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Plants use several strategies to acclimate to the natural environ-
ment and phototropism is one of the most important mechanisms 
in their adaptation to the light environment. Molecular genetic 
studies have revealed several critical players that function during 
the early events of phototropism.1 The plant hormone auxin is 
one such key molecule, inducing curvature responses. According 
to the Cholodny-Went theory,2,3 auxin is asymmetrically distrib-
uted in response to unilateral blue-light irradiation. The auxin 
efflux carrier PIN-FORMED (PIN) proteins are thought to be 
involved in tropic responses. PIN3 plays a central role in regulat-
ing the lateral translocation of auxin because pin3 single mutants 
show defects in phototropism4 and PIN3 is asymmetrically local-
ized in response to phototropic stimulation.5

We very recently reported that PIN1, PIN3 and PIN7 are 
necessary for pulse-induced hypocotyl phototropism, but not for 
continuous-light-induced phototropism in Arabidopsis.6 We used 
a highly sensitive method to induce hypocotyl phototropism, 
in which etiolated seedlings were grown on the surface of agar 
medium, which causes the hypocotyls to separate from the agar 
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surface. Under these conditions, the shoots of the seedlings can 
move freely in any direction. Most researchers, including our-
selves and other groups, have used Arabidopsis seedlings grown 
along the surface of agar medium,4,5,7 and it is possible that dif-
ferences in experimental conditions have affected the results.

To extend our recent study and to evaluate further the possible 
involvement of PIN proteins in continuous-light-induced pho-
totropism, we investigated hypocotyl phototropism in the pin3 
pin7 double mutant, with a commonly used method in which 
the seedlings are grown along the surface of vertically oriented 
agar medium.8,9 Two-day-old etiolated seedlings were preirradi-
ated with an overhead red light at 20 μmol m–2 s–1 for 2 min 
to enhance the phototropic response, and after 2 h, they were 
irradiated continuously with unilateral blue light (Fig. 1A). We 
used two fluence rates of blue light in this study: 0.2 μmol m–2 s–1 
and 0.02 μmol m–2 s–1. The former is similar to the fluence rate 
used in our previous study.6 Because the relationship between 
the hook position and the direction of the phototropic stimu-
lus affects the phototropic curvature of Arabidopsis hypocotyls,10 
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although the maximum curvature was only induced after 4–6 h 
(Fig. 1C). Interestingly, the phototropic curvature was slightly 
impaired in the pin3 pin7 double mutant from the beginning of 
the phototropic response. These results indicate that PIN3 and 
PIN7 are not necessary for continuous-light-induced phototro-
pism when the phototropic stimulus is presented from the abaxial 
side of the hook, but they are partly required for phototropism 
when the stimulus is presented from the adaxial side of the hook 
under the experimental conditions used here, in which the seed-
lings contact the surface of agar medium.

The impairment of the phototropic responses was observed 
in the pin3 pin7 double mutant under the experimental condi-
tions described here, even when the continuous light stimulus 
was applied, whereas this phototropic defect was not observed 
in our previous study.6 Because the present investigation used 
seedlings grown along the surface of agar medium, it is possible 
that these growth conditions affect the phototropic responses. 
Therefore, PIN3- and PIN7-mediated auxin asymmetry might 
be required to overcome the friction that occurs when the hypo-
cotyls are in contact with agar medium. Another possibility is 
that a directional relationship exists between the phototropic 
stimulus and the apical hook, which influences the phototropic 
responses, because the pin3 pin7 double mutant showed photo-
tropic defects when the light stimulus was presented from the 
adaxial side but not when it was presented from the abaxial 
side (Fig. 1). Although we have not investigated the effects of 
directional differences in the light stimulus on the phototro-
pism of the pin3 pin7 double mutant grown on the surface of 
agar medium used in our previous study,6 the present results 
indicate that the requirement for PIN proteins to generate 
auxin asymmetry depends on the direction of the phototro-
pic stimulus during continuous-light-induced phototropism. 
In etiolated Arabidopsis seedlings, the distribution of auxin is 
asymmetrical in the hook region; auxin accumulates in the 
concave region of the apical hook.11 Therefore, it is apparently 
unnecessary to change the auxin asymmetry for the hypocotyl 
to bend toward the light source when the phototropic stimulus 
is presented from the abaxial side of the hook. The PIN3- and 
PIN7-mediated lateral transport of auxin may not be necessary 
under these conditions. In contrast, when the phototropic stim-
ulus is presented from the adaxial side, the auxin asymmetry 
must be altered with a redistribution of the auxin. Under these 
conditions, PIN3- and PIN7-independent mechanisms may be 
insufficient to establish an auxin gradient, resulting in the pho-
totropic impairment observed in the pin3 pin7 double mutant. 
It has been reported that PIN3 is localized preferentially to the 
convex region of the apical hook,12 which implies that PIN3 
participates in the transport of auxin from the concave region 
to the convex region. Thus, the current study suggests that 
PIN3 and PIN7 are required for the regulation of the prefer-
ential auxin flow from the adaxial side to the abaxial side of 
the hook during the continuous-light-induced, second positive 
phototropism.

Our recent reports, including the present study, raise 
the question of how the auxin gradient is established during 
continuous-light-induced phototropism. It has not yet been 

the phototropic stimulus was presented from the abaxial side 
(Fig. 1B) or the adaxial side (Fig. 1C) of the hook, and the hypo-
cotyl curvature was determined at the indicated time points.

When unilateral blue-light stimulation was presented from the 
abaxial side of the hook, the wild-type hypocotyls showed pho-
totropic curvature 1 h after the onset of stimulation, and reached 
the maximal level 2–4 h after the commencement of stimulation 
(Fig. 1B). Similar kinetics was observed in the pin3 pin7 double 
mutant, regardless of the light fluence rate, and there was no fun-
damental difference in the hypocotyl phototropism of the wild 
type and the mutant. When the phototropic stimulus was pre-
sented from the adaxial side of the hook, the wild-type hypocot-
yls bent to the horizontal level, regardless of the light fluence rate, 

Figure 1. Hypocotyl phototropism induced by continuous blue-light ir-
radiation. Two-day-old dark-grown seedlings were grown along the sur-
face of vertically oriented agar medium. The Columbia (Col) strain and 
the pin3–5 pin7 (SALK_048791) double mutant were used in this study. 
(A) Experimental scheme of the investigation of hypocotyl phototro-
pism. The seedlings were irradiated with overhead red light (RL) at 20 
μmol m–2 s–1 for 2 min. Following incubation for 2 h, the seedlings were 
stimulated continuously with unilateral blue light (BL) at the indicated 
fluence rates. (B) Time courses of the hypocotyl phototropism induced 
by blue-light irradiation from the abaxial side of the hook. Hypocotyl 
curvature was determined at the indicated time points during the 
presentation of phototropic stimulation. The data shown are means ± 
SE. The image shown on the right illustrates the directional relationship 
between the hook and the phototropic stimulation. The blue arrow 
indicates the direction of the unilateral blue-light irradiation. Black 
bar, 1 mm. (C) Time courses of the hypocotyl phototropism induced 
with blue-light irradiation from the adaxial side of the hook. Asterisks 
indicate statistically significant differences between the Col strain and 
the pin3 pin7 double mutant (*p < 0.05, **p < 0.01). Other details are 
described above.
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mechanisms are regulated by phototropic stimulation during 
continuous-light-induced phototropism.
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clarified whether the asymmetrical distribution of auxin is 
involved in the PIN1-, PIN3- and PIN7-independent photot-
ropism induced by continuous light irradiation. Although the 
asymmetry of auxin has not been explored in the pin1 pin3 
pin7 triple mutant, an auxin gradient is at least established in 
the pin3 mutant, like that observed in the wild type during 
continuous-light-induced phototropism.6 Therefore, it is pos-
sible that PIN proteins other than PIN1, PIN3 and PIN7, or 
other types of auxin transporters such as the PIN-LIKES pro-
teins13 and the ATP-BINDING CASSETTE subfamily B pro-
teins14 are involved in the establishment of auxin asymmetry. 
Alternatively, auxin biosynthesis and/or metabolism might be 
regulated in response to continuous light stimulation to pro-
duce an auxin gradient. Further investigations are required 
to clarify how auxin gradients are established through PIN-
dependent and PIN-independent mechanisms, and how these 
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