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SUMMARY

Phototropism allows plants to orient their photosynthetic organs towards the light. In Arabidopsis, pho-

totropins 1 and 2 sense directional blue light such that phot1 triggers phototropism in response to low

fluence rates, while both phot1 and phot2 mediate this response under higher light conditions. Phototro-

pism results from asymmetric growth in the hypocotyl elongation zone that depends on an auxin gradi-

ent across the embryonic stem. How phototropin activation leads to this growth response is still poorly

understood. Members of the phytochrome kinase substrate (PKS) family may act early in this pathway,

because PKS1, PKS2 and PKS4 are needed for a normal phototropic response and they associate with

phot1 in vivo. Here we show that PKS proteins are needed both for phot1- and phot2-mediated phototro-

pism. The phototropic response is conditioned by the developmental asymmetry of dicotyledonous

seedlings, such that there is a faster growth reorientation when cotyledons face away from the light

compared with seedlings whose cotyledons face the light. The molecular basis for this developmental

effect on phototropism is unknown; here we show that PKS proteins play a role at the interface between

development and phototropism. Moreover, we present evidence for a role of PKS genes in hypocotyl

gravi-reorientation that is independent of photoreceptors. pks mutants have normal levels of auxin

and normal polar auxin transport, however they show altered expression patterns of auxin marker genes.

This situation suggests that PKS proteins are involved in auxin signaling and/or lateral auxin

redistribution.
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INTRODUCTION

As sessile photoautotrophic organisms, plants need to

adapt their growth constantly as physiology and develop-

ment in an environment of fluctuating light conditions both

have particularly strong influences on the plant’s entire life

cycle. Higher plants sense such changes with multiple

photoreceptors that include a UV-B sensor, red and far-red

photoreceptors of the phytochrome class and three distinct

families of specific blue-light receptors namely the crypto-

chromes, phototropins and ZTL/FKF1/LKP2 (Kami et al.,

2010; Rizzini et al., 2011). These photoreceptors modulate

plant growth and development from seed germination until

senescence by control of the timing of key developmental

transitions and initiation of important adaptations (e.g. pho-

totropism, shade avoidance; Christie, 2007; Franklin and

Quail, 2010; Kami et al., 2010). Light sensing by the photot-

ropins (phot1 and phot2 in Arabidopsis thaliana) allows the

optimization of photosynthetic activity by control of a range

of physiological responses that include phototropism, leaf
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positioning, leaf flattening, chloroplast movements and

opening of stomata (Christie, 2007).

Phototropins are light-activated Ser/Thr protein kinases

that are composed of an amino-terminal photosensory

domain and a carboxy-terminal protein kinase domain

(Christie, 2007; Tokutomi et al., 2008). Two light oxygen

voltage (LOV) domains, LOV1 and LOV2, that each bind an

FMN chromophore, compose the light-sensing portion of

the photoreceptor with LOV2 playing a particularly

important role (Christie et al., 2002; Cho et al., 2007). Upon

light perception the protein kinase domain is liberated

from the inhibitory activity of the photosensory domain

after a suite of light-induced conformational changes

(Harper et al., 2003; Matsuoka and Tokutomi, 2005;

Tokutomi et al., 2008). In Arabidopsis, several blue-light-

induced phosphorylation sites have been identified in

phot1 and phot2 and it has been shown that phosphoryla-

tion in the activation loop of the protein kinase domain of

these proteins is essential for all tested physiological

responses (Inoue et al., 2008a, 2011; Sullivan et al., 2008).

However, surprisingly, little information is known about

the substrates of the phototropins (Christie et al., 2011;

Demarsy et al., 2012).

Signal transduction events that occur upon phototropin

activation depend, at least partially, upon the physiological

response because several phototropin signaling elements

are only required for a subset of phot-mediated responses

(Inada et al., 2004; Inoue et al., 2008b; de Carbonnel et al.,

2010). During phototropism, NPH3 has been shown to play

a particularly important function, as a loss-of-function

mutant was found to be aphototropic under all tested con-

ditions (Motchoulski and Liscum, 1999). NPH3 and phot1

are plasma membrane-associated proteins that interact

with each other (Motchoulski and Liscum, 1999; Sakamoto

and Briggs, 2002; Lariguet et al., 2006). In rice CPT1, the or-

tholog of NPH3, is essential for phototropism and acts

upstream of lateral auxin redistribution that is needed for a

phototropic response (Haga et al., 2005; Esmon et al.,

2006). The interaction between phot1 and NPH3 and its

requirement upstream of auxin redistribution indicate that

NPH3 acts early during phototropism signaling. NPH3 is

rapidly dephosphorylated in response to blue light in a

phot1-dependent manner (Pedmale and Liscum, 2007),

moreover it is required for the down-regulation of phot1

protein in daylight (Roberts et al., 2011). Both auxin trans-

port and auxin signaling are required downstream of these

early events (Tatematsu et al., 2004; Stone et al., 2008;

Christie et al., 2011; Ding et al., 2011; Willige et al., 2013).

Members of the phytochrome kinase substrate (PKS)

family (PKS1 PKS4 in Arabidopsis) play a role in a subset

of phototropin-mediated responses (Lariguet et al., 2006;

Boccalandro et al., 2008; de Carbonnel et al., 2010; Zhao

et al., 2013). PKS1, PKS2 and PKS4 localize to the plasma

membrane where they are associated with phot1, phot2

and NPH3 (Lariguet et al., 2006; de Carbonnel et al., 2010;

Demarsy et al., 2012). PKS4 is phosphorylated by phot1

within seconds of blue-light perception (Demarsy et al.,

2012). These findings, taken together with the strong

genetic interactions between nph3 and pks2 (de Carbonnel

et al., 2010), suggest that PKS proteins may also act early

in phototropin signaling, however the mechanism by

which they control phototropism remains unknown. An

additional complication comes from the role that PKS pro-

teins also play in phytochrome signaling (Lariguet et al.,

2003; Schepens et al., 2008). Importantly, phytochromes,

and in particular phyA, enhance phototropism; this

enhancement may depend, at least in part, on phyA-medi-

ated induction of PKS1 expression (Lariguet et al., 2006;

Kami et al., 2012).

To obtain further insight into the role of PKS genes in

phototropism, we characterized the phototropic response

of pks1, pks2 and pks4 single, double and triple mutants

that had been grown under different blue-light intensities.

Using higher order mutants between pks and phot or phyA

we showed genetically that PKS proteins primarily act in

phot1 signaling. Tropic responses of the hypocotyl are

developmentally modulated, as the orientation of the coty-

ledons relative to the incoming light influences the

response (Khurana et al., 1989). Our analysis shows that

PKSs are important for this developmental regulation of

the tropic response. Mechanistically, we show that PKS

proteins are dispensable for plasma membrane localization

of phot1. Auxin levels and polar auxin transport are normal

in pks1pks2pks4 seedlings, however auxin-regulated gene

expression in the etiolated hypocotyl hook region is altered

in pks1pks2pks4. We propose that PKS proteins act early in

phot1 signaling by modulation of auxin signaling and/or

lateral transport.

RESULTS

In a previous study, we showed that pks1, pks2 and pks4

are required for a normal phototropic response (Lariguet

et al., 2006). Our previous results suggested that PKS

proteins acted in the phot1 rather than the phyA pathway

in the control of phototropism, but this action was not

demonstrated formally. In order to do so we first analyzed

phototropism in response to different fluence rates of

unilateral blue light using long-term phototropic assays

(Lariguet and Fankhauser, 2004). Consistent with the

results from previous experiments, phyA mutants showed

a reduced phototropic response that was most apparent

under low fluence rates (0.1 lmoles m�2 sec�1 and below),

while phot1 was defective at all fluence rates tested (Figure

S1; Kami et al., 2012). In agreement with the proposal that

PKS proteins act in the phot1 pathway, the phenotype of

the pks1pks2pks4 triple mutant was more similar to the

phenotype of phot1 than the phenotype of phyA (Figures 1

and S1). To test this hypothesis genetically we made

394



phyApks1pks2pks4 and phot1pks1pks2pks4 mutants that 
we compared with the wild-type, phyA, phot1, 

pks1pks2pks4 and phyAphot1. We used 'long-term' photot
ropism assays to characterize those mutants, because 
under these conditions it is very easy to distinguish phyA 

from the pks1pks2pks4 triple mutant (Lariguet eta/., 2006; 
de Carbonnel eta/., 2010; Demarsy eta/., 2012; Figures 1 
and S1). If PKS1, PKS2 and PKS4 acted in the phot1 path
way the phot1pks quadruple mutant would be expected to 
look like phot1. We observed that the phot1pks quadruple 
mutant looked very similar to phot1 (Figures 1 and S2). 
Moreover, phyApks 1pks2pks4 and phot1 phyA mutants 
behaved very similarly under these conditions (Figure 1; 
Lariguet and Fankhauser, 2004). Statistical analysis of the 
recorded growth orientations confirmed this visual assess
ment (Figure 1b). Collectively these data indicate that 
in low blue light PKS1, PKS2 and PKS4 act in the phot1 
pathway to control phototropism. 

Next we analyzed phototropism in etiolated seedlings 
exposed for 24 h to unilateral blue light of different fluence 
rates (0.1, 1 or 10 ~tmoles m- 2 sec- 1) to analyze both 

Figure 1. PKS genes are important for phot1 
mediated and phot2 mediated phototropism. 
(a) long term phototropism experiment. Seed 
lings were grown on vertical plates for 65 h 
with unilateral blue light (0.1 11moles m- 2 

sec-'). Final growth angle relative to vertical 
was measured (00 represents vertical growth). 
The direction of growth is shown as circular 
histograms with the percentage of seedlings 
present in 100 angle categories (n > 100). The 
scale is indicated in the top left corner. 
(b) Hierarchical clustering shows similarities 
between the profiles for the different groups. 
The ' height' axis indicates the Euclidean dis 
lances between groups of profile. A permuta 
tion test based on a Kolmogorov Smirnov 
statistics indicates a highly signifiCant differ 
ence (P < 0.0002) between the profiles for the 
two main branches of the tree. 
(c, d) Short term phototropism experiment. 
Three day old etiolated seedlings (4.0 5.9 mm 
hypocotyls) were exposed to blue light (0.1 
light grey, 1 intermediat e grey or 10 dark grey 
11moles m-2 sec-1

) for 24 h. Data are average 
angles relative to vertical ±2 x standard error 
(SE) (n > 95). "Different from the WT grown at 
0.1 11moles m-2 sec-• P < 0.001. •Different from 
the WT grown at 1.0 11moles m-2 sec-• 
P < 0.001. <oifferent from t he WT grown at 
10 11moles m-2 sec-• P< 0.001. 
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phot1- and phot2-mediated phototropism (Sakai et a/., 

2001). As observed previously, we found that phot1 

showed no phototropic response at the lower fluence 
rates while it still responded partially to a rate of 
10 J.lmoles m- 2 sec- 1

, a response that was largely abol
ished in phot1phot2 (Figure 2; Sakai eta/., 2001). The 
analysis of pks single mutants allowed us to determine 
that only pks4 showed significantly reduced phototropism, 
but specifically at the lowest fluence rates tested (Figures 
S1 and S3). Out of all the double mutants pks1pks4 

showed the strongest phenotype at the lower fluence rates, 
while pks1pks2 showed the strongest phenotype at the 
highest fluence rate (Figure 1c). The pks1pks2pks4 triple 
mutant behaved as pks1pks4 at the lower fluence rates and 
as pks1pks2 at the highest fluence rate (Figure 1c). These 
results suggested that, in particular, PKS2 and PKS1 may 
also play a role in phot2-mediated phototropism that 
occurs in response to higher fluence rates. In agreement 
with this hypothesis the phot1pks1pks2pks4 quadruple 
mutant was totally defective in phototropism in response 
to high blue light (Figure 1d). Although this genotype 

(b) 
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appeared to be more affected than phot1phot2, this differ
ence was not significant (P > 0.001). In summary these 
data indicate that PKS4 is primarily important for phototro
pism in response to low light, PKS2 in response to strong 
light, and that PKS1 is needed under all light conditions 
additively with PKS4 or PKS2 dependent upon light inten
sity. Moreover, PKS proteins act both in phot1- and phot2-
mediated phototropism. Finally, our genetic analysis 

showed that a weak phototropic response still occurred in 
the pks1pks2pks4 triple mutant. We thus decided to com
pare the phenotype of pks1pks2pks4 with the other 

mutants that had been shown previously to have a 
reduced phototropic response (Tatematsu eta/., 2004; 
Stone eta/., 2008; Christie eta/., 2011; Ding eta/., 2011). 
Our experiments showed that under two different experi

mental conditions the phototropic response in 
pks1pks2pks4 was weaker than in iaa19/msg2 and pin3 
mutants (Figures 1c,d and S4). 

The molecular function of PKS proteins is currently 
unknown. PKS1, PKS2 and PKS4 are all associated with the 
plasma membrane similarly to the phototropins (Lariguet 
eta/., 2006; de Carbonnel eta/., 2010; Demarsy eta/., 

2012). How phot1 associates with the membrane is poorly 
understood (Kong eta/., 2013), we thus tested whether 
PKS proteins were needed for proper phot1 GFP localiza

tion by crossing plants that expressed this transgene 
(Sakamoto and Briggs, 2002) with pks1pks4 double 
mutants and subsequent selection of pks1pks4phot1-

PHOT1:PHOT1 GFP seedlings. We analyzed phot1 GFP 
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Figure 2. PKS1 and PKS4 are not required for phot1 relocalization under 
low blue light. 
(a) Schematic representation of the experiment. 
(b) Maximal projection images of phot1:GFP in the phot1 or phot1pks1pks4 
background. Three day old etiolated seedlings (4.0 5.9 mm) were scanned 
(15 sections at 1 ~m depth intervals) four times (Dark, 81 , 82, 83) with 
~ min darkne~ between each scan. CQnfocal micrQscQpy image~ were 
obtained with a 488 nm laser (1 ~moles m-2 sec-• , 120 sec scanning time 
forthe 15sections). Bars 30 ~m. wr, wild type . 

localization in pks1pks4 under low fluence rates of blue 
light because PKS1 and PKS4 play a primary role in phot1-
mediated phototropism (Figure 1c). Phot1 GFP was found 
to associate with the plasma membrane in etiolated seed

lings, while a portion of the photoreceptor has been found 
to dissociate from the membrane in response to blue light 
(Sakamoto and Briggs, 2002). Using maximal projection 
images the dissociation of phot1 GFP from the plasma 
membrane resulted in a non-homogeneous GFP signal after 
light treatment (Wan eta/., 2008; Figure 2). The analysis of 
phot1 GFP in the wild-type and pks1pks4 backgrounds 

revealed a normal phot1 GFP localization in the mutant 
both in darkness and in response to blue light (Figure 2). 
We thus conclude that PKS proteins do not modulate pho

totropism by control of phot1 subcellular localization. 
We identified a unique aspect of the pks phototropic 

phenotype using time course experiments (Figure 3). We 

analyzed separately the phototropism of seedlings that 
had their cotyledons either towards or away from the 
incoming light, because cotyledon position had been 
shown previously to affect the phototropic response 
(Khurana eta/., 1989; Kami eta/., 2012). The effect of coty
ledon position on phototropism decreased with increasing 
fluence rates (Figure S5). At the fluence rate used for our 
experiment, cotyledon position had a small effect on pho
totropism of the wild-type and of phyA, msg2 and pin3 

mutants (Figure 3). In contrast, both in pks1pks4 and in 
pks1pks2pks4, there was a very large difference in photot

ropism between the seedlings that had their cotyledons 
towards or away from the light (Figure 3). 

Cotyledon position also influences the gravitropic 
response in etiolated hypocotyls (Khurana eta/., 1989). We 
thus compared gravitropism in etiolated wild-type and 
pks1pks2pks4 mutants and monitored the response of 

seedlings with cotyledons that faced upwards or down
wards separately (Figures 4, S6 and S7). As reported previ

ously, when cotyledons faced downwards gravitropism 
occurred much more efficiently in the wild-type (Rgure 4; 
Khurana eta/., 1989). In contrast, in the pks1pks2pks4 triple 

mutant, the position of the cotyledons had no influence on 
the gravitropic response (Figure 4). As PKS proteins act 
either in the phyA or the phot pathway dependent upon 
the conditions (Figure 1; Lariguet eta/., 2003; Schepens 
eta/., 2008), we also tested this response in phyA, phot1, 

phot1phot2, phyApks1pks2pks4 and phot1pks1pks2pks4 

mutants (Figures 4 and S7). Interestingly, both phyA and 

the phototropin mutants showed a diminished ability to 
reorient their hypocotyl upon gravitropism in darkness 
(Figures 4 and S7). Moreover, in these photoreceptor 
mutants, we observed no significant difference in the 

gravitropic response between seedlings with cotyledons 
that faced upwards or downwards at the time of 
gravistimulation (Figures 4 and 57). Finally, the 

phyApks1pks2pks4 and phot1pks1pks2pks4 mutants 



Figure 3. Kinetics of the phototropic response 
in wild type (WT), phyA. pks1pks2pks4, 
pks1pks4, msg2 and pin3. 
Dark grown seedlings (4.0 6.9 mm) were 
exposed to unilateral blue light (0.5 ~moles 
m-2 sec-') for 5 h. Growth angle of hypocotyls 
relative to vertical were measured (O• repre 
sents vertical growth). 
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showed a phenotype that is intermediate between the pho
toreceptor and pks mutant lines (Figures 4 and S7). These 
data suggest that PKS genes play a role independent of 
the photoreceptors in etiolated seedlings. We also ana
lyzed hypocotyl gravitropism in the light. In order to pre
vent a phototropic response we analyzed gravitropism in 
etiolated seedlings that had been transferred into red light. 
As shown previously, this change leads to an altered gravi
tropic response in the wild-type (Nagashima eta/., 2008; 
Figure S6). Our results show that this altered response was 
most clearly visible when we analyzed separately seedlings 
that had cotyledons that faced either upwards or down
wards (Figure S6). Interestingly, light had a stronger effect 
on the gravitropic response of the wild-type than of 
pks1pks2pks4 mutants (Figure S6). 

Etiolated seedlings show a DR5 gradient in the hypo

cetyl hook, this finding suggested the presence an auxin
signaling gradient in the uppermost portion of the hypo
cetyl (Zadnikova eta/., 2010). The influence of cotyledon 
position on the gravitropic and phototropic response of 
wild-type seedlings may thus be related to this presump

tive auxin gradient in the hook region of the hypocotyl. pks 
mutants show an altered phototropic and gravitropic 
response (Figures 1, 3 and 4; Lariguet eta/., 2006). more

over the effect of cotyledon position on these tropic 
responses is largely modified in pks1pks2pks4 (Figures 3, 4 
and S6). We thus decided to analyze auxin content, polar 
auxin transport and auxin signaling in the pks1pks2pks4 
mutant. Auxin content of aerial parts of the wild-type and 
pks1pks2pks4 was determined both in etiolated seedlings 

and etiolated seedlings that had been treated for 8 h with 
light. This experiment confirmed the light-induced decline 
in aerial auxin content reported previously (Nagashima 
eta/., 2008) and showed that auxin content was normal in 

Incubation time (h) ..... Awrage 
..., H: hypocotyl side 
-o- C: cot)iodoo side 

pks1pks2pks4 in both experimental conditions (Figure Sa). 
Polar auxin t ransport (PAT) was determined in etiolated 
seedlings and in etiolated seedlings treated with light for 
1, 2 or 4 h (Willige eta/., 2013). 1-N-Naphthylphthalamic 
acid (NPA) treatment largely inhibited PAT in etiolated 
wild-type hypocotyls (Figure Sb). Over the time course of 
our experiment we did not detect any significant effect of 
light on PAT. Finally, PAT was normal in etiolated and 
light-treated pks1pks2pks4 seedlings (Figure Sb). 

DR5:GUS and MSG2:GUS were used as reporters to ana
lyze auxin signaling. These constructs were crossed into 
pks1pks2pks4 triple mutants and reporter activity was 
compared in etiolated wild-type and pks mutant seedlings 
(Figure 6). We concentrated our analysis on this develop

mental stage because etiolated pks1pks2pks4 mutants 
have normal auxin levels and PAT thereby simplifying the 
interpretation of auxin reporter activity (Figure 5). More
over, the pks1pks2pks4 mutant showed a phenotype very 
early after photostimulation and had an altered response 
upon gravity-induced reorientation in the dark (Figures 3, 4 
and S6). As reported previously, strong DR5 activity was 
observed on the concave side of the apical hook (Zadnik
ova eta/., 2010; Figure 6). Interestingly, this gradient was 
largely absent in pks1pks2pks4 triple mutants (Figure 6a, 
b). This situation is not due to an overall decrease in DR5 
signal in the mutant, as both the wild-type and 
pks1pks2pks4 cotyledons showed a strong DR5-driven 
GUS expression (Figure 6a,b). The signal for MSG2:GUS 
was also altered strikingly in the pks1pks2pks4 mutant. 
First, the signal just below the hook region was reduced in 
the mutant, a reduction that was quantified in transverse 
sections (Figure 6a,b). In addition, the expression along 

the length of the hypocotyl was also altered in the mutant. 
In the wild-type plant there was strong staining at the top 
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Figure 4. Gravi reorientation response in WT, photoreceptor mutants and 
pks1pks2pks4. Three day old (4.0 5.9 mm) etiolated seedlings of the indi 
cated genotypes were grown on vertical plates. The plates were rotated 900, 
and images acquired hourly for 24 h in darkness. Gravitropic reorientation 
with different cotyledon positions. d: cotyledons downwards, • ; u: cotyle 
dons upwards, o. Data are average hypocotyl angles from 20 hypocotyls 
±2 x standard error (SE). 

of the hypocotyl, the activity declined quite sharply and 
reached a minimum of around 35 400/o down from the tip, 
followed by a rapid increase towards the base of the hypo
cetyl (Figure 6c,d). In pks1pks2pks4 mutants the decline 

from top to the middle third of the hypocotyl was more 
shallow and the increase in staining towards to lower part 
of the hypocotyl occurred later than in the wild-type (Fig
ure 6c,d). Thus, both reporters indicated that the pattern of 
auxin responsive genes was altered in pks1pks2pks4 
hypocotyls, a feature that is particularly striking in its 
uppermost part (Figure 6). 

DISCUSSION 

Our systematic characterization of pks mutant combina

tions with phot1, phot2 and phyA allowed us to determine 
that PKS genes are important for phot1-mediated phototro
pism (Figures 1, S1, S2 and S3). In addition our data 

revealed that in response to high fluence rates of blue light 
PKS proteins also act in the phot2 pathway, findings that 
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Figure 5. Indole 3 acetic acid (IAA) concentration and polar auxin transport 
(PAT) in pks7,2,4triple mutants. 
(a) Auxin content of etiolated seedlings (dark) or etiolated seedlings treated 
for 8 h with light (20 ~oles m-2 sec-1). Data are average of 
n 5 ± 2 x standard error (SE). 
(b) PAT in etiolated Col (wild type, Wl1 and pks1pks2pks4 triple mutants 
(pks1,2,4) treated for 0, 1, 2 and 4 h of light Data are average of n 8 ± SE. 
NPA, 1 N Naphthylphthalamic acid. 

are consistent with a recent report (Figure 1; Zhao eta/., 
2013). We have shown previously that PKS1 and PKS2 pri

marily act in the phot1 pathway in the control of petiole 
positioning, while they primarily act in the phot2 pathway 
in the control of leaf flattening (de Carbonnel eta/., 2010). 

Here we show that PKS proteins act both in the phot1 and 
the phot2 pathway in the control of a single physiological 
response (phototropism). Our extensive genetic and photo

biological analysis identified a differential requirement for 
the members of the PKS family in response to different 
light conditions (Figure 1c,d). PKS4 is primarily important 
in response to low fluence rates, PKS2 is mostly required 
during high light conditions, while PKS1 is required in all 
light conditions (Figures 1 and S3). The conditional pheno
type of the pks mutants correlates well with light-regulated 

PKS gene expression. PKS4 levels decline in etiolated 
seedlings transferred into the light, while PKS2 expression 
is induced by light (Lariguet eta/., 2003; Schepens eta/., 
2008). The pks1pks2pks4 triple mutant is strongly defective 

for phototropism with only a minor response towards low 
blue-light fluence rates (Figures 1 and 3). However, in con

trast with phot1phot2, the pks1pks2pks4 mutant still dis
plays a phototropic response particularly in response to 



Figure 6. Auxin response is altered in 
plcs1pks2pks4 mutants. 
(a) Comparison of DRS:GUS or MSG2:GUS 
expression between wild type (WT) and 
plcs1pks2pks4. Bar 250 ~m. The orange arrow 
indicates the position of the section in (b). 
(b) Normalized GUS stain intensity in elonga 
tion zone. Data are average intensity w ith 
±2 x standard error (SE) of transverse section 
from inside of hook to outside (WT: • ; pks1, 2. 
4: A; n 10). 
(c) Comparison of MSG2:GUS expression 
between WT and pks1,2,4. Bar 1 mm. 
(d) Normalized GUS stain intensity in hypo 
cetyl. Data are average intensity with ± 2 x SE 
of longitudinal section from the inside of the 
hook side from the hook to end of the hypo 
cetyl (WT: •; plcs1,2,4: A; n 10). 

(a) 

DRS:GUS 
(dark) 

MSG2:GUS 
(dark) 

(c) 

MSG2:GUS 
(dark) 

high blue-light fluence rates (Figure 1). When a PKS3 
mutant becomes available it will be interesting to deter
mine the behavior of a pks quadruple mutant. 

Both phot1 and members of the PKS family localize to 
the plasma membrane (Sakamoto and Briggs, 2002; Larig
uet et a/., 2006; de Carbonnel eta/., 2010). It has been 
shown that brefeldin A (BFA) inhibits phot1 localization, a 
finding that suggests that its export to the plasma mem
brane occurs via the trans-Golgi network (Kaiserli eta/., 
2009). A fraction of phot1 internalizes upon blue light per
ception, a process that is mediated through the clathrin
dependent endocytic pathway (Sakamoto and Briggs, 
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2002; Kaiserli eta/., 2009). However, the mechanism that 
underlies phot1 association with the plasma membrane is 
not well understood because the receptor does not have 
any transmembrane or known membrane-association 
domains (Kong eta/., 2013). One possibility is that phot1 
binds to the plasma membrane via protein protein interac
tions. PKS proteins are good candidates for such a function 
based on their subcellular localization, their ability to inter
act with phot1, and their importance for phototropism 
(Lariguet eta/., 2006; de Carbonnel eta/., 2010; Demarsy 
eta/., 2012). However, our microscopic examination of 
etiolated and light-treated seedlings did not reveal any 



significant difference in the localization of phot1 GFP in

pks1pks4 compared with the wild-type and indicated that

PKS proteins are not needed for normal subcellular locali-

zation of phot1 (Figure 2).

A striking feature of the pks phototropic and gravitropic

phenotype is the strongly altered developmental regulation

of the response in the mutants (Figures 3 and 4). Both the

gravitropic and the phototropic responses are modulated

by the position of the cotyledons relative to the direction

of the stimulus (Khurana et al., 1989). Phototropism is

more effective when the cotyledons are away from the

incoming light, while gravitropism is more effective when

cotyledons face downwards (Khurana et al., 1989;

Figures 3, 4 and S6). Cotyledon positioning affects photot-

ropism mostly in response to low light, moreover cotyle-

don position primarily alters the kinetics of the response

rather than the final bending angle (Figures 3 and S5; Kami

et al., 2012). The pks1pks4 and pks1pks2pks4 mutants have

a unique phenotype during phototropism, with a difference

in bending kinetics dependent upon cotyledon position

that was greater than in the wild-type and various mutants

that we have tested (phyA, msg2 and pin3). Interestingly,

pks mutants with cotyledons that faced the incoming light

are almost aphototropic; when cotyledons were on the

shaded side these mutants displayed a phototropic

response (Figure 3). The effect of cotyledon position on

the hypocotyl gravitropic response was also altered mark-

edly in pks1pks2pks4 hypocotyls (Figures 4 and S6). How-

ever, under these conditions, the wild-type showed a large

dependency on cotyledon position for the gravitropic

response; in the pks1pks2pks4 mutant gravitropism

occurred with the same kinetics irrespective of cotyledon

position. Thus, compared with the wild-type, the

pks1pks2pks4 mutants displayed a bigger bending differ-

ence dependent upon cotyledon position during phototro-

pism, but a smaller difference during gravitropism

(Figures 3 and 4). These data indicate that the

pks1pks2pks4 mutant is not simply unable to display a dif-

ferent growth response dependent upon the position of its

cotyledons but that the coupling between morphology and

response to stimulus is altered. In addition, our work

shows that, under some conditions (e.g. darkness), PKS

genes play a role in asymmetric growth responses that is

independent of the action of photoreceptors and indicate a

wide importance for PKS genes in asymmetric growth

responses (Figures 4 and S7).

The molecular mechanism that underlies the effect of

cotyledon position on phototropic and gravitropic bending

is unknown. One hypothesis is that it is due to the pre-

sumptive auxin-signaling gradient present in the apical

hook (Zadnikova et al., 2010). If one assumes that there is

higher auxin signaling on the hypocotyl side that faces the

cotyledons (based on the stronger DR5:GUS signal), this

scenario would explain why seedlings that have their

cotyledons away from unilateral light bend faster towards

the light because the ‘developmental auxin gradient’ is

already in the right position. Although during phototro-

pism asymmetric growth occurs below the hook region, it

was suggested recently that an auxin gradient in the hypo-

cotyl just below the cotyledons is important for phototro-

pism (Christie et al., 2011). In contrast, when cotyledons

face the light, this presumptive auxin maximum would

have to be displaced to the other side of the hypocotyl to

allow differential growth towards the light source. Under

these conditions, pks1pks4 and pks1pks2pks4 are very

strongly impaired in the phototropic response and this

impairment suggests that PKS proteins may be required

for lateral auxin transport or act upstream of this process

(Figure 3). Interestingly, when the auxin gradient is favor-

ably positioned (cotyledons face away from the incoming

light), the defect of pks mutants is significantly weaker

(Figure 3).

The same reasoning could also explain the effect of cot-

yledon position on the gravitropic response, because

hypocotyls with cotyledons that face downwards show a

more rapid gravitropic response and based on the concept

of the ‘developmental auxin gradient’ more auxin signaling

would then initially be on the side that grows faster in

order to reorient hypocotyls with the gravity vector

(Khurana et al., 1989). The tropic phenotype of

pks1pks2pks4 mutants is condition/stimulus dependent, as

in contrast with phototropism the mutant displays

enhanced gravitropism and a reduced effect of cotyledon

position on gravitropism (Figures 3 and 4). Interestingly,

the absence of an effect of cotyledon position during

gravitropism correlates with the absence of a DR5:GUS

gradient in the hook region of etiolated pks1pks2pks4.

Taken together, the results suggest that PKS proteins act

as a control point at the interface between development

and hypocotyl response to external stimuli.

Defects in gravitropism and phototropism could be due

to altered auxin content or reduced PAT that can lead to

auxin depletion in the hypocotyl elongation zone (Christie,

2007; Willige et al., 2013). The determination of auxin con-

tent in the aerial parts of pks1pks2pks4 shows that this

mutant has free indole-3-acetic acid (IAA) levels that are not

different significantly from the wild-type, both in etiolated

seedlings and etiolated seedlings that had been treated

with light for a few hours (Figure 5). In addition, PAT in the

hypocotyl is normal in etiolated pks1pks2pks4 seedlings

before or after a light treatment (Figure 5). This difference

distinguishes the pks1pks2pks4 phenotype from a pin3-

pin4pin7 mutant that showed reduced PAT (Willige et al.,

2013). Interestingly, both mutants are strongly impaired for

phototropism, however pks1pks2pks4 hypocotyls grow

against the gravity vector in darkness while pin3pin4pin7

hypocotyls do not (Figure S1; Lariguet et al., 2006; Willige

et al., 2013). We thus conclude that while the hypocotyl
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tropic phenotypes of pin3pin4pin7 mutants could at least in

part be due to reduced levels of auxin in the hypocotyl

elongation zone (due to reduced PAT), this option is

unlikely to be the case for pks1pks2pks4 mutants.

To analyze the auxin response in this mutant we used

DR5:GUS and MSG2:GUS as reporter constructs. In etio-

lated pks1pks2pks4 seedlings the DR5:GUS signal was

altered significantly in the apical hook and just below

(Figure 6). While a distinct DR5:GUS gradient could be

measured in the wild-type, this option was not the case in

the mutant. Moreover, the levels of MSG2:GUS in the hook

region and just below are also reduced significantly in the

pks1pks2pks4 mutant. Finally, the pattern of MSG2:GUS

expression along the hypocotyl longitudinal axis was also

altered in pks1pks2pks4 mutants. DR5 marker genes have

been used to analyze lateral auxin gradients in the hypo-

cotyl. However, it has been shown recently that the DR5

gradient induced by phototropic stimulation is only visible

after phototropic bending was over (Haga and Sakai,

2012). Similarly, we did not observe any MSG2:GUS gradi-

ent across the hypocotyl elongation zone of photostimulat-

ed hypocotyls (Figure S8). To the best of our knowledge

there is currently no reliable marker that allows us to

detect an auxin gradient across the hypocotyl that pre-

cedes phototropic bending in etiolated seedlings.

Given that pks1pks2pks4 mutants have normal IAA lev-

els in the aerial parts and normal PAT in the hypocotyl

(Figure 5), we propose that PKS genes are essential for a

normal response to auxin in the hypocotyl (Figure 6).

Although auxin signaling is altered in the pks1pks2pks4

mutant (Figure 6), this mutant has a clearly distinct pheno-

type from other auxin-signaling mutants such as msg2

(Figures 1 and 3; Tatematsu et al., 2004; Schepens et al.,

2008). The msg2 mutant shows reduced negative hypo-

cotyl gravitropism in darkness, reduced gravi-reorientation

and reduced phototropism (Tatematsu et al., 2004). In con-

trast the pks1pks2pks4 mutant shows normal negative

hypocotyl gravitropism in darkness, an enhanced gravi-

reorientation, but reduced phototropism (Figures 3, 4 and

S6; Schepens et al., 2008). Moreover the phototropic

dependency on cotyledon position was strongly enhanced

in the pks1pks2pks4 mutant, while it is similar to the wild-

type in msg2 (Figure 3). The phenotype of pks1pks2pks4

mutants is therefore clearly distinct from typical auxin sig-

naling or auxin transport mutants. We propose that PKS

proteins are required either for the establishment of a local

lateral auxin gradient or for the response to this gradient.

EXPERIMENTAL PROCEDURES

Plant material and growth conditions

Plant growth conditions and determination of light conditions
were performed as described previously (Kami et al., 2012). The
following mutants used in this study have been described

elsewhere: msg2 1 (Tatematsu et al., 2004), pin3 3 (Friml et al.,
2002), pks1 1, pks2 1, pks4 1, pks4 2, phyA 211, phot1 5, phot2 1,
phot1phot2, all pks mutant combinations as well as pksphot1,
pksphot2 and pksphyA mutant combinations (Lariguet et al., 2003;
Schepens et al., 2008; de Carbonnel et al., 2010).

The MSG2 promoter sequence was amplified by polymerase
chain reaction (PCR) using a pair of oligonucleotides with the pri
mer sequences 5′ ATGGAGCTCGCGGCCGCGTTCCTTCGCATCGG
ATTTGACGAAGATC 3′ and 5′ CATGAATTCGGGATCGATGTCGA
CTTCTTGAACTTCTTTTTTTCCTCTCACAAT 3′, and the genomic
DNA of Arabidopsis (Col 0) as a template. The resulting 3106 bp
fragment was cloned into the SacI and XhoI sites of pART7
(Gleave, 1992), which harboured b glucuronidase cDNA in BamHI
and XbaI sites. The promoter GUS construct was cloned into a
T DNA vector, pART27 for Agrobacterium mediated floral dip
transformation (Clough and Bent, 1998).

Tropism assays

Long term phototropism assays were performed as described pre
viously (Lariguet and Fankhauser, 2004). Short term phototropism,
kinetic analysis of phototropism and gravitropism assays were
performed as described in Kami et al. (2012) and Schepens et al.
(2008).

Determination of auxin content and polar auxin transport

Three day old etiolated seedlings were harvested under safe
green light or treated for 8 h with 20 lmoles m�2 sec�1 white light
before harvest. Seedlings were pooled, weighted and frozen in
liquid nitrogen for quantification of free IAA in accordance with
Andersen et al. (2008). PAT was determined as described in Willi
ge et al. (2013). Etiolated Col (wild type) or pks1pks2pks4 triple
mutants were treated for 0, 1, 2 or 4 h with blue light before deter
mination of PAT. As a control, etiolated wild type seedlings were
treated with NPA, Duchefa Biochimie N0926.0250 (http://www.
duchefa biochemie.nl/) (Willige et al., 2013).

GUS staining

DR5:GUS and MSG2:GUS were crossed with pks1pks2pks4 to
obtain the reporter lines in the pks triple mutant. pks mutations
were identified in the F2 plants as described previously (Lariguet
et al., 2003; Schepens et al., 2008). GUS histochemical analysis
was performed as described previously but without fixation (Larig
uet et al., 2003). Three day old etiolated seedlings (4.0 5.9 mm)
were incubated with GUS staining solution (2 mM 5 bromo
4 chloro 3 indolyl b D glucuronide, 2 mM ferrocyanide and 50 mM

sodium phosphate buffer) for 24 h (DR5:GUS) or 6 h (MSG2:GUS).
Seedlings were observed and imaged with a binocular loop
(Nikon Corp., Tokyo, Japan, SMZ1500). Images were processed
with ImageJ (National Institutes of Health ImageJ software ver
sion 1.38, http://rsb.info.nih.gov/ij/). Image analysis was performed
as described previously (Santuari et al., 2011).

Microscopy

Projection images of confocal microscopy and image analysis
were performed essentially as described previously (Han et al.,
2008; Wan et al., 2008). Three day old etiolated seedlings
(4.0 5.9 mm) were placed on slides in a drop of half strength
Murashige and Skoog (MS) medium, Duchefa Biochimie
M0222.0010 (http://www.duchefa biochemie.nl/) with 0.01% (w/v)
agar. Green fluorescent protein (GFP) fluorescence was imaged
with an inverted Zeiss confocal microscope (LSM 510 Meta
INVERTED, Zeiss AXIO Vert 200 M; 409 objective) with the
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488 nm excitation line of a 30.0 mW argon ion laser and band
pass filters (excitation 405 488 nm, emission 505 550 nm).
Images were processed with Zeiss software (LSM Rel. 3.5; Carl
Zeiss Microscopy GmbH, Munich, Germany, http://microscopy.
zeiss.com/microscopy/en de/about us/locations subsidiaries.html#
Munich) and ImageJ (National Institutes of Health ImageJ
software version 1.38, http://rsb.info.nih.gov/ij/).

Statistical analysis

Statistical computations were performed using R software (http://
www.r project.org), version 2.15.1. Clusters were produced using
the default parameters (Euclidean distance, complete linkage). Dif
ference between the distribution of values for different groups was
measured using Kolmogorov Smirnov statistics (maximum differ
ence between cumulative distributions). Its significance was
assessed using permutation of the individual observations, assum
ing that the groups were identical. Over 5000 permutations, the
measured statistics was never reached (P value 1/5001 < 0.0002),
indicated a significant difference between the groups. To compare
phototropism of different genotypes (Figures 1c,d) we used
Student’s t test (two tailed distribution, two sample unequal
variance).
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Figure S1. Comparison of hypocotyl growth orientation in phyA,
phot1, nph3 and pks mutants grown in constant darkness and uni
lateral blue light (long term phototropic response).
Figure S2. Long term phototropic response of pks photoreceptor
mutant combinations.
Figure S3. Phototropic phenotype of etiolated pks mutants treated
for 24 h with different blue light fluence rates.
Figure S4. Long term phototropic response of auxin signaling,
transport and pks mutants.
Figure S5. Kinetics of the phototropic response in WT under low
and high blue light.
Figure S6. Gravi reorientation responses in WT and pks1pks2pks4
in darkness and red light.
Figure S7. Gravi reorientation responses in WT, phyA, phot1,
phot1phot2, pks1pks2pks4, phyApks1pks2pks4 and
phot1pks1pks2pks4 mutants.
Figure S8. Comparison of MSG2:GUS expression in etiolated
seedlings and after 2 h of unilateral blue light treatment.

REFERENCES

Andersen, S.U., Buechel, S., Zhao, Z., Ljung, K., Novak, O., Busch, W.,

Schuster, C. and Lohmann, J.U. (2008) Requirement of B2 type

cyclin dependent kinases for meristem integrity in Arabidopsis thaliana.

Plant Cell, 20, 88 100.

Boccalandro, H.E., De Simone, S.N., Bergmann-Honsberger, A., Schepens,

I., Fankhauser, C. and Casal, J.J. (2008) PKS1 regulates root phototro

pism and gravitropism. Plant Physiol. 146, 108 115.

de Carbonnel, M., Davis, P., Roelfsema, M.R., Inoue, S., Schepens, I., Larigu-

et, P., Geisler, M., Shimazaki, K., Hangarter, R. and Fankhauser, C. (2010)

The Arabidopsis PHYTOCHROME KINASE SUBSTRATE2 protein is a

phototropin signaling element that regulates leaf flattening and leaf posi

tioning. Plant Physiol. 152, 1391 1405.

Cho, H.Y., Tseng, T.S., Kaiserli, E., Sullivan, S., Christie, J.M. and Briggs,

W.R. (2007) Physiological roles of the light, oxygen, or voltage domains

of phototropin 1 and phototropin 2 in Arabidopsis. Plant Physiol. 143,

517 529.

Christie, J.M. (2007) Phototropin blue light receptors. Annu. Rev. Plant Biol.

58, 21 45.

Christie, J.M., Swartz, T.E., Bogomolni, R.A. and Briggs, W.R. (2002) Photo

tropin LOV domains exhibit distinct roles in regulating photoreceptor

function. Plant J. 32, 205 219.

Christie, J.M., Yang, H., Richter, G.L. et al. (2011) phot1 inhibition of

ABCB19 primes lateral auxin fluxes in the shoot apex required for pho

totropism. PLoS Biol. 9, e1001076.

Clough, S.J. and Bent, A.F. (1998) Floral dip: a simplified method for Agro

bacterium mediated transformation of Arabidopsis thaliana. Plant J. 16,

735 743.

Demarsy, E., Schepens, I., Okajima, K., Hersch, M., Bergmann, S., Christie,

J., Shimazaki, K., Tokutomi, S. and Fankhauser, C. (2012) Phytochrome

kinase substrate 4 is phosphorylated by the phototropin 1 photoreceptor.

EMBO J. 31, 3457 3467.

Ding, Z., Galvan-Ampudia, C.S., Demarsy, E. et al. (2011) Light mediated

polarization of the PIN3 auxin transporter for the phototropic response in

Arabidopsis. Nat. Cell Biol. 13, 447 452.

Esmon, C.A., Tinsley, A.G., Ljung, K., Sandberg, G., Hearne, L.B. and Liscum,

E. (2006) A gradient of auxin and auxin dependent transcription precedes

tropic growth responses. Proc. Natl Acad. Sci. USA, 103, 236 241.

Franklin, K.A. and Quail, P.H. (2010) Phytochrome functions in Arabidopsis

development. J. Exp. Bot. 61, 11 24.

Friml, J., Wisniewska, J., Benkova, E., Mendgen, K. and Palme, K. (2002)

Lateral relocation of auxin efflux regulator PIN3 mediates tropism in Ara

bidopsis. Nature, 415, 806 809.

Gleave, A.P. (1992) A versatile binary vector system with a T DNA organisa

tional structure conducive to efficient integration of cloned DNA into the

plant genome. Plant Mol. Biol. 20, 1203 1207.

Haga, K. and Sakai, T. (2012) PIN auxin efflux carriers are necessary for pul

se induced but not continuous light induced phototropism in Arabidop

sis. Plant Physiol. 160, 763 776.

Haga, K., Takano, M., Neumann, R. and Iino, M. (2005) The Rice COLEOP

TILE PHOTOTROPISM1 gene encoding an ortholog of Arabidopsis NPH3

is required for phototropism of coleoptiles and lateral translocation of

auxin. Plant Cell, 17, 103 115.

Han, I.S., Tseng, T.S., Eisinger, W. and Briggs, W.R. (2008) Phytochrome A

regulates the intracellular distribution of phototropin 1 green fluorescent

protein in Arabidopsis thaliana. Plant Cell, 20, 2835 2847.

Harper, S.M., Neil, L.C. and Gardner, K.H. (2003) Structural basis of a photo

tropin light switch. Science, 301, 1541 1544.

Inada, S., Ohgishi, M., Mayama, T., Okada, K. and Sakai, T. (2004) RPT2 is a

signal transducer involved in phototropic response and stomatal open

ing by association with phototropin 1 in Arabidopsis thaliana. Plant Cell,

16, 887 896.

Inoue, S., Kinoshita, T., Matsumoto, M., Nakayama, K.I., Doi, M. and Shi-

mazaki, K. (2008a) Blue light induced autophosphorylation of phototro

pin is a primary step for signaling. Proc. Natl Acad. Sci. USA, 105,

5626 5631.

Inoue, S., Kinoshita, T., Takemiya, A., Doi, M. and Shimazaki, K. (2008b)

Leaf positioning of Arabidopsis in response to blue light. Mol. Plant, 1,

15 26.

Inoue, S., Matsushita, T., Tomokiyo, Y., Matsumoto, M., Nakayama, K.I.,

Kinoshita, T. and Shimazaki, K. (2011) Functional analyses of the activa

tion loop of phototropin2 in Arabidopsis. Plant Physiol. 156, 117 128.

Kaiserli, E., Sullivan, S., Jones, M.A., Feeney, K.A. and Christie, J.M. (2009)

Domain swapping to assess the mechanistic basis of Arabidopsis

402



phototropin 1 receptor kinase activation and endocytosis by blue light.

Plant Cell, 21, 3226 3244.

Kami, C., Lorrain, S., Hornitschek, P. and Fankhauser, C. (2010) Light

regulated plant growth and development. Curr. Top. Dev. Biol. 91,

29 66.

Kami, C., Hersch, M., Trevisan, M., Genoud, T., Hiltbrunner, A., Bergmann,

S. and Fankhauser, C. (2012) Nuclear phytochrome a signaling promotes

phototropism in Arabidopsis. Plant Cell, 24, 566 576.

Khurana, J.P., Best, T.R. and Poff, K.L. (1989) Influence of hook position on

phototropic and gravitropic curvature by etiolated hypocotyls of Arabid

opsis thaliana. Plant Physiol. 90, 376 379.

Kong, S.G., Kagawa, T., Wada, M. and Nagatani, A. (2013) A C terminal

membrane association domain of phototropin 2 is necessary for chloro

plast movement. Plant Cell Physiol. 54, 57 68.

Lariguet, P. and Fankhauser, C. (2004) Hypocotyl growth orientation in blue

light is determined by phytochrome A inhibition of gravitropism and

phototropin promotion of phototropism. Plant J. 40, 826 834.

Lariguet, P., Boccalandro, H.E., Alonso, J.M., Ecker, J.R., Chory, J., Casal,

J.J. and Fankhauser, C. (2003) A growth regulatory loop that provides

homeostasis to phytochrome a signaling. Plant Cell, 15, 2966 2978.

Lariguet, P., Schepens, I., Hodgson, D. et al. (2006) PHYTOCHROME KINASE

SUBSTRATE 1 is a phototropin 1 binding protein required for phototro

pism. Proc. Natl Acad. Sci. USA, 103, 10134 10139.

Matsuoka, D. and Tokutomi, S. (2005) Blue light regulated molecular switch

of Ser/Thr kinase in phototropin. Proc. Natl Acad. Sci. USA, 102, 13337

13342.

Motchoulski, A. and Liscum, E. (1999) Arabidopsis NPH3: a NPH1 photore

ceptor interacting protein essential for phototropism. Science, 286, 961

964.

Nagashima, A., Suzuki, G., Uehara, Y. et al. (2008) Phytochromes and cryp

tochromes regulate the differential growth of Arabidopsis hypocotyls in

both a PGP19 dependent and a PGP19 independent manner. Plant J. 53,

516 529.

Pedmale, U.V. and Liscum, E. (2007) Regulation of phototropic signaling in

Arabidopsis via phosphorylation state changes in the phototropin

1 interacting protein NPH3. J. Biol. Chem. 282, 19992 20001.

Rizzini, L., Favory, J.J., Cloix, C. et al. (2011) Perception of UV B by the Ara

bidopsis UVR8 protein. Science, 332, 103 106.

Roberts, D., Pedmale, U.V., Morrow, J., Sachdev, S., Lechner, E., Tang, X.,

Zheng, N., Hannink, M., Genschik, P. and Liscum, E. (2011) Modulation

of phototropic responsiveness in Arabidopsis through ubiquitination of

phototropin 1 by the CUL3 Ring E3 ubiquitin ligase CRL3(NPH3). Plant

Cell, 23, 3627 3640.

Sakai, T., Kagawa, T., Kasahara, M., Swartz, T.E., Christie, J.M., Briggs,

W.R., Wada, M. and Okada, K. (2001) Arabidopsis nph1 and npl1: blue

light receptors that mediate both phototropism and chloroplast reloca

tion. Proc. Natl Acad. Sci. USA, 98, 6969 6974.

Sakamoto, K. and Briggs, W.R. (2002) Cellular and subcellular localization

of phototropin 1. Plant Cell, 14, 1723 1735.

Santuari, L., Scacchi, E., Rodriguez-Villalon, A., Salinas, P., Dohmann, E.M.,

Brunoud, G., Vernoux, T., Smith, R.S. and Hardtke, C.S. (2011) Positional

information by differential endocytosis splits auxin response to drive

Arabidopsis root meristem growth. Curr. Biol. 21, 1918 1923.

Schepens, I., Boccalandro, H.E., Kami, C., Casal, J.J. and Fankhauser, C.

(2008) PHYTOCHROME KINASE SUBSTRATE4 modulates phyto

chrome mediated control of hypocotyl growth orientation. Plant Physiol.

147, 661 671.

Stone, B.B., Stowe-Evans, E.L., Harper, R.M., Celaya, R.B., Ljung, K., Sand-

berg, G. and Liscum, E. (2008) Disruptions in AUX1 dependent auxin

influx alter hypocotyl phototropism in Arabidopsis. Mol. Plant, 1, 129 144.

Sullivan, S., Thomson, C.E., Lamont, D.J., Jones, M.A. and Christie, J.M.

(2008) In vivo phosphorylation site mapping and functional characteriza

tion of Arabidopsis phototropin 1. Mol. Plant, 1, 178 194.

Tatematsu, K., Kumagai, S., Muto, H., Sato, A., Watahiki, M.K., Harper,

R.M., Liscum, E. and Yamamoto, K.T. (2004) MASSUGU2 encodes Aux/

IAA19, an auxin regulated protein that functions together with the tran

scriptional activator NPH4/ARF7 to regulate differential growth responses

of hypocotyl and formation of lateral roots in Arabidopsis thaliana. Plant

Cell, 16, 379 393.

Tokutomi, S., Matsuoka, D. and Zikihara, K. (2008) Molecular structure and

regulation of phototropin kinase by blue light. Biochim. Biophys. Acta,

1784, 133 142.

Wan, Y.L., Eisinger, W., Ehrhardt, D., Kubitscheck, U., Baluska, F. and Brig-

gs, W. (2008) The subcellular localization and blue light induced move

ment of phototropin 1 GFP in etiolated seedlings of Arabidopsis thaliana.

Mol. Plant, 1, 103 117.

Willige, B.C., Ahlers, S., Zourelidou, M. et al. (2013) D6PK AGCVIII kinases

are required for auxin transport and phototropic hypocotyl bending in

Arabidopsis. Plant Cell, 25, 1674 1688.

Zadnikova, P., Petrasek, J., Marhavy, P. et al. (2010) Role of PIN mediated

auxin efflux in apical hook development of Arabidopsis thaliana. Devel

opment, 137, 607 617.

Zhao, X., Wang, Y.L., Qiao, X.R., Wang, J., Wang, L.D., Xu, C.S. and Zhang,

X. (2013) Phototropins function in high intensity blue light induced hypo

cotyl phototropism in Arabidopsis by altering cytosolic calcium. Plant

Physiol. 162, 1539 1551.

403




