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Abstract: Phototropins (photl and phot2) are plant-specific blue light receptors that mediate chloro-
plast movement, stomatal opening, and phototropism. Phototropin is composed of the N-terminus
LOV1 and LOV2 domains and the C-terminus Ser/Thr kinase domain. In previous studies, 35-P2CG
transgenic plants expressing the phot2 C-terminal fragment—GFP fusion protein (P2CG) under the
control of 355 promoter showed constitutive phot2 responses, including chloroplast avoidance re-
sponse, stomatal opening, and reduced hypocotyl phototropism regardless of blue light, and some
detrimental growth phenotypes. In this study, to exclude the detrimental growth phenotypes caused
by the ectopic expression of P2C and to improve leaf transpiration, we used the PHOT?2 promoter for
the endogenous expression of GFP-fused P2C (GP2C) (P2-GP2C) and the BLUS1 promoter for the
guard-cell-specific expression of GP2C (B1-GP2C), respectively. In P2-GP2C plants, GP2C expression
induced constitutive phototropin responses and a relatively dwarf phenotype as in 35-P2CG plants.
In contrast, B1-GP2C plants showed the guard-cell-specific P2C expression that induced constitu-
tive stomatal opening with normal phototropism, chloroplast movement, and growth phenotype.
Interestingly, leaf transpiration was significantly improved in B1-GP2C plants compared to that in
P2-GP2C plants and WT. Taken together, this transgenic approach could be applied to improve leaf
transpiration in indoor plants.

Keywords: Arabidopsis thaliana; phototropin2; BLUS1 (BLUE LIGHT SIGNALING1); stomatal open-
ing; transpiration

1. Introduction

Plants, as sessile organisms, have evolved sophisticated photoreceptor systems to
adapt to fluctuating light environments. The photoreceptors include ultraviolet-B (UV-B)-
absorbing UVRS, UV-A /blue light-absorbing cryptochromes, phototropins, members of the
Zeitlupe family, and red/far-red light-absorbing phytochromes [1]. Of those, phototropins
(photl and phot2 in Arabidopsis) mediate a variety of blue-light responses, including chloro-
plast photorelocation movement, phototropism, stomatal opening, and leaf-flattening, all
of which are essential to optimize the photosynthetic ability of plants [2-8].

Chloroplasts change their intracellular location according to the intensity and position
of incident light [9]. Under weak light conditions, chloroplasts accumulate to the periclinal
sides of the mesophyll cells to maximize light absorption (accumulation response). In
contrast, under strong light conditions, chloroplasts move to the anticlinal sides of the
mesophyll cells to minimize light absorption (avoidance response). Therefore, the accu-
mulation response is necessary to optimize photosynthetic ability and plant growth in
Arabidopsis [10], and the avoidance response is essential for plant survival under excess
light conditions [4,5]. In addition, chloroplasts accumulate at the bottom of the mesophyll
cells in the dark (dark response) [11].
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In Arabidopsis, chloroplast movement is regulated by the blue-light photoreceptor
phototropins, photl and phot2. The accumulation response is mediated redundantly by
both photl and phot2, while the avoidance response and dark response are mediated solely
by phot2 [4,6,11,12]. Both photl and phot2 also redundantly mediate the blue-light-induced
phototropic response that is induced by asymmetric auxin distribution patterns according
to the light direction [13,14]. In Arabidopsis, photl mediates hypocotyl phototropism at
both low-intensity (0.01 to 1 umol m~2 s~ 1) and high-intensity (>1 pmol m~2s~1) blue
light (BL), whereas phot2 functions only at high-intensity BL [6]. The stomatal opening is
also redundantly regulated by photl and phot2 [15-17]. Phototropin is autophosphory-
lated by BL, which activates the plasma membrane H*-ATPase to induce H* export and
sequentially K*-channel to induce influx of K* and osmotic pressure [17-19]. BLUE LIGHT
SIGNALINGI (BLUS1), as a phototropin kinase substrate, is specifically involved in stom-
atal opening by regulating signaling components, including type 1 protein phosphatase
(PP1), PP1 regulatory subunit2-like proteinl (PRSL1), and 14-3-3 protein [20-22]. BLUS1 is
specifically expressed in guard cells [23].

Phototropins comprise two light-oxygen-voltage (designated LOV1 and LOV2) do-
mains at the N-terminus and Ser/Thr kinase domain at the C-terminus [15]. The LOV
domains function as versatile photosensory modules, which are highly conserved in plants
as well as other organisms including bacteria, archaea, and fungi [24]. The LOV domains
absorb a broad range of wavelengths from UV-A to blue light (350-500 nm) through the
flavin mononucleotide (FMN) chromophore, which photochemically forms a covalent bond
with the conserved Cys residue in the LOV domains [25,26]. In particular, the LOV2 domain
plays the essential role of regulating the activity of the kinase in a BL-dependent manner
via the conformational changes between the LOV2 domain and its linked C-terminal Jo
helix [27-29]. During light activation, the BL-induced autophosphorylation of phototropins
is the primary step for downstream signaling [16,23,30-32].

Most of photl and phot2 are localized to the plasma membrane in the dark. Some
fractions of phot1 are released from the plasma membrane to the cytosolic fractions, and
some fractions of phot2 are associated with the Golgi apparatus in response to BL [33]. Some
fractions of photl and phot2 are also associated with the outer membrane of chloroplast [34].
Different subcellular localizations of phot2 represent the differential cellular functions [35].
The plasma membrane localization of phototropin is mediated by the C-terminal kinase
domain [36,37]. The transgenic plants expressing the phot2 C-terminal fragment (P2C)—
green fluorescent protein (GFP) fusion gene under the control of 355 promoter (35-P2CG)
show constitutive avoidance response and stomatal opening regardless of BL. In addition,
35-P2CG plants also exhibit reduced hypocotyl phototropism and some detrimental growth
phenotypes such as dwarfism and infertility [36].

In this study, we aimed to overcome the detrimental effects caused by the ectopic
expression of P2C under the control of 355 promoter in 35-P2CG. The PHOT?2 promoter [33]
and the BLUSI promoter [23] were used to express P2C in an endogenous-like and a
guard-cell-specific manner in P2-GP2C and B1-GP2C plants. P2-GP2C plants showed the
constitutive phot2 responses with an alleviated vegetative growth phenotype. In contrast,
B1-GP2C plants showed a normal vegetative growth phenotype, chloroplast photorelo-
cation movement, phototropism, and hypocotyl growth. Interestingly, B1-GP2C plants
exhibited constitutive stomatal opening regardless of BL and enhanced leaf transpiration.

2. Results
2.1. B1-GP2C Plants Express P2C in a Guard-Cell-Specific Manner

To exclude the detrimental effects caused by the ectopic expression of P2C [36], we
expressed P2C in an endogenous-like and a guard-cell-specific manner. To express P2C in a
guard-cell-specific manner, P2C was fused with 3xFlag tag and GFP genes (GP2C), and the
fusion gene was expressed under the control of the native BLUS1 promoter in Arabidopsis
transgenic plants (B1-GP2C) (Figure 1A). The native PHOT?2 promoter was also used as
the constitutive expression control of GP2C (P2-GP2C) (Figure 1A). The T3 homogeneous
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(A)

lines were used for all the following analyses. The expression levels of GP2C in the leaf
tissues of three-week-old transgenic plants were examined by Western blot analysis using
an anti-Flag antibody (Figure 1B). The expression levels of GP2C in P2-GP2C plants were
higher than those in B1-GP2C plants. The expression levels of the endogenous photl and
phot2 in the transgenic plants were comparable to those of the wild-type (WT), indicating
that GP2C expressions did not affect the endogenous photl and phot2 expressions.
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Figure 1. Production of P2-GP2C and B1-GP2C transgenic Arabidopsis plants. (A) Schematic dia-
grams of the P2-GP2C and B1-GP2C expression vectors used for Agrobacterium-mediated Arabidopsis
transformation. The detailed cloning procedures are discussed in the Material and Methods section.
(B) Immunoblot analysis of P2-GP2C and B1-GP2C plants. Total proteins were extracted from the
rosette leaves of 3-week-old WT, P2-GP2C, and B1-GP2C plants. The blots were probed with anti-
Flag (top), anti-photl (middle), and anti-phot2 (bottom) antibodies, respectively. (C) Tissue-specific
expression patterns of GP2C in P2-GP2C and B1-GP2C plants. GFP fluorescence was observed by
confocal microscopy. Note that the fluorescent signals for GFP obtained from palisade mesophyll
cells also contained autofluorescent signals from chlorophyll. GFP fluorescence was confirmed in the
plasma membrane of mesophyll cells in P2-GP2C plant (white arrow) but not in WT and B1-GP2C
plants (yellow arrow). Scale bar = 10 um.

We next examined the tissue-specific expression patterns and subcellular localizations
of GP2C in P2-GP2C and B1-GP2C plants. The leaf tissues of three-week-old transgenic
plants were subjected to confocal microscopy to observe the subcellular localization of
GP2C (Figure 1C). The GFP fluorescent signals in P2-GP2C plants were detected in the
plasma membrane of the pavement cells, the palisade mesophyll cells, and the guard cells,
while the GFP fluorescent signals in B1-GP2C plants were only detected in the plasma
membrane of the guard cells. Hence, it was confirmed that GP2C in B1-GP2C plants was
specifically expressed in the guard cell under the control of the BLUSI promoter.

2.2. B1-GP2C Plants Show Normal Chloroplast Photorelocation Movement

In order to address whether GP2C is constitutively active in phot2 responses or not
in P2-GP2C and B1-GP2C plants as in 35-P2CG plants [36], we first observed chloroplast
positioning under various light conditions using WT as the control. When WT and B1-
GP2C plants were incubated in the dark for 14 h, chloroplasts were sparsely positioned in
the periclinal surface of the palisade mesophyll cells of rosette leaves (Figure 2A). When
the rosette leaves were incubated in a low intensity of BL (LB, 2 pumol m~2 s~ 1) for 2 h,
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chloroplasts were intensively observed in the periclinal surface of the palisade mesophyll
cells of WT and B1-GP2C plants (Figure 2A). Consistently, the number of chloroplasts in the
periclinal surface of the palisade mesophyll cells of WT and B1-GP2C plants was increased
compared to those in the dark (Figure 2B). When the rosette leaves were exposed to a high
intensity of BL (HB, 50 pmol m~2 s~1), the chloroplasts were observed in the anticlinal
sides of the palisade mesophyll cells of WT and B1-GP2C plants due to the avoidance
response (Figure 2A). The number of chloroplasts in the periclinal surface of the palisade
mesophyll cells of WT and B1-GP2C plants was similarly reduced under HB compared to
those under LB (Figure 2B). However, in P2-GP2C plants, the chloroplasts in the palisade
mesophyll cells were constantly observed at the anticlinal sides with similar chloroplast
numbers regardless of the light conditions (Figure 2A,B).
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Figure 2. Chloroplast photorelocation movement in WT, P2-GP2C, and B1-GP2C plants. (A) Chloro-
plast positioning in different light conditions. The third and fourth rosette leaves were detached
from 3-week-old Arabidopsis plants and kept on agar plates containing 0.8% gellan gum in the
dark for 14 h or under low intensity of blue light (LB, 2 umol m~2 s~1) for 3 h or high intensity of
blue light (HB, 50 umol m~2 s~ 1) for 2 h. The rosette leaves were kept in the fixation buffer before
observation. Chloroplast positioning was observed using confocal laser scanning microscopy. Scale
bar =10 um. (B) Chloroplast number in the palisade mesophyll cells of rosette leaves of WT, P2-GP2C,
and B1-GP2C plants shown in (A). Data represent the mean + SE (n = 10 cells). (C) Changes in
the red-light (RL) transmittance were traced in the third and fourth rosette leaves of 3-week-old
Arabidopsis plants under different light conditions. The rosette leaves were sequentially irradiated
with blue light at different intensities of 0 pmol m~—2 s~ for 20 min, 3 umol m~2 s~! for 100 min,
21 umol m~2 s~ for 40 min, 45 umol m~2 s~ for 40 min, and 0 umol m~2 s~ ! for 40 min. Data
represent the mean + SE of three independent experiments (1 = 3).
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Chloroplast photorelocation movement was also analyzed through the changes of red
light (RL) transmittance of rosette leaves [38]. In WT and B1-GP2C plants, the treatment of
LB (3 pumol m~2 s~!) induced a decrease in RL transmittance due to the chloroplast accumu-
lation response (Figure 2C). On the other hand, the treatments of HB (21, 45 umol m2s71)
gradually increased RL transmittances due to the chloroplast avoidance response. When
BL was turned off, RL transmittances were decreased due to the chloroplast dark reaction
(Figure 2C). In P2-GP2C plants, RL transmittance was not significantly changed at all
the light intensities due to the constitutive chloroplast avoidance response (Figure 2A-C).
Taken together, B1-GP2C plants showed normal chloroplast photorelocation movement,
although P2-GP2C plants showed a constitutive chloroplast avoidance response.

2.3. B1-GP2C Plants Show Normal Hypocotyl Growth and Phototropic Response

In previous studies, 35-P2CG plants exhibited reduced hypocotyl phototropism and
elongation due to constitutive P2C activity [36]. Therefore, we first examined the hypocotyl
phototropism of P2-GP2C and B1-GP2C plants in response to LB (2 umol m~2 s~!) and HB
(40 umol m~2 s~ 1) (Figure 3A,B). P2-GP2C plants exhibited reduced phototropic responses
at both LB and HB conditions as in 35-P2CG plants [36]. In contrast, the hypocotyl pho-
totropic response was normally observed in B1-GP2C plants as in WT (Figure 3A,B). We
next examined hypocotyl lengths. The hypocotyl lengths of P2-GP2C seedlings were signif-
icantly shorter than those of WT in the dark as well as at 10 umol m~2 s~ ! of BL. However,
the hypocotyl lengths of B1-GP2C seedlings were similar to those of WT (Figure 3C,D).
It was concluded that B1-GP2C transgenic lines were normal in hypocotyl growth and
phototropic response unlike P2-GP2C transgenic lines showing reduced hypocotyl growth
and phototropic response.

2.4. B1-GP2C Plants Show Normal Growth Phenotypes

Ectopic expression of P2C in 35-P2CG plants induced some detrimental effects on
vegetative and reproductive plant growth, including a reduction in rosette leaf size, shoot
apical dominance, and male sterility [36]. Although P2-GP2C plants exhibited some dwarf
phenotypes with smaller rosette leaves compared to those of WT and B1-GP2C plants,
seed setting was normally observed (Figure 4A). Consistently, the fresh weight and dry
weight of P2-GP2C plants were approximately 65.4% and 66.6% of those of WT, respectively
(Figure 4B,C). The fresh weight and dry weight of B1-GP2C plants were approximately
90.1-92.1% and 85.7-92.4% of those of WT, respectively, although the difference between
the WT and B1-GP2C plants was not statistically significant (Figure 4B,C). In addition, the
whole leaf area of the P2-GP2C plant was approximately 60.2% of that of WT. In contrast,
the whole leaf area of B1-GP2C plants was 79-84% of that of WT, a difference that was
statistically not significant (Figure 4D,E). Hence, it was concluded that B1-GP2C plants
were normal in plant growth, while P2-GP2C plants showed some alleviated detrimental
growth phenotype with normal fertility, rather than 35-P2CG plants [36].
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Figure 3. Hypocotyl growth and phototropic responses in WT, P2-GP2C, and B1-GP2C plants.
(A) Photos showing the phototropic phenotypes of WT, P2-GP2C, and B1-GP2C plants. Three-
day-old dark grown Arabidopsis seedlings were irradiated with low intensity of blue light (LB,
2 umolm~2s~ 1) and high intensity of blue light (HB, 40 pmol m~2 s 1) for 16 h. Scale bar = 1 cm.
(B) Phototropic curvature was measured as the change in hypocotyl angle as determined from an
analysis of stacked images of (A). Data represent the mean + SE (1 = 15). (C) WT, P2-GP2C, and
B1-GP2C seedlings were grown in the dark or blue light (10 umol m~2 s~1) for 5 days. Scale
bars =2 mm. (D) Quantitative analyses of the hypocotyl length of seedlings shown in (C). Data
represent the mean + SE of three independent experiments (1 > 25). Asterisks indicate statistical
differences detected by Student’s t-test (* not significant p > 0.05; ** significant p < 0.0001).

2.5. Both P2-GP2C and B1-GP2C Plants Show Constitutive Stomatal Opening Regardless of
Blue Light

We next examined whether GP2C had constitutive activity on stomatal opening. To
examine stomatal opening, we measured stomatal apertures at 50 pmol m~2 s~ ! of RL
(R50) and R50 superimposed with 15 umol m~2 s~ ! of BL (R50 + B15) (Figure 5A,B). The
stomatal apertures in WT were wider under R50 + B15 compared with those under R50.
By contrast, stomata in P2-GP2C and B1-GP2C plants were opened regardless of the light
conditions (Figure 5A,B). Hence, it was concluded that GP2C in B1-GP2C and P2-GP2C
plants activated a full stomatal response regardless of BL as previously described in 35-
P2CG plants [36]. In addition, the shapes and densities of stomata in the epidermis of the
rosette leaves were similarly observed in WT and the transgenic plants (Figure 5A,C).



Plants 2022, 11, 65 7 of 16
(A) (D)
WT
WT P2-GP2C6  B1-GP2C8 B1-GP2C 22 P2-GP2C 6
(B)
0.15 * , k
— B1-GP2C8 B r
S0
= 01
sl
g
‘"5 0.05 B1-GP2C 22 '
0
WT P2-GP2C 6 B1-GP2C8 B1-GP2C 22
(O) 1000
0.01 ud o
| E 800
% 0.008 &
- © 600
5 0.006 2
£ 0.004 § 400
[ -
A 0.002 £ 200
=
0 0
WT P2-GP2C 6 B1-GP2C8 B1-GP2C 22 P2-GP2C 6 B1-GP2C8 B1-GP2C 22

Figure 4. Vegetative growth phenotypes in P2-GP2C and B1-GP2C plants. (A-E) Comparisons of the
rosette leaf growth (A), fresh weight (B), dry weight (C), leaf growth (D), and total leaf area (E) of
6-week-old WT, P2-GP2C, and B1-GP2C plants. Scale bars = 1 cm. Data represent the mean + SE
(n=15in B and C, n = 10 in E). Asterisks indicate statistical differences detected by Student’s t-test
(* not significant p > 0.05; ** significant p < 0.0001).

2.6. B1-GP2C Plants Show Enhanced Transpiration

Since stomatal opening is necessary to induce leaf transpiration, we next examined
leaf transpiration of P2-GP2C and B1-GP2C plants under sequential light treatment with
50 umol m~2 s~ ! of RL (R50) as background light superimposed with 15 pmol m 2 s~!
of RL (R50 + R15) or BL (R50 + B15) (Figure 6). Microbalance was used to measure
the changes of water loss due to leaf transpiration at 30 min intervals. The weights
were calculated from the measured weight divided by the initial weight (W /W) and
statistically averaged (Figure 6A,B). In the condition of R50, the water loss in WT was faster
than the natural transpiration in the opened E-tube used as a negative control. However, the
water loss in WT was less than those in P2-GP2C and B1-GP2C plants under the condition
of R50. Interestingly, B1-GP2C plants exhibited a higher water loss compared to that in
P2-GP2C plants (Figure 6A). The results were similarly observed at the condition of the RL
superimposed with BL (R50 + R15) (Figure 6A). In the condition of RL superimposed with
BL (R50 + B15), the water loss in WT was slightly increased compared to that in the light
conditions of RL only (R50 and R50 + R15) (Figure 6B). Nevertheless, under the condition
of R50 + B15, the water loss in WT was less than that of B1-GP2C plants, although the water
loss in WT was comparable to that of the P2-GP2C plant (Figure 6B).
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Figure 5. Stomatal apertures in P2-GP2C and B1-GP2C plants. (A) Confocal images showing the
stomatal opening of the WT, P2-GP2C, and B1-GP2C plants. Epidermal strips were detached and
preincubated for 1 h in darkness and then illuminated by red light (R50, 50 ymol m~2 s~!) with or
without blue light (B15, 15 pmol m~2s71) for 3 h. Scale bar = 5 um. (B) Stomatal apertures in the WT,
P2-GP2C, and B1-GP2C plants under the same conditions as A. Data represent the mean =+ SE (1 = 20).
(C) Stomatal density of 4-week-old plants. Data represent the mean =+ SE (1 = 10 independent leaves).
Asterisk indicates statistical difference detected by Student’s f test (* not significant p > 0.05).
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Figure 6. Leaf transpirations in P2-GP2C and B1-GP2C plants. (A) Temporal changes in weight loss
by leaf transpiration measured at 30 min intervals for 90 min under red light (R50, 50 umol m~2 s~ 1)
and for an additional 90 min under red light (15 umol m~2s71) superimposed on red light (R50 + R15,
50 umol m~2 s~1). (B) Temporal changes in weight loss by leaf transpiration measured at 30 min
intervals for 90 min under red light (R50, 50 umol m~2 s71) and for an additional 90 min under
blue light (15 umol m~2s71) superimposed on red light (R50 + B15, 50 pmol m—2s71). Weight loss
ratios were obtained from five plants at each time point. (C) Actual water reduction in the condition
of (A). (D) Actual water reduction in the condition of (B). Data represent the mean + SE (n = 5).

We further analyzed the rate of leaf transpiration by calculating the rate of water loss
per 30 min (Figure 6C,D). Interestingly, B1-GP2C plants exhibited the higher rate of leaf
transpiration compared to that in not only WT but also in P2-GP2C plants in the condition
of RL (R50 and R50 + R15) (Figure 6C). In contrast, leaf transpiration of the WT was
gradually increased and finally comparable to that of the P2-GP2C plant after BL treatment
for 90 min (R50 + B15) (Figure 6D). Hence, leaf transpirations in B1-GP2C and P2-GP2C
plants were constitutively higher than that in WT regardless of light conditions (Figure 6D).
The increase in leaf transpiration in B1-GP2C and P2-GP2C plants is well-consistent with
their phenotypic trait on constitutive stomatal opening.

3. Discussion

In this study, we produced transgenic Arabidopsis plants expressing GFP-phot2 C-
terminus (GP2C) under the controls of the PHOT2 promoter and the BLUS1 promoter in
an endogenous-like and a guard-cell-specific manner, respectively (Figure 1A,B). GP2C
expression in P2-GP2C plants induced constitutive phot2 responses on phototropism,
stomatal opening, and chloroplast movement regardless of BL as previously described in
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35-P2CG [36]. However, P2-GP2C plants showed some detrimental growth phenotypes in
hypocotyl growth and vegetative growth (Figures 3 and 4). In contrast, GP2C expression in
B1-GP2C plants induced only constitutive stomatal opening with normal phototropism,
chloroplast movement, and vegetative growth (Figures 2-5). GP2C was expressed in the
plasma membrane of various tissues, including leaf and hypocotyl tissue in P2-GP2C plants
(Figure 1C). In contrast, GP2C was specifically expressed in the guard cells in B1-GP2C
plants (Figure 1C).

phot2 functions in the hypocotyl phototropic response, chloroplast movement, and
stomatal opening. The native PHOTZ2 promoter has light-inducible and universal ex-
pression activities, by which the expression of phot2-GFP (P2G) fully complements the
phot2-deficient mutant phenotypes [33]. In addition, the subcellular localization of GP2C
is well-consistent with the plasma membrane localization of P2G via the C-terminus
(Figure 1C; [33,36,37]). BLUSL is specifically expressed in guard cells and functions only
in the stomatal opening [23]. Depending on the tissue-specific expression patterns of the
native PHOT2 and BLUS1 promoters, B1-GP2C and P2-GP2C plants exhibited distinct
phenotypic characteristics. A dwarf phenotype was observed in P2-GP2C plants but not in
B1-GP2C plants (Figure 4). In previous studies, 35-P2CG plants showed a dwarf pheno-
type with a reduction in rosette leaf size, shoot apical dominance, and male sterility [36].
Most of these characteristics were consistently observed by ectopic expressions of phot2 or
P2C under the control of the 35S promoter [33,36,37]. On the other hand, P2-GP2C plants
showed an alleviated phenotype on seed set that was normally produced by self-pollination,
indicating that there are different promoter activities between the 35S promoter and the
PHOT?2 promoter [33,36,39]. Unlike the two transformants, B1-GP2C plants showed a
normal growth phenotype similarly to the WT (Figure 4). These results might be due to the
guard-cell-specific expression of P2C under the control of the BLUS1 promoter (Figure 1C).

In previous studies, 35-P2CG plants exhibited constitutive stomatal opening regardless
of BL [36]. Likewise, constitutive stomatal opening was observed in both P2-GP2C and B1-
GP2C plants (Figure 5). The activity of phototropin kinase acts as an initial signal of stomatal
opening by phosphorylating BLUS1 [23]. These initial signals mediate stomatal opening
by regulating the phosphorylation of H*-ATPase and activation through the pathways of
signaling factors located in the guard cell membrane [17,20,21,23]. Thus, P2C constitutively
activates a series of the signal transduction pathway to induce stomatal opening.

Chloroplasts change intracellular localizations according to light intensity and posi-
tion [9]. The avoidance response is only mediated by phot2 [4,6,12]. In accordance with
the previous results of 35-P2CG [36], chloroplasts in P2-GP2C plants exhibit avoidance
response even in the dark, indicating that P2C is constitutively active on chloroplast move-
ment regardless of light (Figure 2). However, chloroplast photorelocation movements in
B1-GP2C plants were normally observed as WT (Figure 2). These data suggest that GP2C
expressed in the guard cell by the BLUSI promoter only functions in the stomatal opening
but not in other phot2 responses, including chloroplast movement and phototropism, fur-
ther suggesting that phot2 is functional cell-autonomously. Consistently, phot2 functions
cell-autonomously in chloroplast movement [4].

Phototropin is autophosphorylated in response to BL. The autophosphorylation of
phototropin is the initial signaling step to activate phototropin kinase [16,32]. Phototropin
triggers the downstream signaling by phosphorylating protein factors such as the ATP-
BINDING CASSETTE B19 (ABCB19) and PIN-FORMED (PIN) protein families of auxin
transporters that are involved in asymmetric auxin distribution [40,41] and the BLUS1 in
stomatal opening [23]. Such asymmetric distribution of auxin induces phototropism. The ec-
topic expression of P2CG in the 35-P2CG plant interfered with the asymmetric distribution
of auxin in hypocotyl, thereby inducing high levels of expression of the DR5::GUS reporter
gene and reduced hypocotyl elongation and phototropism [36]. Since the expression of
GP2C was observed in the hypocotyl (Figure 1C), it is plausible that the constitutive activity
of P2C in the hypocotyl could interfere with the asymmetric distribution of auxin, as in the
35-P2CG plants (Figure 3A,B). In contrast, B1-GP2C plants showed no expression of GP2C
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in hypocotyl (Figure 1C). Therefore, hypocotyl growth and phototropism were normally
observed in the B1-GP2C plants, as in WT (Figure 3A,B). Consistently, hypocotyl growth
in the P2-GP2C plants was shorter than those of WT and B1-GP2C plants (Figure 3C,D).
Taken together, we conclude these data result from the tissue-specific expressions of P2C.

The B1-GP2C plants exhibited constitutive stomatal opening; as a result, leaf tran-
spiration was effectively increased. Since the stomatal opening increases the amount of
transpiration [17,42], the water loss by leaf transpiration in P2-GP2C and B1-GP2C plants
was increased compared to that in WT due to the constitutive stomatal opening (Figure 6).
Among these, the B1-GP2C plants had a faster transpiration rate than the P2-GP2C plants.
The rate of transpiration is mainly regulated by stomatal movement, but in many plants,
it is also regulated by stomata density and number [43-45]. However, since there was no
difference in stomata density between the two transformants (Figure 5C), the transpiration
rate was different depending on the total number of stomata due to the difference in leaf
area (Figure 4E). In addition, the transpiration rate increases as the weight of the above-
ground part of the plant increases [46—48]. P2-GP2C plants showed a smaller leaf area
due to their dwarfism, resulting in leaf transpiration lower than that of B1-GP2C plants.
Therefore, the guard-cell-specific expression of P2C in B1-GP2C plants effectively induced
constitutive stomatal opening, thus increasing the rate of transpiration.

Plants not only have excellent efficacy in removing air pollutants from indoor envi-
ronments but also act as eco-friendly humidifiers by discharging moisture [49-51]. The
ability to purify these pollutants and release moisture occurs through the stomata [52,53].
Therefore, transgenic plants with a constitutive stomatal opening are thought to have better
air purification ability, and these physiological characteristics could be also applied to
plants with excellent air purification ability. This approach would be challenged as a subject
of future study.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

All Arabidopsis thaliana lines used in this study were of gl-1 (ecotype Columbia) back-
ground. To analyze the plant phenotype, the seeds of WT and transgenic plants (see below)
were surface-sterilized with a sterilization solution containing 4% sodium hypochlorite
(NaOCl) and 0.1% Triton X-100 and sown on half-strength Murashige and Skoog (MS)
medium supplemented with 1% (w/v) sucrose and 0.8% (w/v) plant agar (pH 5.8). The
plants were grown in a growth chamber under white light (100 umol m~2 s™!) with a
16/8 h light/dark cycle at 23 °C. For physiological analyses of stomatal opening, chloro-
plast movement, vegetative plant growth, and leaf transpiration, plants were grown on
half-strength MS medium for 10 days in the growth chamber and were then transplanted
onto vermiculite soil irrigated with mineral nutrients. The plants were further grown until
use for appropriate physiological experiments under white light (100 umol m—2 s~1) with
a 16/8 h light/dark cycle at 23 °C and 50-60% humidity.

4.2. Binary Vector Construction and Agrobacterium-Mediated Transformation

The vectors for Agrobacterium-mediated Arabidopsis transformation were constructed
by modifying the P2-P2G/pPZP221 vector [33,36]. For endogenous expression of P2C,
the PHOT?2 promoter: 3x Flag fusion gene (P2-3FG) was constructed by PCR using the
specific primer set (P2pro-Fw primer: 5'- TCAGCGGTCCTTTACCCGCCTC-3" and P2Pro-
3XxFLAG_rv/Sacl + Sall primer: 5'-AAGTCGACGAGCTCCTTGTCATCGTCATCC-3’) to
produce a P2-3FG/pPZP221 vector. The P2C gene was cloned by PCR using the specific
primer set (P2_1603fw /Sall primer: 5'-AAGTCGACATGGCGCGGCCCGAAGACCTG-3’
and P2_2745rv*/Pstl primer: 5-AACTGCAGTTAGAAGAGGTCAATGTCCA-AGTC-3')
and inserted into P2-3FG/pPZP221 using the restriction enzyme sites Sall and PstI to
produce P2-GP2C/pPZP221 (Figure 1A).

To construct the B1-3FG/pPZP211 vector for guard-cell-specific expression of P2C,
the BLUS1 promoter was cloned from Arabidopsis genomic DNA by PCR using the spe-
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cific primer set (BLUS1pro-Fw primer: 5'-GCTTTAGGAATGTTGAAAGTATTC-3’ and
BLUS1pro-Rv primer: 5-AAATAGAAAGAAGATGAGTACACTC-3'). The DNA fragments
of the BLUS1 promoter and 3FG were ligated into the HindIII and Sall restriction enzyme
sites of the pBluescript SK+ plasmid to produce B1-3FG/pBS. The B1-3FG/pPZP221 was
prepared by substituting the P2-3FG region of P2-3FG/pPZP221 with the DNA fragment
of B1-3FG prepared from B1-3FG/pBS using HindIll and Sall restriction sites. The P2C
gene was inserted into B1-3FG/pPZP221 using the restriction enzyme sites Sall and Pst] to
produce B1-GP2C/pPZP221 (Figure 1A). The P2-GP2C/pPZP221 and B1-GP2C/pPZP221
vectors were used for WT Arabidopsis transformation using the Agrobacterium-mediated
floral dip method [54]. Transformants were selected on the basis of antibiotic resistance
against 35 ug/mL gentamicin, and independent homozygous T3 progenies were used for
all experiments.

4.3. Protein Extraction and Western Blot Analysis

The expression levels of GP2C and phototropins (photl and phot2) in the WT and trans-
genic plants were determined by immunoblot analysis (Figure 1B). One hundred milligrams
of rosette leaves were harvested from 3-week-old plants that were grown on half-strength
MS medium and were immediately frozen using liquid nitrogen and stored at —80 °C
before use. The frozen tissues were homogenized with a glass homogenizer in 300 pL
extraction buffer (50 mM Tris-HCL, 150 mM NaCl, 1 mM MgCl,, 2 mM ethylene-diamine-
tetraacetic acid (EDTA), 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 10% Glycerol, at pH 7.5). The homogenized rosette leaves were centrifuged
twice for 15 min at 8000 x g, and the supernatant was used for immunoblot analysis. Protein
concentration was measured by the Bradford assay using bovine serum albumin (BSA)
as a reference protein. Immunoblot analysis was performed as previously described [33].
Fifty micrograms of total protein extract was separated by 7.5% SDS-polyacrylamide gel
electrophoresis. The separated proteins were transferred onto a nitrocellulose blotting
membrane (GE Healthcare, Freiburg, Germany) and probed with anti-photl and anti-
phot2 polyclonal antibodies [34] and an anti-FLAG monoclonal antibody (Sigma-Aldrich,
St. Louis, MO, USA).

4.4. Confocal Laser Scanning Microscopy and Image Analysis

GFP observation was carried out using a confocal microscope (SP5, Leica, Wetzlar,
Germany) as previously described [34]. The third or fourth rosette leaves of 3-week-old
plants were used for the observations of the pavement cell, guard cell, and mesophyll
cell. Hypocotyl pavement cells were observed using Arabidopsis seedlings grown on
half-strength MS medium in the dark for 5 days. The fluorescent signals were excited at
488 nm of multi-Ar laser and captured at the narrow-band regions of 500-550 nm for GFP
and 610-700 nm for chlorophyll, respectively.

4.5. Chloroplast Photorelocation Movement

Chloroplast photorelocation movement and intracellular positioning were analyzed
as previously described [38]. For the analysis of chloroplast photorelocation movement
using RL transmittance, the third or fourth rosette leaves of 3-week old Arabidopsis plants
were placed onto the wells of a 96-well plate containing 0.5% (w/v) gellan gum (Wako,
Osaka, Japan), and the wells were covered with a transparent film with small holes to
prevent moisture. The leaves were kept in the dark at 23 °C for 4 h before measurement.
Thereafter, the leaves were sequentially treated with different intensities of blue light
(0 umol m~2s71,3 umol m—2 571, 21 umol m2 s, or 45 umol m~2 s~ 1) for 2 min, and
then RL transmittance was automatically recorded at 2 min intervals using a microplate
reader (VersaMax; Molecular Devices, San Jose, CA, USA).

For analysis of chloroplast photorelocation movement using the microbeam irradiation
of confocal microscopy [55], the third or fourth rosette leaves of 3-week-old Arabidopsis
plants grown on 0.8% (w/v) agar plate containing half-strength MS medium were separately
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placed on a plate containing 0.5% (w/v) gellan gum. The leaves were treated in the dark
for 16 h with low-intensity blue light (2 pmol m~2 s~ 1) or with high-intensity blue light
(50 pmol m~2s71) for 30 min. Then, the leaves were immediately reacted in fixation
solution (20 mM PIPES, 5 mM MgCly, 0.5 mM PMSE, 1% (w/v) dimethyl sulfoxide, and 2.5%
(w/v) glutaraldehyde) for 30 min [55].

4.6. Hypocotyl Growth and Phototropism

To observe the hypocotyl growth of Arabidopsis seedlings, surface sterilized seeds
were plated on 0.8% (w/v) agar plate containing half-strength MS medium without sucrose.
The plates were incubated in the dark at 4 °C for 3 days and irradiated with white light
(50 umol m~2 s71) for 1 h to induce germination. Then, the seedlings were grown in the
dark or continuous blue light (10 umol m~2 s~!) for 5 days. Hypocotyl phototrophic
response was analyzed by the method as previously described [36]. Seedlings were grown
vertically on 0.8% (w/v) agar containing half-strength MS medium without sucrose in
the dark for 3 days. After that, they were irradiated for 16 h with low-intensity blue
light (2 pmol m~2s 1) and high-intensity blue light (40 pmol m~2s71). The plates were
photographed, and the hypocotyl lengths and internal hypocotyl angles for each seedling
were measured using NIH Image] software (https://imagej.nih.gov/ij/).

4.7. Vegetative Growth Phenotype

Vegetative growth phenotypes of WT and transgenic plants were examined by fresh
and dry weights and rosette leaf areas from 6-week-old Arabidopsis plants grown in the
plant growth room. Fresh weight was measured using the aboveground part of plants
excluding the roots. The leaf tissues were dried at 45 °C for seven days to measure the
dry weight. Intact rosette leaves were fixed on a plastic flat using Scotch tape, and then
photographed to obtain the projected leaf area. The leaf area was measured from the
photographs using Image] software (https:/ /imagej.nih.gov/ij/).

4.8. Stomatal Opening

Stomatal opening was analyzed as described previously [36]. All experiments were car-
ried out between 08:00 and 14:00 in the dark with the aid of a dim red safelight. Five rosette
leaves of 4-week-old Arabidopsis plants were harvested in a 45 mL Falcon tube containing
10 mL of MES/KOH buffer (10 mM MES-KOH (pH 6.15), 50 mM KCL, and 0.1 mM CaCl,)
and homogenized with a homogenizer (Polytron PT 1200 Kinematica, Lucerne, Switzer-
land). The homogenized leaf tissues were collected by filtration using a 58 um nylon
mesh and were transferred to a 35 mm Petri dish containing 5 mL of MES/KOH buffer.
Thereafter, the epidermal strips were incubated in the dark for 1 h and then irradiated
with 50 umol m~2 s~! of RL (R50) or R50 superimposed with 15 umol m~2 s~! of BL
(R50 + B15) for 3 h. Confocal images were obtained using confocal microscopy (SP5, Leica,
Germany). The stomatal apertures were measured from the photographs using Image]
software (https://imagej.nih.gov/ij/).

4.9. Leaf Transpiration

Leaf transpiration was measured from 08:00 in the morning in the dark with the
aid of a dim red safelight. Four-week-old plants were set in a 4 mm hole in the cap of a
1.5 mL e-tube filled with 1.5 mL distilled water, in which only the aboveground part of
the Arabidopsis plants came out from the tube and the root part was in the water of the
e-tube. After dark treatment of Arabidopsis plants in the tube for 14 h, the tubes were
weighed every 30 min under the following light conditions: 50 umol m~2 s~! of RL (R50)
for 1 h 30 min and then R50 superimposed with 15 pmol m~2 s~ ! of RL (R50 + R15) or
15 pmol m~2 s~ ! of BL (R50 + B15) for 1 h 30 min, respectively.
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4.10. Statistical Analysis

GraphPad Prism software (version 8.0.1) was used for statistical analysis. Student’s
t-test was used to reveal any statistically significant differences between samples for
the experiments.

Author Contributions: Y.-S.R.: investigation, data curation, formal analysis, writing—original draft.
H.-G.S.: investigation, data curation. H.-S.K.: data curation. S.-G.K.; conceptualization, funding
acquisition, supervision, project administration, writing—original draft, review and editing. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported partially by the Next-Generation Biogreen 21 Program grant,
funded by the Korean government Rural Development Administration (RDA) (PJ013669), the Basic
Science Research Program through the National Research Foundation of Korea (NRF), funded by the
Ministry of Education (2021R111A3059996), and the Undergraduate Research Program, funded by
the Korea Foundation for the Advancement of Science & Creativity (KOFAC) (SBJ000034063).

Acknowledgments: The authors are grateful to Ju-Young Kim and Min-Jung Kim for providing
technical assistance.

Conflicts of Interest: The authors declare no conflict of interests.

References

1. Chen, M.; Chory, J.; Fankhauser, C. Light Signal Transduction in Higher Plants. Annu. Rev. Genet. 2004, 38, 87-117.
[CrossRef] [PubMed]

2. Briggs, W.R,; Christie, ].M. Phototropins 1 and 2: Versatile Plant Blue-Light Receptors. Trends Plant Sci. 2002, 7,204-210. [CrossRef]

3. Huala, E,; Oeller, PW,; Liscum, E.; Han, L.-S.; Larsen, E.; Briggs, W.R. Arabidopsis NPH1: A Protein Kinase with a Putative
Redox-Sensing Domain. Science 1997, 278, 2120-2123. [CrossRef] [PubMed]

4. Kagawa, T,; Sakai, T.; Suetsugu, N.; Oikawa, K.; Ishiguro, S.; Kato, T.; Tabata, S.; Okada, K.; Wada, M. Arabidopsis NPL1: A
Phototropin Homolog Controlling the Chloroplast High-Light Avoidance Response. Science 2001, 291, 2138-2141. [CrossRef]

5. Kasahara, M.; Kagawa, T.; Oikawa, K.; Suetsugu, N.; Miyao, M.; Wada, M. Chloroplast Avoidance Movement Reduces Photodam-
age in Plants. Nature 2002, 420, 829. [CrossRef]

6. Sakai, T.; Kagawa, T.; Kasahara, M.; Swartz, T.E.; Christie, ]. M.; Briggs, W.R.; Wada, M.; Okada, K. Arabidopsis Nphl and Npl1:
Blue Light Receptors That Mediate Both Phototropism and Chloroplast Relocation. Proc. Natl. Acad. Sci. USA 2001, 98, 6969-6974.
[CrossRef] [PubMed]

7.  Sakamoto, K.; Briggs, W.R. Cellular and Subcellular Localization of Phototropin 1. Plant Cell 2002, 14, 1723-1735. [CrossRef]

8. Talbott, L.D.; Shmayevich, L].; Chung, Y.; Hammad, J.W.; Zeiger, E. Blue Light and Phytochrome-Mediated Stomatal Opening in
the Npql and Photl Phot2 Mutants of Arabidopsis. Plant Physiol. 2003, 133, 1522-1529. [CrossRef]

9.  Wada, M,; Kagawa, T.; Sato, Y. Chloroplast Movement. Annu. Rev. Plant Biol. 2003, 54, 455-468. [CrossRef]

10. Gotoh, E.; Suetsugu, N.; Yamori, W.; Ishishita, K.; Kiyabu, R.; Fukuda, M.; Higa, T.; Shirouchi, B.; Wada, M. Chloroplast Accumu-
lation Response Enhances Leaf Photosynthesis and Plant Biomass Production. Plant Physiol. 2018, 178, 1358-1369. [CrossRef]

11. Suetsugu, N.; Kagawa, T.; Wada, M. An Auxilin-like J-Domain Protein, JAC1, Regulates Phototropin-Mediated Chloroplast
Movement in Arabidopsis. Plant Physiol. 2005, 139, 151-162. [CrossRef] [PubMed]

12.  Jarillo, J.A.; Gabrys, H.; Capel, J.; Alonso, ].M.; Ecker, ].R.; Cashmore, A.R. Phototropin-Related NPL1 Controls Chloroplast
Relocation Induced by Blue Light. Nature 2001, 410, 952-954. [CrossRef]

13. Esmon, C.A.; Tinsley, A.G.; Ljung, K.; Sandberg, G.; Hearne, L.B.; Liscum, E. A Gradient of Auxin and Auxin-Dependent
Transcription Precedes Tropic Growth Responses. Proc. Natl. Acad. Sci. USA 2006, 103, 236-241. [CrossRef]

14. Fankhauser, C.; Christie, ].M. Plant Phototropic Growth. Curr. Biol. 2015, 25, R384-R389. [CrossRef]

15. Briggs, W.R.; Beck, C.F,; Cashmore, A.R.; Christie, ].M.; Hughes, J.; Jarillo, ].A.; Kagawa, T.; Kanegae, H.; Liscum, E.; Nagatani, A.
The Phototropin Family of Photoreceptors. Plant Cell 2001, 13, 993-997. [CrossRef]

16. Inoue, S.; Kinoshita, T.; Matsumoto, M.; Nakayama, K.I.; Doi, M.; Shimazaki, K. Blue Light-Induced Autophosphorylation of
Phototropin Is a Primary Step for Signaling. Proc. Natl. Acad. Sci. USA 2008, 105, 5626-5631. [CrossRef] [PubMed]

17.  Kinoshita, T.; Doi, M.; Suetsugu, N.; Kagawa, T.; Wada, M.; Shimazaki, K. Photl and Phot2 Mediate Blue Light Regulation of
Stomatal Opening. Nature 2001, 414, 656—660. [CrossRef]

18. Inoue, S.; Kinoshita, T.; Shimazaki, K. Possible Involvement of Phototropins in Leaf Movement of Kidney Bean in Response to
Blue Light. Plant Physiol. 2005, 138, 1994-2004. [CrossRef] [PubMed]

19. Shimazaki, K.; Doi, M.; Assmann, S.M.; Kinoshita, T. Light Regulation of Stomatal Movement. Annu. Rev. Plant Biol. 2007,
58,219-247. [CrossRef] [PubMed]

20. Takemiya, A.; Kinoshita, T.; Asanuma, M.; Shimazaki, K. Protein Phosphatase 1 Positively Regulates Stomatal Opening in

Response to Blue Light in Vicia Faba. Proc. Natl. Acad. Sci. USA 2006, 103, 13549-13554. [CrossRef]


http://doi.org/10.1146/annurev.genet.38.072902.092259
http://www.ncbi.nlm.nih.gov/pubmed/15568973
http://doi.org/10.1016/S1360-1385(02)02245-8
http://doi.org/10.1126/science.278.5346.2120
http://www.ncbi.nlm.nih.gov/pubmed/9405347
http://doi.org/10.1126/science.291.5511.2138
http://doi.org/10.1038/nature01213
http://doi.org/10.1073/pnas.101137598
http://www.ncbi.nlm.nih.gov/pubmed/11371609
http://doi.org/10.1105/tpc.003293
http://doi.org/10.1104/pp.103.029587
http://doi.org/10.1146/annurev.arplant.54.031902.135023
http://doi.org/10.1104/pp.18.00484
http://doi.org/10.1104/pp.105.067371
http://www.ncbi.nlm.nih.gov/pubmed/16113208
http://doi.org/10.1038/35073622
http://doi.org/10.1073/pnas.0507127103
http://doi.org/10.1016/j.cub.2015.03.020
http://doi.org/10.1105/tpc.13.5.993
http://doi.org/10.1073/pnas.0709189105
http://www.ncbi.nlm.nih.gov/pubmed/18378899
http://doi.org/10.1038/414656a
http://doi.org/10.1104/pp.105.062026
http://www.ncbi.nlm.nih.gov/pubmed/16040656
http://doi.org/10.1146/annurev.arplant.57.032905.105434
http://www.ncbi.nlm.nih.gov/pubmed/17209798
http://doi.org/10.1073/pnas.0602503103

Plants 2022, 11, 65 15 of 16

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Takemiya, A.; Yamauchi, S.; Yano, T.; Ariyoshi, C.; Shimazaki, K. Identification of a Regulatory Subunit of Protein Phosphatase 1
Which Mediates Blue Light Signaling for Stomatal Opening. Plant Cell Physiol. 2013, 54, 24-35. [CrossRef] [PubMed]

Yamauchi, S.; Takemiya, A.; Sakamoto, T.; Kurata, T.; Tsutsumi, T.; Kinoshita, T.; Shimazaki, K. The Plasma Membrane H+-ATPase
AHAI1 Plays a Major Role in Stomatal Opening in Response to Blue Light. Plant Physiol. 2016, 171, 2731-2743. [CrossRef]
Takemiya, A.; Sugiyama, N.; Fujimoto, H.; Tsutsumi, T.; Yamauchi, S.; Hiyama, A.; Tada, Y.; Christie, ].M.; Shimazaki, K.
Phosphorylation of BLUS1 Kinase by Phototropins Is a Primary Step in Stomatal Opening. Nat. Commun. 2013, 4, 2094.
[CrossRef] [PubMed]

Li, E-W.; Rothfels, C.J.; Melkonian, M.; Villarreal, ].C.; Stevenson, D.W.; Graham, S.W.; Wong, G.K.-S.; Mathews, S.; Pryer, K.M.
The Origin and Evolution of Phototropins. Front. Plant Sci. 2015, 6, 637. [CrossRef] [PubMed]

Herrou, J.; Crosson, S. Function, Structure and Mechanism of Bacterial Photosensory LOV Proteins. Nat. Rev. Microbiol. 2011, 9,
713-723. [CrossRef] [PubMed]

Salomon, M.; Christie, ] M.; Knieb, E.; Lempert, U.; Briggs, W.R. Photochemical and Mutational Analysis of the FMN-Binding
Domains of the Plant Blue Light Receptor, Phototropin. Biochemistry 2000, 39, 9401-9410. [CrossRef] [PubMed]

Cho, H.-Y;; Tseng, T.-S.; Kaiserli, E.; Sullivan, S.; Christie, ].M.; Briggs, W.R. Physiological Roles of the Light, Oxygen, or Voltage
Domains of Phototropin 1 and Phototropin 2 in Arabidopsis. Plant Physiol. 2007, 143, 517-529. [CrossRef] [PubMed]

Christie, ].M.; Swartz, T.E.; Bogomolni, R.A.; Briggs, W.R. Phototropin LOV Domains Exhibit Distinct Roles in Regulating
Photoreceptor Function. Plant ]. 2002, 32, 205-219. [CrossRef] [PubMed]

Harper, S.M.; Christie, ].M.; Gardner, K.H. Disruption of the LOV-Jx Helix Interaction Activates Phototropin Kinase Activity.
Biochemistry 2004, 43, 16184-16192. [CrossRef]

Christie, ].M. Phototropin Blue-Light Receptors. Annu. Rev. Plant Biol. 2007, 58, 21-45. [CrossRef]

Demarsy, E.; Schepens, I.; Okajima, K.; Hersch, M.; Bergmann, S.; Christie, J.; Shimazaki, K.; Tokutomi, S.; Fankhauser, C.
Phytochrome Kinase Substrate 4 Is Phosphorylated by the Phototropin 1 Photoreceptor. EMBO J. 2012, 31, 3457-3467. [CrossRef]
Inoue, S.; Matsushita, T.; Tomokiyo, Y.; Matsumoto, M.; Nakayama, K.I.; Kinoshita, T.; Shimazaki, K. Functional Analyses of the
Activation Loop of Phototropin2 in Arabidopsis. Plant Physiol. 2011, 156, 117-128. [CrossRef]

Kong, S.-G.; Suzuki, T.; Tamura, K.; Mochizuki, N.; Hara-Nishimura, I.; Nagatani, A. Blue Light-Induced Association of
Phototropin 2 with the Golgi Apparatus. Plant J. 2006, 45, 994-1005. [CrossRef]

Kong, S.-G.; Suetsugu, N.; Kikuchi, S.; Nakai, M.; Nagatani, A.; Wada, M. Both Phototropin 1 and 2 Localize on the Chloroplast
Outer Membrane with Distinct Localization Activity. Plant Cell Physiol. 2013, 54, 80-92. [CrossRef]

Ishishita, K.; Higa, T.; Tanaka, H.; Inoue, S.; Chung, A.; Ushijima, T.; Matsushita, T.; Kinoshita, T.; Nakai, M.; Wada, M.
Phototropin2 Contributes to the Chloroplast Avoidance Response at the Chloroplast-Plasma Membrane Interface. Plant Physiol.
2020, 183, 304-316. [CrossRef]

Kong, S.-G.; Kinoshita, T.; Shimazaki, K.; Mochizuki, N.; Suzuki, T.; Nagatani, A. The C-Terminal Kinase Fragment of Arabidopsis
Phototropin 2 Triggers Constitutive Phototropin Responses. Plant J. 2007, 51, 862-873. [CrossRef] [PubMed]

Kong, S.-G.; Kagawa, T.; Wada, M.; Nagatani, A. A C-Terminal Membrane Association Domain of Phototropin 2 Is Necessary for
Chloroplast Movement. Plant Cell Physiol. 2013, 54, 57-68. [CrossRef] [PubMed]

Wada, M.; Kong, S.-G. Analysis of Chloroplast Movement and Relocation in Arabidopsis. In Chloroplast Research in Arabidopsis;
Springer: Berlin/Heidelberg, Germany, 2011; pp. 87-102.

Onodera, A.; Kong, S.-G.; Doi, M.; Shimazaki, K.-I.; Christie, ].; Mochizuki, N.; Nagatani, A. Phototropin from Chlamydomonas
Reinhardtii Is Functional in Arabidopsis Thaliana. Plant Cell Physiol. 2005, 46, 367-374. [CrossRef]

Christie, ].M.; Yang, H.; Richter, G.L.; Sullivan, S.; Thomson, C.E.; Lin, J.; Titapiwatanakun, B.; Ennis, M.; Kaiserli, E.; Lee, O.R.
Photl Inhibition of ABCB19 Primes Lateral Auxin Fluxes in the Shoot Apex Required for Phototropism. PLoS Biol. 2011, 9,
€1001076. [CrossRef] [PubMed]

Sukumar, P.; Maloney, G.S.; Muday, G.K. Localized Induction of the ATP-Binding Cassette B19 Auxin Transporter Enhances
Adventitious Root Formation in Arabidopsis. Plant Physiol. 2013, 162, 1392-1405. [CrossRef] [PubMed]

Zheng, W.; Jiang, Y.; Wang, X.; Huang, S.; Yuan, M.; Guo, Y. AP3M Harbors Actin Filament Binding Activity That Is Crucial for Vac-
uole Morphology and Stomatal Closure in Arabidopsis. Proc. Natl. Acad. Sci. USA 2019, 116, 18132-18141. [CrossRef] [PubMed]
Farber, M.; Attia, Z.; Weiss, D. Cytokinin Activity Increases Stomatal Density and Transpiration Rate in Tomato. J. Exp. Bot. 2016,
67, 6351-6362. [CrossRef]

Lake, J.A.; Woodward, F.I. Response of Stomatal Numbers to CO, and Humidity: Control by Transpiration Rate and Abscisic
Acid. New Phytol. 2008, 179, 397-404. [CrossRef]

Orsini, F; Alnayef, M.; Bona, S.; Maggio, A.; Gianquinto, G. Low Stomatal Density and Reduced Transpiration Facilitate
Strawberry Adaptation to Salinity. Environ. Exp. Bot. 2012, 81, 1-10. [CrossRef]

Mantovani, D.; Veste, M.; Gypser, S.; Halke, C.; Koning, L.; Freese, D.; Lebzien, S. Transpiration and Biomass Production of
the Bioenergy Crop Giant Knotweed Igniscum under Various Supplies of Water and Nutrients. J. Hydrol. Hydromech 2014,
62, 316-323. [CrossRef]

Rodriguez-Gamir, J.; Primo-Millo, E.; Forner-Giner, M.A. An Integrated View of Whole-Tree Hydraulic Architecture. Does
Stomatal or Hydraulic Conductance Determine Whole Tree Transpiration? PLoS ONE 2016, 11, e0155246.

Wang, Y.; Sun, Y.; Niu, G.; Deng, C.; Wang, Y.; Gardea-Torresdey, ]. Growth, Gas Exchange, and Mineral Nutrients of Ornamental
Grasses Irrigated with Saline Water. HortScience 2019, 54, 1840-1846. [CrossRef]


http://doi.org/10.1093/pcp/pcs073
http://www.ncbi.nlm.nih.gov/pubmed/22585556
http://doi.org/10.1104/pp.16.01581
http://doi.org/10.1038/ncomms3094
http://www.ncbi.nlm.nih.gov/pubmed/23811955
http://doi.org/10.3389/fpls.2015.00637
http://www.ncbi.nlm.nih.gov/pubmed/26322073
http://doi.org/10.1038/nrmicro2622
http://www.ncbi.nlm.nih.gov/pubmed/21822294
http://doi.org/10.1021/bi000585+
http://www.ncbi.nlm.nih.gov/pubmed/10924135
http://doi.org/10.1104/pp.106.089839
http://www.ncbi.nlm.nih.gov/pubmed/17085510
http://doi.org/10.1046/j.1365-313X.2002.01415.x
http://www.ncbi.nlm.nih.gov/pubmed/12383086
http://doi.org/10.1021/bi048092i
http://doi.org/10.1146/annurev.arplant.58.032806.103951
http://doi.org/10.1038/emboj.2012.186
http://doi.org/10.1104/pp.111.175943
http://doi.org/10.1111/j.1365-313X.2006.02667.x
http://doi.org/10.1093/pcp/pcs151
http://doi.org/10.1104/pp.20.00059
http://doi.org/10.1111/j.1365-313X.2007.03187.x
http://www.ncbi.nlm.nih.gov/pubmed/17662032
http://doi.org/10.1093/pcp/pcs132
http://www.ncbi.nlm.nih.gov/pubmed/23012349
http://doi.org/10.1093/pcp/pci037
http://doi.org/10.1371/journal.pbio.1001076
http://www.ncbi.nlm.nih.gov/pubmed/21666806
http://doi.org/10.1104/pp.113.217174
http://www.ncbi.nlm.nih.gov/pubmed/23677937
http://doi.org/10.1073/pnas.1901431116
http://www.ncbi.nlm.nih.gov/pubmed/31431522
http://doi.org/10.1093/jxb/erw398
http://doi.org/10.1111/j.1469-8137.2008.02485.x
http://doi.org/10.1016/j.envexpbot.2012.02.005
http://doi.org/10.2478/johh-2014-0028
http://doi.org/10.21273/HORTSCI13953-19

Plants 2022, 11, 65 16 of 16

49.
50.
51.
52.
53.
54.

55.

Han, K.-T.; Ruan, L.-W. Effects of Indoor Plants on Air Quality: A Systematic Review. Environ. Sci. Pollut. Res. 2020,
27,16019-16051. [CrossRef]

Pamonpol, K.; Areerob, T.; Prueksakorn, K. Indoor Air Quality Improvement by Simple Ventilated Practice and Sansevieria
Trifasciata. Atmosphere 2020, 11, 271. [CrossRef]

Wolverton, B.C.; Johnson, A.; Bounds, K. Interior Landscape Plants for Indoor Air Pollution Abatement. NASA Tech. Rep. Serv.
1989, 15, 1-30.

Darrall, N.M. The Effect of Air Pollutants on Physiological Processes in Plants. Plant Cell Environ. 1989, 12, 1-30. [CrossRef]
Jones, H.G. Stomatal Control of Photosynthesis and Transpiration. J. Exp. Bot. 1998, 49, 387-398. [CrossRef]

Clough, S.J.; Bent, A.F. Floral Dip: A Simplified Method for Agrobacterium-Mediated Transformation of Arabidopsis Thaliana.
Plant ]. 1998, 16, 735-743. [CrossRef] [PubMed]

Kim, J.; Ahn, J.; Bong, H.; Wada, M.; Kong, S.-G. ACTIN2 Functions in Chloroplast Photorelocation Movement in Arabidopsis
Thaliana. J. Plant Biol. 2020, 63, 379-389. [CrossRef]


http://doi.org/10.1007/s11356-020-08174-9
http://doi.org/10.3390/atmos11030271
http://doi.org/10.1111/j.1365-3040.1989.tb01913.x
http://doi.org/10.1093/jxb/49.Special_Issue.387
http://doi.org/10.1046/j.1365-313x.1998.00343.x
http://www.ncbi.nlm.nih.gov/pubmed/10069079
http://doi.org/10.1007/s12374-020-09262-6

	Introduction 
	Results 
	B1-GP2C Plants Express P2C in a Guard-Cell-Specific Manner 
	B1-GP2C Plants Show Normal Chloroplast Photorelocation Movement 
	B1-GP2C Plants Show Normal Hypocotyl Growth and Phototropic Response 
	B1-GP2C Plants Show Normal Growth Phenotypes 
	Both P2-GP2C and B1-GP2C Plants Show Constitutive Stomatal Opening Regardless of Blue Light 
	B1-GP2C Plants Show Enhanced Transpiration 

	Discussion 
	Materials and Methods 
	Plant Materials and Growth Conditions 
	Binary Vector Construction and Agrobacterium-Mediated Transformation 
	Protein Extraction and Western Blot Analysis 
	Confocal Laser Scanning Microscopy and Image Analysis 
	Chloroplast Photorelocation Movement 
	Hypocotyl Growth and Phototropism 
	Vegetative Growth Phenotype 
	Stomatal Opening 
	Leaf Transpiration 
	Statistical Analysis 

	References

