc1 phenotypes on the basis of altered

levels of endogenous brassinosteroids. One of the argu-

ments against this idea is that the gain-of-function bes1-D

and bzr1-D mutants fully abolished the roc1 phenotypes

(Figure 4). Since bes1-D and bzr1-D are hypersensitive to

brassinosteroids (He et al., 2002; Yin et al., 2002), if roc1

mutants had higher brassinosteroid levels their phenotype

should not be reduced by the bes1-D and bzr1-D mutations

under blue light, where brassinosteroids are not saturating

(see Figure 5). This analysis suggests that ROC1 could affect

the response to brassinosteroids at or downstream of BES1

and/or BZR1. In accordance with this prediction we observed

BES1 phosphorylation phenotypes in the roc1 and roc1-1D

mutants (Figure 7).

The level of a partially dephosphorylated form of BES1

was increased in the roc1 loss-of-function mutants and

decreased in the roc1-D mutant, i.e. the abundance of the

partially dephosphorylated form of BES1 was inversely

related to ROC1 expression levels (Figure 7). BES1/BZR1

have several possible GSK3 phosphorylation sites, including

a central region with a stretch of Pro-associated Ser/Thr

(Peng et al., 2010) and the N-terminal DNA-binding domain

(Vert and Chory, 2006). Therefore, the occurrence of inter-

mediate phosphorylation stages is not surprising and can be

observed in published protein blots (Tang et al., 2011). It is

notable that the PEST region of BES1 and BZR1 contains a

proline residue at positions 233 and 234, respectively, that is

crucial for activity (He et al., 2002; Yin et al., 2002). In fact,

these prolines and the residues surrounding them form the

interaction surface with B’ subunits of the PP2A phospha-

tase that dephosphorylates and activates BZR1 upon bras-

sinosteroid perception (Tang et al., 2011). Peptidyl–prolyl

cis–trans isomerases can participate in complexes that

regulate phosphorylation. One example is Pin1, which

controls phosphorylation and consequently turnover rates

of the c-Myc proto-oncoprotein (Arnold et al., 2009). Pin1

recognises c-Myc phosphorylated by the GSK3b kinase and

causes c-Myc cis to trans isomerisation and its subsequent

dephosphorylation at a different site by the PP2A-B56a
phosphatase. ROC1 and BES1 showed no physical interac-

tion in double-hybrid assays in yeast (Figure S3), indicating

that either this effect is indirect or that physical interaction

between ROC1 and BES1 requires other factors present in

planta. Actually, some peptidyl–prolyl cis–trans isomerases

only recognise phosphorylated substrates (Arnold et al.,

2009; Wang et al., 2010).

Dephosphorylation of BES1 and BZR1 increases their

activity (He et al., 2002; Yin et al., 2002; Vert and Chory, 2006;

Clouse, 2011). The expression of several BES1 direct target

genes was correlated with the level of the partially dephos-

phorylated form of BES1 across the different genotypes in

the same direction as they respond to increased BES1

activity and brassinosteroid treatments (Figure 8). The anal-

ysis of a phenotype close to the primary action of BES1 (i.e.

the expression of its direct target genes) showed opposite

effects for the roc1-1D mutant overexpressing ROC1 and the

partial loss-of-function roc1 alleles. Opposite effects were

also observed for cotyledon unfolding under red light,

anthocyanin accumulation, blocking of greening and coty-

ledon expansion (Figures 1 and 3). However, inhibition of
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hypocotyl growth and cotyledon unfolding under far-red

light and blue light and flowering in long days were affected

by roc1-1D and the partial loss-of-function roc1 alleles in the

same direction (Figures 1 and 3). The latter effects of roc1-1D

do not necessarily reflect the real role of ROC1 in develop-

ment. Rather, they could be downstream consequences of

the changes in abundance of the fully dephosphorylated

form of BES1, in the expression of At1g29395 under blue

light and in the expression of At1g69160 in the dark, which

are observed in roc1-1D but not in the roc1 partial loss-of-

function alleles.

We propose a model where light activation of phyto-

chromes and cryptochromes enhances ROC1 activity, at

least in part by increasing the expression of ROC1 (Chou and

Gasser, 1997; Tepperman et al., 2004, 2006; Zimmermann

et al., 2004; Sellaro et al., 2009) (Figure S1). In turn, ROC1

decreases the abundance of the partially dephosphorylated

form of BES1 (Figure 7) and reduces BES1 activity (Figure 8),

reducing the sensitivity to brassinosteroids (Figure 5) and

fine-tuning de-etiolation (Figure 3).

EXPERIMENTAL PROCEDURES

Mutant screening

For the mutant screening we used seeds of A. thaliana ecotype
Columbia (Col-2) transformed with a T-DNA library based on the
35SpBARN vector produced by LeClere and Bartel (2001). The seeds
were sown in plastic boxes containing 0.8% (w/v) agar covered with
a filter paper, incubated for 7 days at 4�C to reduce dormancy levels.
Germination was induced by 1 h of white light followed by 23 h in
the dark and then transferred to continuous blue plus far-red light at
22�C for 3 days before screening for seedlings with long hypocotyls.
Blue plus far-red light was provided by incandescent lamps (CLAS A
CL 40W; Osram, Beccar, Argentina) and fluorescent lamps (TLD
36W/54; Philips, Jakarta, Indonesia) in combination with a 2-mm-
thick blue acrylic filter (Paolini 2031; La Casa del Acetato, Buenos
Aires, Argentina).

Physiological experiments

The roc1-2 (SALK_121820, T-DNA inserted between 310 and 554 bp
upstream of the start codon), roc1-3 (SALK_050945, T-DNA inserted
between 249 and 554 bp upstream of the start codon), phyA
(SALK_014575), phyB (SALK_069700) and cry1 (SALK_069292) mu-
tants in the Col-0 background were provided by the Arabidopsis
Biological Resource Center (ABRC; Ohio State University, Columbus,
OH, USA). The primers used to genotype these mutants are given in
Table S2. The bzr1-D (Wang et al., 2002b) and bri1-301 (Li and Nam,
2002) in the Columbia background, and the bes1-D mutant in the En-2
background (Yin et al., 2002) introgressed for seven rounds into the
Columbia (Col-0) background were included in some experiments.
Double and triple mutants bearing homozygous bzr1-D, bri1-301 and
bes1-D alleles were detected by the characteristic adult phenotype of
these mutant plants showing no segregation in subsequent genera-
tions. The seeds (16–20 for morphological and 60 for chlorophyll and
anthocyanin experiments) were sown in clear plastic boxes
[40 mm · 33 mm · 15 mm (height)] containing 4 ml of 0.8% (w/v)
agar. However, for the experiments involving exogenous hormones,
the seeds were sown on two Whatman No. 5 filter papers soaked in
water solutions containing picloram (Tordon 24K, Dow AgroSciences,
BuenosAires,Argentina), t-zeatin (SigmaChemicalCo.,StLouis,MO,

USA), 24-epiBL (Sigma Chemical Co.) or brassinazole (kindly pro-
vided by Tadao Asami, Riken, Japan). These products were dissolved
in water (picloram), ethanol (24-epiBL) or DMSO (brassinazole, t-
zeatin). Controls without hormone treatments included the solvent
[8 · 10)3% (v/v) ethanol or 7 · 10)5% DMSO). The boxes were incu-
bated in the dark at 4�C for 3–7 days, given 1 h of red light to promote
seed germination and incubated in the darkness (22�C) for 23 h.

One-day-old seedlings were transferred to the light treatments
(22�C) for 3 days before measurements of hypocotyl length (to the
nearest 0.5 mm with a ruler) and angle between the cotyledons
(with a protractor) in the 12 tallest seedlings per box. Red and far-red
light sources were as described (Casal and Mazzella, 1998). Blue
light was provided by fluorescent lamps in combination with a
2-mm-thick blue acrylic filter. Seedling data were averaged per box
(one replicate) and used for statistics. White, blue and red light
irradiance were measured with a Li-COR LI-188B sensor (Lincoln,
NB, USA). Far-red light was measured with a Skye SKR 110 sensor
(Skye Instruments Ltd, Llandrindod Wells, Powys, UK) and the
values corrected because the spectral range of the far-red light
source is wider than the range of sensitivity of the sensor.

For anthocyanin experiments, 1-day-old seedlings were exposed
for 3 days to continuous far-red or blue light and subsequently
extracted with 1 ml of 1% (w/v) HCl–methanol. Measurements of
A530 were corrected for chlorophyll absorption (657 nm) according
to Mancinelli et al. (1991).

For blocking of greening experiments, 1-day-old seedlings were
transferred to continuous long-wavelength far-red light provided by
incandescentlampsincombinationwithawaterfilterandanRG9filter
(Schott, Maintz, Germany), or kept in the dark. Three days later, the
seedlings were transferred to continuous fluorescent white light
(30 lmol m)2 per sec) for 1 day. Fifty seedlings were harvested in
N,N¢-dimethylformamideandincubatedinthedarkat)20�Cforatleast
3 days. Absorbance was measured in the extracts at 647 and 664 nm,
and chlorophyll levels were calculated according to Moran (1982).

Identification of the genetic alteration in the 84461-2 mutant

Polymerase chain reaction was performed using the primers 35S-F
and NOS-R to amplify the cDNA insert (LeClere and Bartel, 2001).
The amplified DNA of approximately 1 kb was sequenced directly
and the sequence analysed with the BLAST program (http://
www.arabidopsis.org/Blast/index.jsp). The RNA was purified from
plants of the 84461-2 mutant and of the WT by using RNeasy mini
columns (Qiagen, Hilden, Germany), including the on-column
DNase I digestion described by the manufacturer. Reverse tran-
scription-PCR was performed with 1 lg of RNA and cDNA synthesis
by means of the ImProm-II Reverse Trancriptase (Promega, Madi-
son, WI, USA), oligo-dT primer and gene-specific primers (Table
S2). Expression of the actin ACT2 gene was used as a loading
control. The number of PCR cycles was 20, based on preliminary
calibration experiments for each gene. The products were resolved
by electrophoresis in native 1% agarose gels. The PCR-minus-tem-
plate controls were routinely included and showed negative results.

Generation of ROC1 transgenic plants

For recapitulation of the roc1-1D phenotype we transformed Col-2
plants to overexpress the ROC1 gene. The construction 35S::ROC1
was generated by PCR amplification of the full-length At4g38740
gene from the roc1-1D mutant using a forward primer hybridising in
the 5¢ untranslated region and a reverse primer that hybridised in
the NOS terminator of the cDNA insert present in the mutant. The
reverse primer allows the amplification of the ROC1 copy present in
the T-DNA, lowering the probability of amplifying other cyclophilins
with high sequence identity to ROC1. Both primers contain attB sites
according to Gateway� technology (Invitrogen, Carlsbad, CA, USA).
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The PCR product flanked by attB sites was included with pDONR/
Zeo in a recombination reaction mediated by the GATEWAY� BP
Clonase� following the manufacturer’s instructions. The resulting
plasmid was cloned in chemically competent Escherichia coli DH-5a
cells and insertion was confirmed by colony PCR. Plasmid DNA was
prepared using the Wizard Miniprep DNA purification system
(Promega) followed by sequencing. The plasmid was then mixed
with the plant expression vector pK2GW7 (Karimi et al., 2002) and
subjected to a GATEWAY� LR Clonase� reaction. The resultant
vector was cloned in DH-5a cells confirmed by colony PCR and
consequently electroporated into Agrobacterium tumefaciens strain
GV3101 (Koncz and Schell, 1986). For plant transformation Col-2
seedlings were potted in a periodically fertilised mix of perlite,
vermiculite and sphagnum moss peat (1:1:1). Primary inflores-
cences were removed and secondary inflorescences were allowed
to elongate to about 10–20 cm before plants were transformed fol-
lowing the floral-dip method (Clough and Bent, 1998). T1 seedlings
were selected in half-strength MS medium containing 50 mg L)1

kanamycin. Rounds of self-pollination and antibiotic selection al-
lowed T3 stable transformants that were used for the experiments.

Protein blots

Seedlings were harvested, grinded in Laemmli loading buffer and
boiled for 5 min at 8000 g. The extracts were centrifuged, and the
supernatants were run on a 10% Laemmli SDS-PAGE and trans-
ferred to nitrocellulose. Proteins with an apparent mobility between
30 and 60 kDa were probed with an anti-BES1 purified serum (a
generous gift of Yanhai Yin, Iowa State University, Ames, IA, USA)
and proteins below 30 kDa were probed with an antiserum raised
against rapeseed chloroplast 2-Cys peroxiredoxin (a generous gift
from Ricardo Wolosiuk, Fundacion Instituto Leloir, Buenos Aires,
Argentina). In both cases, blots were developed with ECLTM (GE
Healthcare, Piscataway, NJ, USA) and autoradiographs were scan-
ned for quantification using Adobe� Photoshop� CS4.

Analysis of gene expression by real-time PCR

One-day-old seedlings exposed for 3 days to different light or dark
conditions were harvested in liquid nitrogen. An RNeasy Plant Mini
Kit (Qiagen) was used for total RNA extraction followed by DNase
treatment. Complementary DNA derived from this RNA was syn-
thesised using Invitrogen Super-Script III and an oligo-dT primer,and
amplified with FastStart Universal SYBR Green Master (Roche,
Mannheim, Germany) using the 7500 Real Time PCR System (Ap-
plied Biosystems, Foster City, CA, USA) cycler. The primers are de-
scribed in Table S2. Annealing and extension (1 min) were at 60�C.
The PCR-minus-template controls were routinely included and
showed negative results. Each primer pair yielded a single peak in
melting curves and a single product was confirmed on agarose gels.
Contamination by DNA was ruled out by PCR analysis after DNase
treatment. Furthermore, three of the gene primers flanked sequences
containing one to three introns and the PCR-amplified products of the
real-time reaction of these genesshowed only the size corresponding
to spliced transcripts in agarose gels.
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Figure S1. Blue, red and far-red light promote ROC1 expression
compared with darkness.
Figure S2. The roc1-1D, roc1-2 and roc1-3 mutants have normal
responses to exogenous auxin and cytokinin.
Figure S3. Yeast two-hybrid assay reveals no physical interaction
between ROC1 and different brassinosteroid signalling compo-
nents.
Table S1. Expression of genes directly targeted by BES1 in dark-
grown seedlings of roc1-1D, roc1-2 and roc1-3.
Table S2. List of primers.
Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for online
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