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In Arabidopsis (Arabidopsis thaliana), the blue light photoreceptor phototropins (photl and phot2) fine-tune the photosynthetic
status of the plant by controlling several important adaptive processes in response to environmental light variations. These
processes include stem and petiole phototropism (leaf positioning), leaf flattening, stomatal opening, and chloroplast
movements. The PHYTOCHROME KINASE SUBSTRATE (PKS) protein family comprises four members in Arabidopsis
(PKS1-PKS4). PKS1 is a novel photl signaling element during phototropism, as it interacts with photl and the important
signaling element NONPHOTOTROPIC HYPOCOTYL3 (NPH3) and is required for normal photl-mediated phototropism. In
this study, we have analyzed more globally the role of three PKS members (PKS1, PKS2, and PKS4). Systematic analysis of
mutants reveals that PKS2 (and to a lesser extent PKS1) act in the same subset of phototropin-controlled responses as NPH3,
namely leaf flattening and positioning. PKS1, PKS2, and NPH3 coimmunoprecipitate with both photl-green fluorescent
protein and phot2-green fluorescent protein in leaf extracts. Genetic experiments position PKS2 within photl and phot2
pathways controlling leaf positioning and leaf flattening, respectively. NPH3 can act in both photl and phot2 pathways, and
synergistic interactions observed between pks2 and nph3 mutants suggest complementary roles of PKS2 and NPH3 during
phototropin signaling. Finally, several observations further suggest that PKS2 may regulate leaf flattening and positioning by
controlling auxin homeostasis. Together with previous findings, our results indicate that the PKS proteins represent an

important family of phototropin signaling proteins.

Plants constantly monitor the properties of light in
their natural environment to optimize light capture for
photosynthesis and growth (e.g. shade avoidance and
phototropism) and to time important developmental
transitions (e.g. germination and flowering; Neff et al.,
2000; Briggs and Christie, 2002; Franklin and Whitelam,
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2005). To do so, plants have a multitude of photore-
ceptors that allow them to sense changes in light
period, direction, wavelength composition, and inten-
sity. The main types of photoreceptors are the red/
far-red light-absorbing phytochromes and the UV-A/
blue light-sensing phototropins, cryptochromes, and
Zeitlupe protein families (Chen et al., 2004; Jiao
et al., 2007; Demarsy and Fankhauser, 2009). The sig-
naling pathways triggered by these photoreceptors are
integrated to fine-tune responses to ever-changing
light environments (Casal, 2000; Franklin and Whitelam,
2004; Iino, 2006).

In Arabidopsis (Arabidopsis thaliana), phototropinl
(photl) and its paralog phot2 were discovered as
primary photoreceptors for blue light-induced hypo-
cotyl phototropism and for high light-induced chloro-
plast avoidance movements, respectively (Liscum and
Briggs, 1995; Huala et al., 1997; Jarillo et al., 2001;
Kagawa et al., 2001). Subsequent studies have shown
that phototropins regulate a wide set of physiological
and developmental responses, including chloroplast
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accumulation under low light, stomatal opening, leaf
flattening, and phototropism of the root, inflorescence
stem, and petiole (Sakai et al., 2001). Thus, photo-
tropins are proposed to optimize the photosynthetic
potential of plants, particularly under unfavorable
environments such as extremely high light, weak illu-
mination, and drought (Kasahara et al., 2002; Takemiya
et al., 2005; Galen et al., 2007).

Photl and phot2 regulate these processes selectively
and in a fluence-dependent manner. Photl mediates
the chloroplast accumulation, leaf positioning, and
phototropic responses under very low light (Demarsy
and Fankhauser, 2009). Under higher light intensities,
the phot2 pathway becomes activated and acts redun-
dantly with photl in these processes (Sakai et al.,
2001). Phot2 also specifically controls the chloroplast
avoidance response induced by high light (Jarillo et al.,
2001; Kagawa et al., 2001). For stomatal opening, photl
and phot2 act redundantly over a broad range of light
intensity (Kinoshita et al., 2001; Doi et al., 2004).

Phototropins are Ser/Thr kinases belonging to the
AGC family (for cAMP-dependent protein kinase,
cGMP-dependent protein kinase, and phospholipids-
dependent protein kinase C; Bogre et al., 2003). Two
LOV (for light, oxygen, or voltage) photosensory do-
mains that bind to the blue light-absorbing chromo-
phore FMN regulate the kinase activity (Christie,
2007). Phototropin activation and early signaling events
at the level of the photoreceptor itself have been
extensively studied (Tokutomi et al., 2008; Demarsy
and Fankhauser, 2009). However, downstream signal-
ing is less well understood. Light-induced photl
autophosphorylation has recently been shown to be
an essential signaling event, but apart from the pho-
toreceptor itself, no direct substrate for the kinase
activity has been identified in planta (Inoue et al.,
2008b; Sullivan et al., 2008). Nonetheless, several pro-
teins are known to interact with photl. These include
Broad-Complex, Tramtrack, Bric-a-Brac (BTB) proteins
belonging to the 33-member NONPHOTOTROPIC
HYPOCOTYL3 (NPH3)/ROOT PHOTOTROPISM2-
LIKE (NRL) subfamily, 14-3-3 proteins, and ADP-
ribosylation factors (members of the Ras superfamily
of GTP-binding proteins that play important roles
in the assembly and disassembly of coat proteins
associated with driving vesicle budding and fusion;
Motchoulski and Liscum, 1999; Sullivan et al., 2009).

Genetic experiments showed that NPH3 is required
for photl- and phot2-mediated phototropism and for
photl-controlled leaf positioning but is not involved in
stomatal opening or chloroplast movements (Inada
et al., 2004; Inoue et al., 2008a). In addition, RPT2 acts
in the photl-induced phototropic response and sto-
matal opening but not in chloroplast relocation or
phot2-induced movements. RPT2 can associate with
photl in vitro and in vivo, but there is no evidence for
a direct interaction with phot2 (Inada et al.,, 2004).
NPH3 is also known to interact with photl in vivo, but
an interaction with phot2 has not been reported
(Motchoulski and Liscum, 1999; Lariguet et al., 2006).
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Thus, phototropin signaling is believed to branch
quickly, and photl and phot2 appear to recruit differ-
ent signaling components to trigger distinct physio-
logical processes. NPH3 and RPT2 are proposed to
mediate protein scaffolding using their protein-protein
interaction domains (BTB/Pox virus and Zinc finger
as well as coiled coil) and by these means may provide
signaling specificity via interaction with specific tar-
gets in different tissues and subcellular compartments
(Celaya and Liscum, 2005). The phototropins may
regulate such interactions by modifying the phosphor-
ylation status of the signaling protein (e.g. NPH3 and
14-3-3 proteins; Pedmale and Liscum, 2007; Sullivan
et al., 2009).

The nature of phototropin-controlled responses is
diverse. On the one hand, chloroplast movements and
stomatal opening are rapid, cell-autonomous, and
reversible processes. On the other hand, phototropic
responses and leaf flattening are slower symmetric
growth processes coordinated by cell expansion and
division. Such growth coordination is under tight
hormonal regulation, and the hormone auxin is a
central regulator of phototropism (Holland et al,
2009), leaf flattening (Keller and Van Volkenburgh,
1997; Li et al., 2007; Bainbridge et al., 2008; Braun et al.,
2008), and leaf positioning (Tao et al., 2008; Millenaar
et al., 2009). An important task is to identify points of
convergence between phototropin signaling and auxin
signaling. Hypocotyl phototropism is triggered by
blue light-induced auxin redistribution and signaling
across the organ (Esmon et al., 2006; Holland et al.,
2009). Recent reports suggest that the phototropins
achieve this by directly regulating the activity of auxin
transporters. First, the three main classes of auxin
transporters (AUXIN RESISTANT1 [AUX1]/LIKE
AUX1, PIN-FORMED [PIN], and P-glycoproteins
[PGP]) are involved in the regulation of phototropism
(Friml et al., 2002; Noh et al., 2003; Blakeslee et al.,
2004; Nagashima et al., 2008; Stone et al., 2008). Sec-
ond, photl is required for the relocalization of PIN1
upon blue light exposure (Blakeslee et al., 2004). Third,
the phototropin-related AGC kinase PINOID (PID) is a
crucial regulator of PIN1 intracellular cycling, which
suggests an important role for AGC kinases in the
regulation of auxin transport polarity (Michniewicz
et al, 2007; Robert and Offringa, 2008). The link
between the phototropins and auxin has not been
firmly established in the cases of leaf flattening and
leaf positioning.

NPH3 is a strong candidate to provide a link be-
tween phototropins and auxin transport. First, NPH3
acts specifically in phototropin-controlled processes
that involve growth regulation. Second, the rice (Oryza
sativa) homolog of NPH3 called COLEOPTILE PHO-
TOTROPISM1 (CPT1) is an essential mediator of
auxin redistribution in coleoptiles during the photo-
tropin response (Haga et al., 2005). Third, an Arabi-
dopsis homolog of NPH3 named MACCHIBOU4/
ENHANCER OF PINOID/NAKED PINS IN YUC
MUTANTS1 (MAB4/ENP/NPY1) is involved in
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organogenesis synergistically with PID by controlling
PIN1 localization in embryo and inflorescence stems
(Cheng et al., 2007; Furutani et al., 2007). However,
beyond these correlative observations, the mechanisms
of auxin transport regulation by phototropin signaling
remain poorly understood (Holland et al., 2009).
PHYTOCHROME KINASE SUBSTRATE (PKS) pro-
teins were initially identified as phytochrome sig-
naling components that regulate developmental
processes such as deetiolation and growth orientation
of roots and hypocotyls (Fankhauser et al.,, 1999;
Lariguet et al., 2003; Khanna et al., 2006; Boccalandro
etal., 2008; Molas and Kiss, 2008; Schepens et al., 2008).
PKS1, PKS2, and PKS4 interact with phytochrome A
and PKS1 is phosphorylated by phytochrome A in
vitro (Fankhauser et al., 1999; Lariguet et al., 2003;
Schepens et al., 2008). Recently, we have shown that
PKS1 also interacts with photl and NPH3 in vivo and
is required for photl-mediated root and hypocotyl
phototropism (Lariguet et al., 2006; Boccalandro
et al., 2008). The importance of PKS proteins for
phototropism prompted us to test their involvement in
phototropin-mediated responses more globally. Here,
we show that PKS2 acts in photl and phot2 signaling
pathways controlling leaf positioning and leaf flatten-
ing but not chloroplast movements and stomatal
opening. Interestingly, PKS2 and NPH3 selectively
control phototropin-mediated growth responses and
interact genetically. Several lines of evidence, includ-
ing auxin transport assays in mesophyll protoplasts,
suggest that PKS2 may regulate these developmental
light responses by modulating auxin homeostasis.

RESULTS
PKS2 and PKS1 Control Leaf Flattening

Since PKS1/2/4 are required for phototropism and
PKS1 is associated with photl in vivo (Lariguet et al.,
2006; Boccalandro et al., 2008), we used a genetic
approach and analyzed leaf flattening, leaf position-
ing, chloroplast movements, and stomatal opening in
the pks mutants to determine whether members of the
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Regulation of Leaf Flattening and Positioning by PKS2

PKS gene family are global regulators of phototropin
signaling. Our analyses excluded PKS3, for which no
null mutants were available. Since photl and phot2
can act redundantly in these processes, we also in-
cluded photlpks and phot2pks mutants in our experi-
ments (Sakai et al., 2001; Takemiya et al., 2005; Inoue
et al., 2008a). These mutants also enabled us to deter-
mine epistatic interactions between pks and phot mu-
tations and to position the PKS proteins within photl
and/or phot2 pathways.

Under our experimental conditions (80 umol m™>
s ! white light, 16-h photoperiod), photl and phot2
mediated leaf flattening redundantly because leaves
curled only in the phot1phot2 double mutant and not in
the single mutants (Fig. 1A). Leaves of pkslpks2pks4
and phot2pks1pks2pks4 mutants were mildly but sig-
nificantly less flat when compared with wild-type and
phot2 leaves, respectively (P < 0.01; Fig. 1A). The
photlpks1pks2pks4 mutant showed a more visible leaf
epinasty phenotype characterized by the downward
curling of laminas near the margin (Fig. 1A). Thus, an
effect of PKS loss of function was more visible in plants
that had an impaired photl pathway. To further study
the role of PKS1/2/4 in leaf flattening, we crossed pks
mutants with the photl signaling mutant nph3 that
displays impaired photl-mediated leaf flattening and
positioning (Inoue et al., 2008a). Interestingly, PKS1/2/4
loss of function in the nph3 background increased leaf
epinasty in a synergistic manner and nph3pks1pks2pks4
phenocopied photlphot2 (Fig. 1A). Analysis of double
and triple nph3pks mutants revealed a predominant
role for PKS2 and a minor role for PKS1, while PKS4
did not seem to contribute to leaf flattening (Supple-
mental Fig. S1, A and C). Taken together, these results
indicate that PKS2 and PKSI1 act in the phot2 pathway
controlling leaf flattening (Fig. 1B). Importantly, the
comparison of leaf curling between photlphot2 and
photlpks1pks2pks4 suggests that phot2 signaling is not
totally abolished in pkslpks2pks4 mutants (Fig. 1).

Under our experimental conditions, the nph3 mu-
tant was more epinastic than phot1 and had an inter-
mediate phenotype between photl and photlphot2.
This observation suggested to us that NPH3 also plays
a significant role in the phot2 pathway. To test this

Figure 1. PKS1/PKS2/PKS4 regulate leaf flatten-
ing and act in the phot2 pathway. A, Plants were
grown for 25 d under 80 = 8 umol m™? s~' white
light (WL) with a 16-h-light photoperiod at 20°C
(until the wild type [WT] reached growth stage

v N\

phott f------ phot2 1.11; Boyes et al., 2001). The flattening index of
l l leaf 5 was calculated by dividing the projection
area of intact curled leaves (inset, left) with that of

PKS1/2 manually uncurled leaves (inset, right). The graph

l l shows average values = 95% confidence inter-
vals for 17 or 18 plants. Images of leaf sections at

leaf flattening bottom illustrate leaf curling. B, Positions of PKS1/
2 and NPH3 based on the interpretation of epis-

tasis data.
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hypothesis, we crossed nph3 with photl and phot2. To
our surprise, the nph3phot] mutant displayed much
stronger leaf epinasty than nph3 and resembled the
photlphot2 mutant, while no increased leaf curling was
observed in nph3phot2 plants (Fig. 1A). These results
indicate that NPH3 acts in both photl and phot2
pathways and has a crucial role in the phot2 pathway
under our experimental conditions (Fig. 1B). Finally,
we noticed that PHOT? loss of function generated
flatter leaves in the backgrounds tested (wild type,
pkslpks2pks4, and nph3; P < 0.01), suggesting that
phot2 might negatively regulate the photl pathway
(Fig. 1B).

PKS2 and PKS1 Control Leaf Positioning

To investigate the role of the PKS in phototropin-
mediated leaf positioning, we used an experimental
setup based on the protocol of Inoue and coworkers
(2008a). Plants were first grown under standard white
light conditions to allow initial development of first
true leaves (growth stage 1.01; Boyes et al., 2001). The
developing young true leaves were then subjected for
several days (until they reached growth stage 1.04) to
either a low blue light (LBL) fluence rate that activated
only the photl pathway or an intermediate blue light
(HBL) fluence rate that triggered both photl and phot2
pathways (Inoue et al., 2008a). The angle between the
hypocotyl and the petiole of true leaves was measured
and used as an indication of leaf positioning.

Among the pks single mutants tested, pks2 displayed
a mild but significant phenotype under both LBL and
HBL: pks2 petioles had less erect petioles (reduced
hyponasty) compared with the wild type. Consistent
with leaf-flattening data, the pks2-2 allele generated a
stronger phenotype than the pks2-1 allele (Fig. 2A).
This may be due to the presence of small amounts of
truncated PKS2 protein in pks2-1, while pks2-2 is a
complete knockout (Supplemental Fig. S1B). The leaf-
positioning phenotype of pks2 did not correlate with
changes in circadian movements (Mullen et al., 2006),
as might be suggested by the circadian expression of
PKS2 (Lariguet et al.,, 2003; data not shown). Leaf
positions of pks4 and wild-type plants were undistin-
guishable. However, pks1 plants showed a very mild
but significant phenotype (P < 0.01) that was additive
with the pks2 phenotype (as shown when comparing
pks1pks2pks4 with pks2; Fig. 2A). Thus, similar to leaf
flattening, PKS2 and to a lesser extent PKSI are in-
volved in leaf positioning. To further study the role of
PKS2, we analyzed the effects of PKS2 gain of function.
Two independent PKS2-overexpressing lines that ex-
pressed approximately 10 times more PKS2 protein
(Lariguet et al. 2003; data not shown) displayed the
opposite phenotype to pks2 and had more erect leaves
(enhanced hyponasty) compared with wild-type
plants (Fig. 2B). Taken together, these results indicate
that PKS2 plays a significant role in leaf positioning.

Under our LBL conditions, photl resembled phot1-
phot2, indicating that the phot2 pathway was not
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Figure 2. PKS2 regulates leaf positioning. Leaf positioning was deter-
mined after light treatments by measuring the hypocotyl-petiole angle;
90° was subtracted to provide an indication of petiole position relative
to horizontal (inset in A). Light blue histogram bars correspond to 50
umol m™2 s~ red light plus 0.3 umol m~2s™" blue light; dark blue bars
correspond to red light plus 5.0 umol m™2 s™' blue light. A, Leaf
positioning in pks1, pks2, and pks4 mutants and in the triple mutant. B,
Leaf positioning in PKS2-overexpressing plants. Values indicate means +
95% confidence intervals for 21 < n <31 (A) and 34 < n < 57 plants (B).
WT, Wild type.
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activated. As previously reported, nph3 phenocopied
photl, supporting an essential role for NPH3 in the
photl pathway under LBL (Fig. 3A; Inoue et al,
2008a). Under HBL conditions, the phot2 pathway
was activated, because the photl mutant was able to
elevate its petioles while strong downward petiole
curling (petiole epinasty) was observed in the phot1-
phot2 mutant. Under HBL, the nph3 mutant showed a
slightly stronger leaf-positioning defect than photl
(Fig. 3A), and nph3 laminas were also slightly epinastic
while phot]l laminas were always positioned in a
horizontal plane (Fig. 3C). As in the case of leaf
flattening, these results suggest a role for NPH3 in
the phot2 pathway. Epistasis results between nph3 and
phot mutants revealed again an important role for
NPH3 in the phot2 pathway. Indeed, nph3phot1 resem-
bled phot1phot2, while PHOT?2 loss of function did not
increase petiole epinasty in the nph3 background (Fig.

Plant Physiol. Vol. 152, 2010
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Figure 3. Genetic analysis of PKS2 and NPH3 roles within phot1 and
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lamina epinasty and reduction in light capture. D, Positions of NPH3 and
PKS2in phot1 and phot2 pathways in both LBL and high blue light based
on the interpretation of epistasis data. BL, Blue light; WT, wild type.

3, A and C). Thus, these genetic and photobiological
experiments suggest that NPH3 plays a crucial role in
the photl pathway under LBL and an increasingly
more important role in the phot2 pathway under
higher fluence rates of blue light (Fig. 3D).
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photlpks2, phot2pks2, and nph3pks2 mutants were
analyzed to position PKS2 in the phototropin path-
ways controlling leaf positioning. Under both HBL
and LBL, phot1 appeared epistatic over pks2, while pks2
was epistatic over phot2 (Fig. 3B). These data indicate
that PKS2 acted predominantly in the photl pathway
(Fig. 3D). Interestingly, while phot1pks2 and phot1 leaf
positions were similar, phot1pks2 laminas were clearly
more curled than in photl and pks2 under HBL (Fig.
3C). This observation is consistent with a role for PKS2
in the phot2 pathway controlling leaf flattening (Fig.
1B). It also supports the conclusion that PKS2 can act in
two distinct phototropin signaling pathways during
two different leaf developmental processes, namely in
the photl pathway controlling leaf positioning and in
the phot2 pathway controlling leaf flattening (Figs. 1B
and 3D).

Under LBL, nph3 was epistatic over pks2, which is
not surprising given that nph3 fully controls leaf
positioning under this fluence rate (Inoue et al,
2008a; Fig. 3A). Interestingly under HBL, nph3 and
pks2 mutations interacted synergistically and the
nph3pks2 mutant essentially resembled photlphot2
(Fig. 3, B and C). Such genetic interaction is consistent
with the interpretations of epistasis data obtained
independently for NPH3 and PKS2. Indeed, under
HBL, NPH3 played an essential role in the phot2
pathway and a significant role in the photl pathway.
Given that PKS2 appeared to contribute partially to the
photl pathway, knocking out PKS2 in a sensitized
background where photl signaling is strongly im-
paired and phot2 signaling is completely abolished
(such as the nph3 background) may result in a syner-
gistic increase of the phenotype (Fig. 3D). Finally, that
pks2nph3 closely resembled phot1nph3 (and phot1phot2)
further indicates a significant role for PKS2 in the
photl pathway (Fig. 3C).

PKS2, PKS1, and NPH3 Are Associated with Both photl
and phot2 in Leaves

Our genetic results indicate that NPH3 and PKS2
can act in both photl and phot2 pathways to control
leaf developmental processes. Thus, to further inves-
tigate the role of these two proteins as phototropin
signaling elements, we decided to check whether they
were associated with photl and phot2 in leaves. We
also included PKS1 in those experiments because
PKS1 was shown to act additively with PKS2 in leaf
flattening and positioning.

Previously, we showed that PKS1 was tightly asso-
ciated with the plasma membrane in etiolated seed-
lings, as is the case for NPH3 and photl (Lariguet
etal., 2006). Here, we analyzed PKS2 proteins extracted
from the aerial parts of plants grown for 14 d on half-
strength Murashige and Skoog (MS) agar under 100
umol m 2 s~ !, We found that PKS2 was not present in
the cytosolic fraction after ultracentrifugation but
cofractionated with photl, phot2, NPH3, PKS1, and a
plasma membrane-associated protein fused to GFP
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(GFP-LTi6éb; Cutler et al., 2000) in insoluble micro-
somal pellets and was similarly released into solution
by detergent treatment (Sakamoto and Briggs, 2002;
Lariguet et al., 2006; Supplemental Fig. S2). To test
whether these proteins were also associated in vivo,
we immunoprecipitated GFP-tagged photl, phot2, or
LTi6b and analyzed by western blotting the immuno-
precipitated material. PKS2, PKS1, and NPH3 coim-
munoprecipitated with phot1-GFP and phot2-GFP but
not with GFP-LTi6éb, indicating that PKS2, PKS1, and
NPH3 were associated with photl and phot2 in vivo
(Fig. 4). It is relevant to point out that phot1-GFP and
phot2-GFP were expressed under the control of their
respective promoters and at similar levels to the en-
dogenous protein, supporting the notion that the
protein-protein associations reported here are physio-
logically meaningful (Sakamoto and Briggs, 2002;
Kong et al., 2006).

PKS1/2/4 and NPH3 Are Not Required for Normal
Chloroplast Movements or Stomatal Opening

We have shown that PKS2 and PKS1 regulate leaf
flattening (Fig. 1) and leaf positioning (Fig. 2). Genetic
and molecular data indicate that they can act in both
photl and phot2 pathways. To test whether PKS1/2/4
are global regulators of phototropin-mediated pro-
cesses, we analyzed blue light-induced stomatal open-
ing and chloroplast movements in pkslpks2pks4,
phot1pkslpks2pks4, and phot2pkslpks2pks4 mutants.

To study chloroplast movements, we measured blue
light-induced change in red light transmittance of
leaves. This method provided an indirect but quanti-
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Figure 4. PKS2, PKS1, and NPH3 are associated with phot1 and phot2
in vivo. Solubilized microsomal proteins were obtained from green
tissues of 14-d-old plants grown under 100 wmol m~2 s™" white light
and were subjected to anti-GFP immunoprecipitation using anti-GFP
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tative means to monitor chloroplast movements into
the accumulation (low light response) and avoidance
(high light response) positions (Inoue and Shibata,
1973; Trojan and Gabrys, 1996; DeBlasio et al., 2003).
As previously reported, photl and phot2 controlled
redundantly the accumulation response, while only
phot2 mediated the avoidance response (Fig. 5B; Sakai
et al., 2001). pkslpks2pks4 plants showed no signs of
impaired chloroplast movements (Fig. 5A), and
photlpks1pks2pks4 and phot2pks1pks2pks4 looked essen-
tially like phot1 and phot2, respectively (Fig. 5C). These
results clearly show that PKS1/2/4 did not play impor-
tant roles in photl and phot2 pathways mediating
the low light (accumulation) response or in the
phot2 pathway controlling the high light response.
NPH3 was previously shown to be dispensable for
chloroplast movements (Inada et al., 2004). Under our
experimental conditions, the epinastic nph3 and
nph3pks1pks2pks4 mutants also showed normal chlo-
roplast movements, indicating that NPH3 and PKS1/2/
4 did not act redundantly in this process (Fig. 5D).
To test phototropin-mediated stomatal opening, we
applied blue light onto epidermal peels obtained from
rosette leaves. We superimposed red light in the assay
because red light increased the blue light response of
guard cells (Shimazaki et al., 2007). Red light alone did
not induce stomatal opening in wild-type or mutant
leaves (Fig. 5E). However, the addition of blue light
caused a 2- to 3-fold increase in the width of stomatal
pores in the wild type. Under these conditions, photl
and phot2 redundantly controlled the response (Fig.
5E; Kinoshita et al., 2001). We did not detect significant
reductions in stomatal aperture in pkslpks2pks4,
photlpks1pks2pks4, or phot2pks1pks2pks4 mutants, indi-
cating that PKS1/2/4 were not required for photl or
phot2 signaling during stomatal opening (Fig. 5E). As
for chloroplast movements, the epinastic nph3 and
nph3pks1pks2pks4 mutants had functional guard cells,
meaning that PKS1/2/4 did not act redundantly with
NPH3 during blue light-induced stomatal opening
(Fig. 5E; Inada et al., 2004). Taken together, our genetic
experiments show that PKS1/2/4 are not global reg-
ulators of phototropin signaling. They appear to
specifically regulate with NPH3 the phototropin-
mediated blue light responses that involve growth
and development (Figs. 1 and 3; Motchoulski and
Liscum, 1999; Inada et al., 2004; Lariguet et al., 2006;
Boccalandro et al., 2008; Inoue et al., 2008a).

Contribution of Leaf Flattening and Positioning to Plant
Growth under Intermediate White Light Fluence Rates

Takemiya and coworkers (2005) have shown that
under low photosynthetically active radiation (PAR;
25 umol m ™2 s~ white light), photl and phot2 pro-
mote photosynthesis and plant growth by driving
chloroplast positioning into the accumulation posi-
tion, opening stomata and flattening leaves. In the
same study under higher PAR (70 umol m s~ ' white
light), photlphot2 mutants displayed flat leaves and
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Figure 5. PKS1/PKS2/PKS4 are not required for blue light (BL)-induced
chloroplast relocation or stomatal opening. A to D, Chloroplast move-
ments in pks1pks2pks4 mutants. Plants were grown for 6 weeks under
100 to 120 wmol m 2 s~ " white light at 24°C with a 12-h photoperiod.
Leaves were dark adapted for 18 h and then exposed to a progressive
increase of blue light fluence rate from 0.1 to 120 umol m~?s™". Plots
show dose-response curves corresponding to the change (in percent-
age) of red light (RL) transmittance of leaves relative to the average
transmittance measured in dark-treated leaves. Data points show
averages * sp of 9 < n < 13 plants. E, Isolated epidermal peels were
obtained from rosette leaves of 4-week-old plants and irradiated for
3 h at 24°C under red light (60 umol m~2s": R) or red light (50 umol
m~2 s~ ") plus blue light (10 wmol m~2 s™"; R+B). The average aperture
of 45 stomata was calculated per experiment. The graph shows aver-
ages * sp of three separate experiments. D, Dark.

normal plant growth. These results suggested that
phototropins mediate plant growth enhancement spe-
cifically in low light environments. However, under
our experimental conditions (80 umol m % s~ white
light), phot1phot2 displayed highly curled leaves (Fig.
1). The different phenotype reported for phot1phot2 by
Takemiya et al. (2005) and ourselves could be due to a
number of variations in the experimental procedure,
such as photoperiod, light source, growth stage, and
humidity. The fact that chloroplast movement and
stomatal opening were also abolished in photlphot2
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even under high fluence rates of blue light encouraged
us to test whether phototropin-deficient plants also
suffered reduced plant growth under intermediate
PAR (75 and 150 mmol m™2 s~' white light). We
included the nph3pks1pks2pks4 mutant to specifically
study the contribution of leaf flattening and position-
ing in plant growth.

Under 150 wmol m > s~ ! white light, cotyledons and
true leaves of photlphot2 mutant plants displayed
strong epinasty throughout plant development. In
parallel, we observed a gradual decrease in green
tissue fresh weight of photlphot2 relative to wild-type
plants over a 10-d period (Fig. 6), indicating that the
phototropin-mediated responses played a crucial role
in plant growth. The cotyledons and true leaves of
nph3pkslpks2pks4 plants were very epinastic and re-
sembled photlphot2 throughout plant development.
Interestingly, nph3pklpks2pks4 plants accumulated sig-
nificantly more mass than phot1phot2 in early stages of
growth (similar to nph3), suggesting that functional
chloroplast movements and stomatal opening may
have significantly contributed to plant growth (Fig. 6).
However, mass accumulation in nph3pks1pks2pks4 sub-
sequently dropped in later stages of growth and
reached similar levels to photlphot2. This drop corre-
lated with a significantly stronger leaf epinasty in
nph3pkslpks2pks4 compared with phot1phot2 (Supple-
mental Fig. 54B). Taken together, these results indicate
that leaf flattening is very important for plant growth
even under favorable light conditions. Similar results
were obtained for plants grown under 75 umol m s ™"
white light (Supplemental Fig. S3).

We reasoned that diminished plant growth ob-
served in epinastic mutants could be the consequences
of reduced light capture leading to reduced photosyn-
thesis and/or a basal defect in leaf expansion. To
address these hypotheses, we analyzed the morphol-
ogy and physiology of whole leaves. Morphology
studies were done on leaf 5 of plants that had reached
growth stage 1.11 (Fig. 6C; Supplemental Fig. S4A),
because this leaf was well expanded and probably had
a high contribution to plant vegetative vigor (Kerstetter
and Poethig, 1998). The area of light interception by
nph3pkslpks2pks4 and photlphot2 leaves was 3-fold
smaller than that in wild-type or pkslpks2pks4 leaves.
nph3 showed a 2-fold reduction (Fig. 7A). The total
area of nph3pkslpks2pks4 and photlphot? leaves was
also smaller than that of the wild type (50% of wild-
type size), and nph3 also showed a 30% decrease in
size (Fig. 7B). Similar results were obtained for plants
grown under 75 umol m~* s™! white light (data not
shown). Thus, slower plant growth in the mutants
correlated with both reduced light capture and re-
duced leaf expansion. One simple interpretation of
these data is that plants had smaller leaves because of
reduced photosynthetic activity and overall growth as
a consequence of reduced light capture. This hypoth-
esis is consistent with the fact that epinastic mutants
also developed more slowly than wild-type-like plants
(Supplemental Fig. S4B). Nonetheless, one cannot ex-
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Images at bottom show one representative plant for each genotype.
Bars =1 cm.

clude the possibility that basal developmental defects
also hindered leaf expansion and overall plant growth
in a photosynthesis-independent fashion. To investi-
gate these possibilities, we first measured transpira-
tion and photosynthetic activity of whole leaves using
gas-exchange assays.
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Analysis of red light- and blue light-induced tran-
spiration in whole leaves showed that all mutants
except photlphot2 responded to the addition of blue
light (Fig. 7C). This result indicates that blue light-
induced stomatal opening data previously obtained
for isolated cells were meaningful in a whole-leaf
context (Fig. 5E). Interestingly, this blue light-induced
enhancement of transpiration (i.e. the slope of the
curve upon blue light treatment) was significantly
reduced in the epinastic nph3pkslpks2pks4 mutant
compared with nph3, pkslpks2pks4, and wild-type
leaves, and this was not due to lower stomatal density
(Fig. 7, C and D). This indicates that leaf curling had an
effect on leaf gas exchange. Since stomatal opening is a
limiting step for CO, assimilation by photosynthesis,
we asked whether the epinastic nph3pkslpks2pks4
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Figure 7. Morphological and physiological parameters of wild-type
(WT) and epinastic mutant leaves. A and B, Morphological parameters
of leaf 5 of plants shown in Figure 6C. Light interception area of curled
leaves and total leaf area were calculated as in Figure 1. C, Light-
induced transpiration in whole leaves. Plants were grown for 8 to 10
weeks under 200 umol m 2 s~ white light with an 8-h-light (22°C)/16-h-
dark (16°C) cycle. After overnight dark adaptation, the adaxial side of
mature leaves was exposed to 500 pwmol m 25! red light (black bars)
for 60 min and then 25 umol m™2 s™' blue light (white bars) was
superimposed for 60 min. Transpiration on the leaf abaxial side was
measured over time by infrared gas analysis technique. Graphs show
average transpiration levels 10 min before and 0 to 35 min after
switching on blue light for 5 < n < 9 plants (£sk). D, Stomatal density of
abaxial epidermis. Prints were obtained from similar leaves as in Figure
1. Average stomatal density was calculated by counting the number of
stomata within a measured area comprising 60 to 120 epidermal
pavement cells. Plots show means * sp of five leaves. Different leaf
regions were analyzed (margin to midvein, apex to base).
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leaves also showed reduced photosynthetic activity
(Roelfsema et al., 2002; Roelfsema and Hedrich, 2005).
Using the gas-exchange assay, we observed that this
was indeed the case (Supplemental Fig. S5). Although
these results did not enable us to determine whether
leaf epinasty had a primary consequence on stomatal
opening potential or on photosynthesis itself, they
nonetheless correlate with the slower growth of the
epinastic nph3pkslpks2pks4 mutant. These observa-
tions support the notion that leaf morphological
changes in epinastic mutants affect overall photosyn-
thesis and growth. However, it is difficult to determine
the means by which leaf curling impairs photosyn-
thesis.

To further test the hypothesis that growth of
nph3pkslpks2pks4 and photlphot2 epinastic plants suf-
fered because of basal defects in development, we
analyzed the pattern and size of leaf epidermal cells.
The epidermis is a particularly relevant tissue to
analyze because it restricts growth (Savaldi-Goldstein
and Chory, 2008). No significant differences in epider-
mal cell size of either leaf 5 abaxial surface or leaf 6
adaxial surface could be identified in nph3pks1pks2pks4
compared with the wild type, pkslpks2pks4, or nph3
(Supplemental Fig. S6, A and B). Furthermore, the
average size of pavement cells was similar from apex
to base and from margin to midvein in both epinastic
and wild-type plants, indicating that these leaves were
not significantly delayed in their development (data
not shown; Donnelly et al., 1999; Autran et al., 2002).
However, the abaxial epidermis of curled leaf 5 had
fewer cells than wild-type leaves (Supplemental
Fig. S6C). Thus, the reduced leaf size in both
nph3pkslpks2pks4 and photlphot2 epinastic mutants
may be due to reduced cell division rather than to
lower cell expansion. However, it is difficult to deter-
mine yet whether such cellular defects are the cause
for downward leaf curling.

A Possible Link between PKS2 and Auxin Transport

Previously, we showed that the pks mutants, and in
particular pks4, showed abnormal hypocotyl growth
orientation in red and far-red light (Schepens et al.,
2008). Moreover, pks4 mutants show slower gravitropic
reorientation in dark-grown hypocotyls, suggesting
that PKS proteins may play a general role in the
control of growth orientation (Schepens et al., 2008).
We thus tested whether PKS2 played a role in petiole
positioning that cannot be attributed to phototropin
signaling by analyzing seedlings grown in red light.
Interestingly, pks2 petioles were slightly more horizon-
tal than the wild type, while PKS2-overexpressing
plants had the converse phenotype with more elevated
leaves (Fig. 8A). These data indicate that PKS2 mod-
ulates leaf positioning under conditions where the
phototropins are not expected to play a role, given that
they specifically absorb blue and not red light.

The expression of PKS1, PKS2, and PKS4 has been
described in young etiolated seedlings and seedlings
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Figure 8. PKS2 may control leaf flattening and positioning by acting on
auxin transport regulation. A, Leaf positioning in PKS2-overexpressing
plants under red light. Bars indicate means * 95% confidence intervals
for 34 < n < 57 plants. B, Expression pattern of PKS2 reported by GUS
expression. Plants were grown for 2 weeks on agar under 100 umol
m~2 s~! continuous white light at 22°C and were incubated with
5-bromo-4-chloro-3-indolyl-B-glucuronic acid substrate for 24 h at
37°C for coloration. C, Auxin loading in mesophyll protoplasts of the
wild type (WT) and pks1, pks2, pks1pks2, and auxT mutants. Data are
averages = sb (n = 3). Asterisks mark significantly different means from
the wild type (t test, P < 0.05). IAA, Indole-3-acetic acid.

treated for a few days with light. PKS1 and PKS4 are
both expressed in the hypocotyl elongation zone,
which correlates with their involvement in the control
of hypocotyl growth orientation (Lariguet et al., 2003;
Schepens et al., 2008). Similarly, only PKSI is ex-
pressed in the root elongation zone, and this is the
only member of the PKS family that is required for
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negative hypocotyl phototropism (Boccalandro et al.,
2008). PKS2 is expressed in hypocotyls and cotyledons
of young seedlings, but its expression in older light-
grown seedlings has not been analyzed (Lariguet et al.,
2003). The role of PKS2 in leaf flattening and position-
ing prompted us to analyze its expression in leaves
using PKS2 promoter-driven GUS lines. PKS2 was
expressed quite broadly in leaves, but the strongest
expression was observed on edges of the laminas (Fig.
8B). This correlates with the leaf curling that was also
most obvious near the leaf margins in photlpks mu-
tants (Fig. 1A). Moreover, it is noteworthy that the
auxin reporter gene DR5:GUS was also mostly ex-
pressed in the leaf margin area (Fig. 8B).

The similarity of expression between PKS2 and DR5
in the leaves and the finding that PKS genes are
involved in the control of asymmetric growth re-
sponses under different conditions suggested that
PKS proteins might modulate auxin transport (Lariguet
et al., 2006; Boccalandro et al., 2008; Schepens et al.,
2008). To test this hypothesis, we analyzed auxin
accumulation using the well-established mesophyll
protoplast system (Geisler et al., 2005). The accumula-
tion of auxin was reduced in the aux1 mutant, which is
consistent with the role of AUX1 as an auxin influx
carrier (Fig. 8C). Both in pksl and pks2, but most
significantly in pksIpks2 double mutants, we found an
enhanced accumulation of auxin in mesophyll proto-
plasts (Fig. 8C). This result indicates that PKS1 and
PKS2 either inhibit the influx of auxin into the proto-
plast or promote auxin efflux, either of which would
result in increased accumulation of auxin in the
pks1pks2 double mutant (Fig. 8C).

DISCUSSION

Using a systematic genetic approach, we found that
PKS1/2/4 are not required for blue light-regulated
chloroplast movements or stomatal opening (Fig. 5)
but that PKS1 and PKS2 act with NPH3 as important
regulators of leaf flattening and positioning (Figs. 1-3).
PKS1 is a photl-associated protein that plays impor-
tant roles in photl-mediated tropisms (Lariguet et al.,
2006; Boccalandro et al.,, 2008). Our epistasis and
immunoprecipitation results expand the role of PKS1
and PKS2 to the phot2 pathway during leaf flattening
and positioning (Figs. 1-4). We have also observed a
good correlation between the expression pattern of
PKS genes and the organ in which they play the most
predominant function. For instance, PKS1 is highly
expressed in roots and is essential for root phototro-
pism, while PKS2 is expressed in leaves and controls
leaf flattening (Figs. 1-3, 6, and 8; Lariguet et al., 2003;
Boccalandro et al., 2008). This may represent an ex-
ample of functional specialization of PKS1 and PKS2,
which is a common phenomenon for paralogous gene
pairs that arose during the last Arabidopsis whole
gene duplication (Duarte et al., 2006).
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NPH3 is required both for photl- and phot2-
mediated phototropism (Motchoulski and Liscum,
1999). NPH3 was recently shown to be involved in
photl-mediated leaf flattening and positioning, and
our results show that NPH3 also acts in the phot2
signaling branch regulating these light responses
(Figs. 1 and 3; Inoue et al., 2008a). NPH3 and PKS
proteins thus appear to play important roles exclu-
sively in phototropin-controlled developmental pro-
cesses. It is possible that phototropins utilize different
protein families with distinct biochemical properties to
control different light responses. However, it is sur-
prising that RPT2 (a member of the NPH3 family) is
also required for stomatal opening (Inada et al., 2004).
Thus, while PKS function seems restricted to asym-
metric growth processes, the NRL family may have
more versatile functions during phototropin signaling
(Inada et al., 2004).

Photl and phot2 represent the initial step in photo-
tropin signaling, because blue light-induced processes
are abolished in the phot1phot2 double mutant (Briggs
and Christie, 2002). It is not clear yet whether the four
PKS proteins play an essential role in the pathway
controlling leaf flattening and positioning, because the
pks1pks2pks3pks4 mutant is not yet available. The fact
that root phototropism is abolished in the pks1 mutant
(pks1 phenocopies the phot1 mutant) indicates that PKS
proteins might accomplish specific functions during
phototropin signaling (Boccalandro et al., 2008). Two
basic models can explain the synergistic interactions
observed between pks mutants and nph3 during leaf
flattening and positioning. In the first one, both gene
products act in parallel pathways controlling these
growth responses in leaves. In the second model,
partial knockout of different steps of the same path-
way can also result in synergistic aggravation of the
leaf phenotype. Analysis of the pks quadruple mutant
will allow us to determine whether the PKS proteins
control a key step in this signaling pathway. The
presence of NPH3, PKS1, and PKS2 in photl-GFP
and phot2-GFP immunoprecipitates is certainly con-
sistent with them acting in the same pathway (Fig. 4;
Lariguet et al., 2006; Boccalandro et al., 2008; Molas
and Kiss, 2008; Schepens et al., 2008).

There is a growing body of literature that function-
ally links phototropin-mediated asymmetric growth
processes with auxin function (Esmon et al., 2006;
Whippo and Hangarter, 2006). For instance, in hypo-
cotyls, photl has been shown to control blue light-
induced PIN1 relocalization in response to lateral blue
light (Blakeslee et al.,, 2004). Auxin transport by
PGP19, PIN3, and AUX1 as well as auxin-dependent
transcription are required for normal phototropism
(Friml et al., 2002; Tatematsu et al., 2004; Stone et al.,
2008). Although in the case of leaf flattening a direct
connection between phototropin and auxin signaling
has not yet been established, several genetic and
pharmacological experiments provide evidence that
leaf flattening is also regulated by auxin homeostasis
and signaling (Keller and Van Volkenburgh, 1997; Li
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et al., 2007; Bainbridge et al., 2008). Analogous scenar-
ios can be envisaged where in hypocotyls the photo-
tropins coordinate asymmetric growth while in leaves
the same photoreceptors coordinate symmetric growth
of the lamina to ensure its flatness (Poethig, 1997;
Whippo and Hangarter, 2006).

The role of phototropins in the control of petiole
positioning may also be analogous to the situation in
hypocotyls, because in both cases the phototropins
control asymmetric growth responses resulting in
optimal positioning of the leaves to absorb light.
Moreover, in both cases, several photoreceptors con-
trol the growth response, and several hormones in-
cluding auxin have been shown to play a prominent
role (Lariguet and Fankhauser, 2004). For example, the
phytochromes, auxin synthesis, and auxin transport
are required to control leaf positioning in response to
low red/far-red light ratios indicative of vegetational
shade (Tao et al., 2008). Low light conditions also
trigger a more erect leaf position requiring crypto-
chromes, phytochromes, auxin, and polar auxin trans-
port (Millenaar et al., 2009). Importantly, phototropin
mutants in the presence of blue light have strongly
epinastic petioles, which clearly links this growth
response to phototropin activity (Figs. 3 and 8; Inoue
et al, 2008a). The function of the PKS proteins in
petiole orientation is thus noteworthy given that these
proteins modulate growth responses downstream of
both the phototropins and the phytochromes, suggest-
ing that they may affect a process common to both
light signaling pathways such as auxin signaling and /
or homeostasis (Figs. 3 and 8; Lariguet et al., 2006;
Boccalandro et al., 2008; Molas and Kiss, 2008; Schepens
et al., 2008).

Several findings connect NPH3 and PKS proteins
with auxin signaling. In rice with a mutation in the
NPH3 ortholog CPT1, auxin relocalization no longer
occurs in response to unilateral blue light, indicating
that CPT1 acts upstream of asymmetric auxin distri-
bution (Haga et al., 2005). Also, other NRLs are in-
volved in auxin-regulated organogenesis (Cheng et al.,
2007, 2008; Furutani et al., 2007). Taken together, these
studies suggest that NRL proteins function in auxin-
mediated growth processes. Phenotypic analyses of
pks mutants in phytochrome- and phototropin-
mediated responses indicate that these genes are
primarily required for asymmetric growth responses
(gravitropism and phototropism; Lariguet et al., 2006;
Boccalandro et al., 2008; Molas and Kiss, 2008; Schepens
etal.,2008). The function of PKSs and NPH3 in the same
subset of phototropin-mediated responses, their pres-
ence in the same complex in vivo, and the synergistic
genetic interaction between pks and nph3 during leaf
flattening support the notion that these proteins are
required for a subset of auxin-mediated growth
responses (Figs. 1-5). Also, photl loss of function
generated a similar effect to pks loss of function in the
nph3-sensitized background (Figs. 1 and 3). A similar
genetic interaction was observed between NPY1 and
PID1, homologs of NPH3 and PHOTI, respectively
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(Cheng et al., 2007, 2008). Taken together, these results
indicate that the PKS protein family is part of a genetic
framework including NRLs and AGC kinases (Robert
and Offringa, 2008).

Our data suggest that the PKS proteins may act in
this framework at the level of auxin signaling and/or
homeostasis to control leaf flatness (Fig. 8). The ex-
pression pattern of PKS2:GUS in leaves is rather broad
but strongest at the leaf margins (Fig. 8B). This corre-
lates with the strong curling at the edge of the leaf
lamina in photlpks quadruple mutants (Fig. 1). In
addition, this expression pattern is similar to that of
the auxin reporter construct DR5:GUS (Fig. 8B). More-
over, in comparison with the wild type, auxin accu-
mulation was enhanced into pks1, pks2, and pkslpks2
mutant mesophyll protoplasts, whereas auxin accu-
mulation was reduced in protoplasts of the auxI influx
carrier mutant (Fig. 8C). The stronger auxin transport
phenotype in pkslpks2 compared with the pks single
mutants correlates with the enhanced leaf-flattening
phenotype of pkslpks2nph3 compared with pks2nph3
(Supplemental Fig. S1). This finding is consistent with
a role of PKS proteins as either inhibitors of auxin
influx or positive regulators of auxin efflux. Although
they do not contain any known membrane anchor
motifs, PKS1 and PKS2 are associated with the plasma
membrane (Fig. 4; Supplemental Fig. S2; Lariguet
et al., 2006). One attractive hypothesis is thus that
they could modulate the activity of proteins directly
involved in auxin transport. Importantly, AUX1 and
members of its family of auxin influx carriers have
recently been shown to control leaf flatness (Keller and
Van Volkenburgh, 1997; Li et al., 2007; Bainbridge
et al., 2008). However, while in aux1 mesophyll proto-
plasts auxin accumulation was reduced, the opposite
was found in pksIpks2 protoplasts. Future studies are
thus needed to uncover the mechanisms underlying
auxin-mediated leaf flattening and how this is modu-
lated by PKS proteins and phototropin signaling.

MATERIALS AND METHODS
Plant Material

The following mutants used in this study were described elsewhere: pks1-
1, pks2-1, and pks4-1 single and triple mutants (Lariguet et al., 2006), phot1-5
(Huala et al., 1997), phot2-1 (Kagawa et al., 2001), nph3-6 (Motchoulski and
Liscum, 1999), gl1-1 (Oppenheimer et al., 1991), and aux1-22 (Roman et al.,
1995). Unless specified otherwise, the pks2-1 allele was used in this study
(Lariguet et al., 2003). The pks2-2 allele has a T-DNA insertion in the 113th
codon, and pks2-2 plants showed no PKS2 transcript on a northern blot. To
genotype pks2-2 plants, we used CF338 (5'-CATTTGGACGTGAATGTAGA-
CAC-3') and AH022 (5'-CCCAAAGCCCATTAACGACC-3') to detect the
T-DNA and a second pair, CF359 (5'-TCGAACACACGCATCTGCAG-3’) and
AHO022, to test for homozygosity. phot1-5pks1-1pks2-1pks4-1, phot2-1pks1-1pks2-
1pks4-1, nph3-6/pks1-1/pks2-1/pks2-2/pks4-1, nph3-6phot1-5, and nph3-6phot2-1
mutants were obtained by crossing. In the F2 generation, plants bearing
trichomes were preferentially selected to allow better phenotype comparisons,
as the glabrous mutation may affect leaf shape. phot1-5phot2-1 was obtained by
crossing phot1-5phot2-1g11-1 with phot2-1 and genotyping in the F2 generation.
All alleles used in this study are in the Arabidopsis (Arabidopsis thaliana)
Columbia-0 background. Conditions of plant growth varied depending on the
physiology experiment. For plants grown on soil (a blend of weakly decom-

1401



de Carbonnel et al.

posed white sphagnum peat and clay; type GS90-FAI11; Einheitserde) in a
growth chamber, the conditions were as follows: 16/8-h light/dark cycle
(white light source provided by a combination of Coolwhite [L36W /20] and
Limilux Warmwhite [L36W /830] Osram fluorescent tubes), 20.5°C = 1°C, and
55% to 75% relative humidity. For plants grown on 0.7% (w/v) agar (Sigma;
product no. A1296) supplemented with half-strength MS agar (Duchefa
Biochemie; product no. M0222.0010), pH 5.7, seeds were surface sterilized
(3 min in 70% [v/v] ethanol plus 0.05% [v/v] Triton X-100, then 10 min in
100% [v/v] ethanol, then rinsed with sterile distilled water) and incubated in a
Phytotron (continuous white light, 22°C). In all conditions, plants were
stratified (4°C, darkness) for 3 d before incubation. Light intensities were
determined with an International Light IL1400A photometer equipped with
an SEL033 probe with appropriate light filters. Growth stages were defined
according to Boyes et al. (2001), and the age of plants was noted as days after
incubation under light.

Leaf-Flattening Experiments

Our growth conditions differed from the ones used by Takemiya et al.
(2005). Approximately 50 seeds were plated on agar in petri dishes and placed
under 100 *+ 10 pumol m ™2 s~! continuous white light in a Phytotron. At 10 d
after incubation, when wild-type plants reached growth stage 1.04, plants
were transplanted onto soil. Plants were then grown for 15 to 16 d in a growth
chamber under 80 * 8 umol m~?s™" white light until wild-type plants reached
growth stage 1.10 to 1.11. Trays were shuffled around to minimize the
influence of microclimates in the growth chamber. The lamina of the fifth
rosette leaf was detached from the petiole, placed on its abaxial side on wet,
white Whatman paper, and photographed from above using a Canon Power-
Shot A640 digital camera (representing curled leaf projection area). The
lamina was then artificially flattened by making one or two small sections in
the margin, uncurled, and gently pressed onto wet Whatman paper under a
transparent plastic sheet to keep the lamina flat by capillarity. The leaf was
then photographed from above (representing total projection area). Projection
areas were selected using the magic wand tool from the Adobe Photoshop
Elements 4.0 software and measured using Image] software (http://rsb.info.
nih.gov/ij/). Leaf-flattening index is the ratio of curled to total projection
areas. In statistical tests, a Student’s t test with two-tailed distribution and
two-sample unequal variance was used.

Leaf-Positioning Experiments

Measurement of petiole positioning was based on the protocol of Inoue
et al. (2008a) with many modifications. Soil was placed in 90-mm X 15-mm
bacteria culture petri dishes with five punched holes at their bottom, and the
surface was evened. Dishes were then placed in trays, and the soil was
imbibed by adding water from below. Approximately 300 seeds were sown on
each dish and stratified for 3 d to induce uniform germination. At 8:30 awm, the
trays covered with a transparent plastic dome were incubated in a growth
chamber under 130 = 10 umol m ? s™' and a 16-h-light photoperiod. The
domes were removed after 36 h once the seeds had germinated, and plants
were grown typically for 9 d until reaching growth stage 1.01. At 8:30 am on
day 9, seedlings were transferred to light-emitting diode incubators (22°C,
continuous light) under 50 umol m~?s™" red light plus 0.4 umol m 2s™" blue
light, or 50 umol m 2 s™" red light plus 5.0 umol m 2 s~ blue light, and the
first true leaves were allowed to develop for 5 d, 8 h. Between 5:30 and 8:00 pm
on day 5 of light treatment, whole petri dishes were photographed from above
using a camera stage, and individual plants were photographed from the side
from the same angle. To measure leaf petiole positioning, the angle formed
between the hypocotyl and the petiole was measured using the Image]
software, and 90° was subtracted to obtain an angle of petioles relative to
horizontal. Both petioles of each plant were measured, and the plant sample
size was used to calculate the variance. In statistical tests, a Student’s t test
with two-tailed distribution and two-sample unequal variance was used.

Stomatal Aperture Experiments

Fully expanded rosette leaves were harvested from 4-week-old plants in
the dark. The leaves were blended in a Waring blender (Waring Commercial)
for 15 s in 35 mL of distilled water. The epidermal tissues were collected on a
58-um nylon mesh and rinsed with distilled water. The epidermal fragments
were kept in 2 mL of basal reaction mixture (5 mm MES/bistrispropane, 50 mm
KCl, and 0.1 mm CaCl,, pH 6.5) and were irradiated with red light at 50 wmol
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m~?s! and superimposed with blue light at 10 umol m~?s~" for 3 h at room

temperature. Stomatal apertures were measured in the abaxial epidermis by
focusing on the inner lips of stomata. The abaxial epidermises were easily
distinguished from the adaxial ones by the shape of their epidermal cells. In
each line, the apertures of 45 stomata were determined. All measurements
were done between 8:00 and 11:00 am.

2

Stomatal Conductance Experiments

Plants were grown in climate cabinets for 8 to 10 weeks, with a day/night
cycle of 8/16 h, the temperature cycling between 22°C/16°C, and illuminated
with white light fluorescent tubes (Osram L36W /25) at a photon flux density
of 200 pmol m~2 s™". Relative humidity was not controlled. Plants were
transferred to the laboratory the night before measurements; on the next
morning (8:00 Am), a leaf was excised and its petiole was cut again under water
to avoid embolism and kept in water thereafter. A section of the leaf was
enclosed in a sandwich-type cuvette (diameter 2.1 cm) with glass windows on
the upper and lower sides. The abaxial side of the leaf was directed upward
and exposed to a gas stream of 0.5 L min~". The relative humidity of the air
was 46%, the temperature was 24°C, and the CO, concentration was 350 uL
L~". Light was provided by halogen lamps (Osram HLX 64657) to the adaxial
side of the leaf and passed through infrared filters (Calflex C; Balzers) in
combination with color glass filters: blue short pass A; ,, 487 nm (5030; Corning
Glass Works) and red long pass A, , 630 nm (Schott). The photon flux densities
were 25 umol m 2 s™! for blue light and 500 umol m 2 s™! for red light.
Transpiration rates were measured by infrared gas analysis technique (Binos;
Heraeus).

Chloroplast Movement Experiments

Chloroplast movement was assessed photometrically by measuring
changes in red light transmittance of leaves through time (Walczak and
Gabrys, 1980; Jarillo et al., 2001; DeBlasio et al., 2003, 2005) using a micropro-
cessor-controlled system based on the design of Berg et al. (2006). Plants were
grown under a 12-h-light photoperiod, and 100 to 120 uwmol m 2 s~! white
light was provided by a mixture of cool-white fluorescent and incandescent
bulbs. Temperature was 24°C, and humidity was not controlled. When plants
reached approximately 45 d old, one adult leaf per plant was detached, its
petiole was placed between two wet Whatman strips, and a region of the
lamina between the midvein and the margin was positioned over a light
sensor. Epinastic leaf laminas were gently uncurled by making a small section
in the margin. Leaves were covered by a black plastic cover containing built-in
red/blue light-emitting diodes and were dark adapted overnight. Red light
transmittance (measured every 5 min with a 100-us pulse) was monitored for
1 h in the absence of blue light before chloroplast relocalization was triggered
by 10 increments of blue light (0.1-120 umol m~2 s 1. Blue light-induced
chloroplast movement was determined by calculating the percentage change
in red light transmittance relative to the dark position. Percentage change in
red light transmittance (%At) was determined as %At = (T, — T},)/I X 100,
where T, was the transmitted red light at time t, T, was the mean transmitted
red light in dark-acclimated leaves (mean value over the first hour of
measurement), and | was the incident red light. To account for differences
in leaf transmittance, all data were scaled to have an initial transmittance
of 10%.

Growth Experiments

Approximately 15 seeds were sown directly on moist soil on Aracon pots.
After stratification, seeds were incubated in a growth chamber under 70 = 8 or
150 = 15 wmol m ™2 s™! white light under transparent plastic domes. Domes
were removed after 36 h. Trays were shuffled every 2 d, and plants were
similarly watered from below. At three different time points between 14 and
31 d after incubation, hypocotyls were sectioned and the green tissue fresh
weight of plants was measured using a precision balance.

Determination of Epidermal Cell Size and
Stomata Numbers

Abaxial and adaxial sides of leaves were gently pressed onto a glass slide
containing a layer of nail polish. After drying out, peels of nail polish were
pulled off using fine forceps and mounted in a drop of water on a glass slide.
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To maintain the lamina of epinastic mutants flat, the leaves were sectioned at
the apex and artificially flattened on double adhesive tape. Regions of the
lamina analyzed were located between 25% and 75% of the distance between
the tip and the base of the leaf and halfway between midrib and margin.
Bright-field digital photographs were taken from one focal plane view using a
Plan Neofluore 0.3 10X objective (100-fold magnification) on an inverted
confocal LSM510 Axiovert 200M Zeiss microscope. Micrographs of nail polish
prints and of a micrometric ruler were printed onto paper. Outlines of 40 to
130 cells were drawn and then scanned, the total area was determined by
Image] software (http://rsb.info.nih.gov/ij/), and the number of epidermal
cells and stomata were counted within that area. From these measurements,
the average cell area (um?) and stomatal density (mm}) were calculated. Five
leaves were analyzed, and means *+ sp were calculated.

Protein Fractionation and
Immunoprecipitation Experiments

Plants were grown on half-strength MS agar in a Phytotron (100 umol m 2
s~! continuous white light, 22°C) for 15 d (growth stage 1.05). About 300 mg of
aerial parts of plants was harvested and ground in 1 mL of cold extraction
buffer (300 mm Suc, 150 mm NacCl, 10 mm potassium acetate, 5 mm EDTA, 100
mwm 4-(2-aminoethyl)-benzenesulfonyl fluoride [prefabloc], 1% protease in-
hibitor mixture for plant extracts [Sigma P9599], and 50 mm HEPES, pH 7.9)
using a pestle and mortar. Cell debris were separated (5 min at 1,000g, 4°C),
the supernatant (T1) was collected, and microsomes were isolated by ultra-
centrifugation (P1 and S2; 75 min at 75,000g, 4°C). The microsomal pellet (P1)
was resuspended in 750 uL of extraction buffer plus 0.5% (v/v) Triton X-100 to
solubilize membrane-associated proteins. Suspension was centrifuged for
5 min (P2 and S3; 16,000g, 4°C), and 60 uL of magnetic beads coupled to
monoclonal anti-GFP antibodies (Miletenyi Biotec; product no. 130-091-125)
was added to the supernatant (input; S3). The immunoprecipitation solution
was gently mixed on a rotating wheel for 1 h at 4°C, and anti-GFP-coupled
beads were recovered using a magnetic column. After extensive washes (20
column volumes of extraction buffer plus 0.5% [v/v] Triton X-100), immuno-
precipitated proteins were collected by adding 50 uL of 95°C 2X Laemmli
buffer onto the column.

Western Blotting

Proteins were separated on 10% SDS-PAGE gels and transferred onto
nitrocellulose with 100 mm CAPS, pH 11, plus 10% (v/v) methanol. The blots
were probed with anti-DET3, anti-NPH3, anti-PKS1, and anti-GFP antisera as
described (Lariguet et al., 2006). Polyclonal anti-PKS2 antibodies were raised
as follows: a PKS2 cDNA sequence encoding the first 155 amino acids was
fused to the C terminus of glutathione S-transferase (GST) coding sequence
using the BamHI site in the pGEX-4T-1 vector (to generate pMC30). GST-PKS2
(aal-155) recombinant proteins were produced in Escherichia coli by inducing
gene expression with 0.1 mm isopropyl -p-1-thiogalactopyranoside for 3 h at
20°C. Purified soluble GST-PKS(aal-155) proteins were used to immunize
rabbits. After six boosts, the serum of one rabbit was retrieved and polyclonal
antibodies specific to PKS2 were obtained by negative (using protein extracts
from pks2-2 plants) and positive [using purified GST-PKS2(aal-155) proteins]
purifications. Anti-PKS2 antibodies were used at a 1:300 dilution in phos-
phate-buffered saline, 0.1% Tween 20, and 5% nonfat milk.

GUS Staining Experiments

GUS staining was done based on the protocol of Lagarde et al. (1996).
Briefly, plant tissues were prefixed for 45 min at room temperature in prefixing
solution (0.5% [v/v] formaldehyde, 0.05% Triton X-100, and 50 mm NaPO,, pH
7), rinsed in 50 mm NaPO,, pH 7, and incubated at 37°C in solution containing
coloration substrate (0.5 mm potassium ferricyanide, 0.5 mm potassium
ferrocyanide, 0.05% [v/v] Triton X-100, 1 mm 5-bromo-4-chloro-3-indolyl-B-
glucuronic acid, and 50 mm NaPO,, pH 7). Duration of coloration was 24 h.
Tissues were then fixed in 2% (v/v) formaldehyde plus 0.5% (v/v) glutaral-
dehyde plus 100 mm NaPO,, pH 7, for 3 h at 4°C and rinsed with 100 mm
NaPO,, pH 7. Green tissues were clarified using a series of ethanol concen-
tration (10%-70% [v/v]). Images of samples were obtained using a flatbed
scanner. Three independent PKS2:GUS lines were analyzed (Lariguet et al.,
2003) and gave similar expression patterns. The result for one representative
sample is shown. One DR5:GUS line was analyzed (Ulmasov et al., 1997).
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Protoplast Auxin Efflux Experiments

Intact Arabidopsis mesophyll protoplasts were prepared from rosette
leaves of plants grown on soil under white light (100 umol m 2s™!, 8 h of
light/16 h of dark, 21°C), and auxin efflux experiments were performed as
described (Geisler et al., 2005). In short, intact protoplasts were isolated as
described and loaded by incubation with 1 uL mL ™" [*H]indole-3-acetic acid
(specific activity 20 Ci mmol~"; American Radiolabeled Chemicals) on ice.
Retained radioactivity was determined by scintillation counting of protoplasts
separated by Percoll gradient centrifugation, and relative import of initial
loading (loading prior to incubation) was calculated as follows: (radioactivity
in the protoplasts at time t) — (radioactivity in the protoplasts at t = 0) X
100%/ (radioactivity in the protoplasts at t = 0).

Supplemental Data

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

Supplemental Figure S1. Systematic analyses of pks single mutants
indicate a predominant role for PKS2 in leaf flattening.

Supplemental Figure S2. PKS2 cofractionates with NPH3, PKS1, and the
phototropins in microsomal protein extracts.

Supplemental Figure S3. Growth comparison of wild type and mutants
under 75 umol m 2 s~ white light.

Supplemental Figure S4. Whole-plant and leaf morphology data corre-
sponding to the comparative growth assays of wild type and mutants
under 150 umol m ™2 s~! white light.

Supplemental Figure S5. Photosynthetic activity of wild-type and mutant
leaves.

Supplemental Figure S6. Epidermal cell size and number in wild-type and
mutant leaves.
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