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Abstract: High temperature stress is one of the most threatening abiotic stresses for plants limiting
the crop productivity world-wide. Altered developmental responses of plants to moderate-high
temperature has been shown to be linked to the intracellular auxin homeostasis regulated by both
auxin biosynthesis and transport. Trafficking of the auxin carrier proteins plays a major role in main-
taining the cellular auxin homeostasis. The intracellular trafficking largely relies on the cytoskeletal
component, actin, which provides track for vesicle movement. Different classes of actin and the
isovariants function in regulating various stages of plant development. Although high temperature
alters the intracellular trafficking, the role of actin in this process remains obscure. Using isovariant
specific vegetative class actin mutants, here we demonstrate that ACTIN 7 (ACT?7) isovariant plays
an important role in regulating the moderate-high temperature response in Arabidopsis root. Loss of
ACT7, but not ACT8 resulted in increased inhibition of root elongation under prolonged moderate-
high temperature. Consistently, kinematic analysis revealed a drastic reduction in cell production
rate and cell elongation in act7-4 mutant under high temperature. Quantification of actin dynamicity
reveals that prolonged moderate-high temperature modulates bundling along with orientation and
parallelness of filamentous actin in act7-4 mutant. The hypersensitive response of act7-4 mutant
was found to be linked to the altered intracellular auxin distribution, resulted from the reduced
abundance of PIN-FORMED PIN1 and PIN?2 efflux carriers. Collectively, these results suggest that
vegetative class actin isovariant, ACT7 modulates the long-term moderate-high temperature response
in Arabidopsis root.
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1. Introduction

High temperature stress is one of the major environmental challenges that limits plant
growth and productivity world-wide. Global average temperature has already risen by
roughly 0.13 °C per decade since 1950 resulting in increasing crop yield loss [1]. From
1964 to 2007, 7.6% of cereal yield declined due to Extreme Weather Disasters (EWDs) of
extreme heat [2]. Heat stress causes the combined production loss of wheat, maize, and
barley of around 5 billion USD annually [3]. According to the fifth assessment report
of IPCC, global average temperature will be at least 1.5° C higher by the end of the
21st century [4]. To combat the drastic effect of high temperature on crop production,
understanding the molecular and cellular mechanisms of high temperature stress responses
in plants is essential.

Depending on the intensity of high temperature treatment and developmental stages,
plants show differential thermoresponsive growth. High temperature stress during seed
germination reduces germination rate by increasing abscisic acid (ABA) biosynthesis and
inhibiting gibberellin (GA) biosynthetic genes [5,6]. Phytochrome B and D (PHY B and
D) have been shown to regulate high temperature-induced secondary seed dormancy [7].
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High temperature also affects reproductive organs destructively, for example, flower and
flower bud abortion [8], reduced pollen production and fruit dehiscence. High temperature
stress (33 °C) suppresses auxin level in the anther by reducing the expression of auxin
biosynthetic genes YUCCA2 and YUCCAG® that results in inhibition of pollen production.
This incident could be reversed by exogeneous application of auxin [9]. Exposure to the
moderate-high temperature stress (28-30 °C) at the seedling stage results in some adap-
tive thermomorphogenesis responses such as floral transition, leaf petiole, and hypocotyl
elongation, leaf hyponasty, and root elongation [10]. High temperature stress-induced
promotion of flowering under short photoperiod is linked to the upregulation of the flow-
ering promoting gene FLOWERING LOCUS T(FT) regulated by Phytochrome Interacting
Factor (PIF4) [11].

GA, auxin, and brassinosteroid contribute to the hypocotyl and leaf petiole elongation
under high temperature stress [12]. Auxin biosynthesis and signaling mutants, pif4 and
tirl—1afb2-3afb3-4 show defective high temperature mediated hypocotyl elongation which
could be rescued by exogenous brassinosteroid application [13]. High temperature-induced
increase in auxin biosynthesis has been attributed to the thermoresponsive transcription fac-
tor Phytochrome interacting factor PIF4, which binds to the promoter of auxin biosynthetic
genes YUCS, TAA1, and CYP79B2 and enhances their expression. The resulting alteration
in the intracellular auxin level promotes the leaf and hypocotyl hyponasty [14,15]. Al-
though the thermoresponsive mechanisms in hypocotyl and flower development have
been extensively studied and found to be centered on PIF mediated auxin biosynthesis and
homeostasis, the mechanism in root is still elusive.

It has been shown that the short-term moderate-high temperature stress increases the
intracellular auxin level and stimulates the root elongation [16]. Both the auxin transport
and signaling have been implicated in regulating the root growth response under short-
term moderately high temperature. Auxin receptor mutant tir1-1afb2-3 showed reduced
root elongation stimulation under high-temperature stress [17]. Similarly, compared to
wild-type, auxin transport mutants Ethylene Insensitive in Root mutant (eir1-1/pin2) and
Auxin Resistant mutant aux1-7 showed a reduced response to high temperature stress for
root elongation [16]. The intracellular auxin homeostasis under moderate-high temperature
stress was shown to be linked to the sorting nexin 1 (SNX1)-mediated recycling of PIN
formed 2 (PIN2) proteins from vacuole to plasma membrane [16]. High temperature-
mediated alteration of protein trafficking was also found to be needed for the export
of FT protein from companion cells to sieve elements [18]. Misfolding of N470D LQT2
mutant protein at 37 °C leads to defective trafficking in HEK293 cells [19]. Collectively,
these results suggest that protein trafficking may play an important role in short-term
high temperature-mediated developmental regulation. However, the long-term effect of
moderate high temperature on root development and its mechanism remains elusive.

For the intracellular protein trafficking, the cell cytoskeleton component actin plays
an important role as it provides track for various types of trafficking that are essential for
cellular, developmental, and reproductive processes such as establishing and maintaining
cell shape and polarity, tip growth, cytoplasmic streaming and organelle movement, cell
division, and cell elongation [20,21]. Intracellular trafficking of auxin efflux carriers such
as PIN1 and PIN2 that regulate the polar transport of auxin has also been shown to be actin
dependent [22-24]. Because high temperature alters the intracellular trafficking of PIN2 [16],
and since PIN? trafficking is actin dependent, we hypothesized that actin may regulate the
thermomorphogenesis of root through modulating intracellular auxin homeostasis.

In Arabidopsis, actin is divided into two subclasses: vegetative and reproductive
subclasses [21]. Among the vegetative class actin, Actin 2 (ACT2) and Actin 8 (ACTS)
belong to the subclass 1 with only one amino acid difference [25]. Although, ACT2 mutant
exhibits wavy root phenotype, lack of neither ACT2 nor ACTS affect the primary root
growth. For root hair elongation, they act redundantly [21]. On the other hand, ACT7,
the lone member of subclass 2, regulates the primary root elongation. act7-4 mutant
exhibits dwarf phenotype at the seedling stage with twisted and short root [26]. ACT7
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is highly expressed in rapidly growing vegetative organs and is also required for seed
germination [26,27]. Hence, we selected ACT7 and ACTS actin isovariants with two
unique characteristics from two different subclasses to check the role of actin isovariants
in regulating root thermomorphogenesis under prolonged high temperature. Using a
combinatorial approach of physiology and cell biology, here we demonstrate that subclass
IT actin isovariant ACT7 plays a major role in regulating Arabidopsis roots thermoresponse
through modulating PIN-mediated intracellular auxin homeostasis.

2. Results
2.1. Effect of Prolonged Moderate-High Temperature on Root Elongation

Earlier, it was demonstrated that short treatment at moderate-high temperature
(28-30 °C), stimulates root elongation and lateral root in Arabidopsis [16,17]. On the other
hand, heat shock treatment (>40 °C) for short time period can lead to plant death [28]. How-
ever, effect of prolonged moderate-high temperature on root elongation remains obscure.

To understand the effect of prolonged moderate-high temperature on root growth,
we treated five days old seedlings of Columbia-0 (Col-0) at 29 °C for three days and
compared the root elongation pattern against plants grown at 23 °C (Figure 1A,B). While
at 23 °C, a steady increase in root growth was observed from day 1-3, at 29 °C on day 1,
consistent with previous results, a stimulation in the root elongation was observed [16],
but the root elongation became flat for subsequent days (Figure 1A,B). These results
suggest that roots lose their normal elongation capability under prolonged moderate-high
temperature treatment.
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Figure 1. Effect of prolonged moderate-high temperature on root elongation of Col-0, act7-4, and act§-2
mutants. (A) Phenotype of primary root elongation of Col-0, act7-4, and act8-2 for 3 consecutive days
at 23 °C and 29 °C. Root elongation was marked after every 24 h (Scale bar = 10 mm). (B) Primary root
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elongation of Col-0 for 3 consecutive days at 23 °C and 29 °C. (C) Primary root elongation of Col-
0, act7-4, and act8-2 in percentage for 3 consecutive days. Percentage root elongation at 29 °C is
calculated against the root elongation at 23 °C for each genotype. Five-day-old seedlings were
transferred to new agar plates and subjected to high-temperature treatment (29 °C) and control
temperature (23 °C) for 3 days under light condition. Vertical bars represent mean + SE of the
experimental means from at least three independent experiments. Asterisks represent the statistical
significance as judged by the Student’s t-test (* p < 0.05; *** p < 0.001).

Primary root elongation relies on the coordinated function of cell elongation and
meristematic cell division [23]. To provide a mechanistic explanation of high temperature
induced alteration of root elongation, we performed the kinematic analysis by measuring
root elongation rate and the length of newly mature cortical cells. The ratio of root elon-
gation rate and cell length represents the output of the meristem (for that file of cortical
cells), reflecting both the number of dividing cells and their rates of division [29]. Kine-
matic analysis revealed that prolonged high temperature results in reduced cell elongation
and cell production in wild type (Table 1). These results suggest that unlike short-term
moderate-high temperature treatment, long-term moderate-high temperature treatment
inhibits progressive root growth, which is a combined effect of reduced cell elongation and
cell production rate.

Table 1. Effect of moderate-high temperature stress on cell length and cell production rate in Col-0 and act7-4 mutant.

- Elongation Rate Cell Production Rate
Genotype Condition (mm day 1) Cell Length (um) (Cell Day 1)
Col-0 23 °C 10.17 £+ 0.09 193.54 + 1.72 52.59 + 0.5
Col-0 29 °C 7.19 +£0.33 181.22 + 1.67 ** 39.65 + 1.48 **
act7-4 23 °C 6.03 = 0.15 149.49 + 0.24 40.34 +1.07
act7-4 29 °C 1.09 £ 0.063 82.82 + 3.26 *** 13.23 4 0.66 ***

Four-day-old seedlings were exposed to the control (23 °C) and high temperature (29 °C) for 3 days and the measurements reflect the
behavior over the third day of treatment. Data are means + SE of three replicate experiments. Asterisks represent the statistical significance
between control and high temperature treatment in Col-0 and act7-4 as judged by the Student’s t-test (** p < 0.01, *** p < 0.001).

2.2. ACTIN?7 Plays an Important Role in Modulating Primary Root Growth under Prolonged
High Temperature

Actin cytoskeleton is a dynamic structure which forms filaments from globular
monomer actin proteins that serves as a track for vesicle movement and regulates many
developmental processes including root elongation [20,21,23]. Both the high and low
temperatures affect protein trafficking in Arabidopsis root [16,29]. High temperature also
modulates actin dynamicity in Arabidopsis root [30]. Since actin dynamicity can control
protein trafficking and both the cellular processes are influenced by high temperature
and affect root elongation in Arabidopsis, we investigated whether actin plays any role
in regulating root elongation under prolonged high temperature. To test this, we used
act7-4 and act8-2 mutants, representing each subclass of vegetative actin. Interestingly,
we observed that act7-4 root elongation is severely sensitive to prolonged moderate-high
temperature treatment, while act8-2 responded like wild-type. Initial exposure to high
temperature resulted in a similar response in wild type and act7-4, and an increase in root
elongation was observed on day 1 compared with the plants grown at 23 °C. (Figure 1A,C).
In contrast to wild-type, where the root elongation became flat on day 2 and a slight reduc-
tion of root elongation was observed on day 3, act7-4 root elongation was severely inhibited
(Figure 1A,C). On the other hand, act8-2 mutant showed similar root elongation response
like wild-type under moderate-high temperature (Figure 1A,C). These results suggest
that ACT7 is required to combat the high temperature stress response in root. To further
understand the consequence of loss of ACT7 for root elongation under high temperature,
we performed kinematic analysis. Consistent with their reduced root elongation, act7-4
showed drastic reduction in cell production rate and cell elongation (Table 1). Collectively
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these results demonstrate that subclass II actin isovariant ACT7 plays an important role in
long-term moderate-high temperature response.

2.3. Long-Term Moderate-High Temperature Alters Intracellular Actin Organization in act7-4

Actin dynamicity is essential for normal plant growth and development. Previous
reports suggest that high temperature alters the actin cytoskeleton structure and dynam-
icity depending on the intensity of the temperature and duration of the treatment. For
instance, heat shock (45 °C for 45 min) resulted in strong actin filament depolymerization in
Arabidopsis hypocotyl [31], heat stress (37 °C for 24 h) reorganized actin to transvers cables
in hypocotyl, and heat stress at 35 °C for 6 h induced thick bundles of actin filaments in root
epidermal cells of Arabidopsis seedling [30,31]. To find out the effect of prolonged high
temperature stress on actin dynamicity, we performed live cell imaging using ABD2-GFP
marker line where GFP is tagged with ACTIN BINDING DOMAIN 2 of fimbrin in wild
type background and act7-4 background using confocal microscope and quantified the
actin assembly [32]. Typically, four different parameters are used for actin quantification,
namely: (1) occupancy that represents filament density, (2) skewness that indicates filament
bundling, (3) A8 that represents average angle against longitudinal axis, and (4) normAv-
gRad that represents parallelness of the filamentous actin [33,34]. Skewness and average
angle of act7-4 mutant is significantly different than wild-type at 23 °C, indicating that
actin dynamicity is already altered in absence of ACT7 in Arabidopsis root (Figure 2D,E).
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Figure 2. Effect of prolonged moderate-high temperature stress on cellular actin organization in Col-0 and act7-4. (A) Con-
focal images of ABD2-GFP and act7-4 ABD2-GFP at 23 and 29 °C (Bars = 50 um). (B) Schematic representation of quantified
actin parameters. Quantification of actin filaments (C-F). (C) Percent occupancy, (D) Skewness, (E) NormAvgRad, and
(F) A6 in degree. Five-day-old seedlings were transferred to new agar plates and subjected to high-temperature (29 °C)
and control temperature (23 °C) treatment for 3 days under light condition. Vertical bars represent mean + SE of the
experimental means from at least three independent experiments (n = 3 or more), where experimental means were obtained
from 30 to 50 cells. Comparisons between multiple groups were performed by analysis of variance (ANOVA) followed by
the Tukey-Kramer test. The same letter indicates no significant differences (p < 0.05).
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Prolonged moderate-high temperature alters the filament parallelness and orientation
in wild-type (Figure 2E,F). The effect of prolonged moderate-high temperature was found
to be profound in act7-4 mutant. More changes in filament parallelness and orientation were
observed in act7-4 compared to wild-type (Figure 2E F). Prolonged moderate-high temper-
ature treatment also induced more actin filament bundling in act7-4 (Figure 2A,D). These
data suggest that high temperature-mediated alteration of actin dynamicity is ACT7 depen-
dent and loss of ACT7 makes the cellular actin more susceptible to high-temperature stress.

2.4. Prolonged Moderate-High Temperature Treatment Reduces the Abundance of Auxin Efflux
Transporters PIN1 and PIN2

Directional flow of auxin facilitated by PINs and AUX/LAX transporters maintains
root development [35-37]. Both PIN1 and PIN2 mediated auxin flow contributes in main-
taining proper root length and meristem size [38]. Actin filament polymerization and
depolymerization block PIN1 trafficking in Arabidopsis root [22]. Latranculin B (LatB)-
induced depolymerization of actin filaments produces intercellular agglomeration of
PIN2 [23]. Since prolonged moderate-high temperature affects the root elongation and
also alters the cellular actin dynamicity, we therefore examined whether high temperature
affects the localization or the expression of PINT and PIN2? in wild-type and act7-4 mutant.
Both the PIN1 and PIN2 abundance, but not the localization was affected by prolonged high
temperature treatment (Figures 3 and 4). Moderate-high temperature affects the abundance
of both PIN1 and PIN2 in wild type and act7-4, albeit differentially. Quantitative data
obtained from GFP fluorescence analysis show that the reduction of PIN1 abundance at
29 °C is 46.5% and 33% in wild-type and act7-4 background, respectively, compared to
23 °C (Figure 3). PIN2 abundance was found to be more affected in the act7-4 background.
In wild type, the decrease in PIN2 abundance was 35%, while in in act7-4 it was 75%
(Figure 4B). To confirm that the high temperature-induced alteration in PIN abundance is
ACT7 specific, we also checked act8-2 PIN2-GFP. As expected, no change was observed in
PIN2 abundance in act§-2 mutant background comparing to wild-type under long-term
moderate-high temperature treatment (Supplementary Figure S1).
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Figure 3. Prolonged moderate-high temperature affects PIN1 abundance in roots of Col-0 and act7-4
mutants. (A) PINI-GFP and act7-4 PIN1-GFP at 23 and 29 °C. Bar = 25 um. Arrowheads indicate the
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intracellular agglomeration of PIN1 (B) Quantification of GFP fluorescence intensity from (A). The
images were captured using the same confocal setting. Vertical bars represent mean =+ SE of the
15-20 seedlings from at least three independent experiments. Asterisks represent the statistical
significance between the means of the percentage Col-0 and mutant judged by the Student’s ¢-
test (*** p < 0.001). Five-day-old light grown seedlings were transferred to new agar plates and
subjected to high-temperature treatment (29 °C) for 72 h before imaged with confocal microscopy
using the same confocal settings and are representative of 15-20 seedlings obtained from three
independent experiments.

A 23°C 29 °C

80
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PIN2-GFP act7-4
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Figure 4. Prolonged moderate-high temperature diminishes PIN2 abundance drastically in act7-4
roots. (A) Cellular imaging of PIN2-GFP and act7-4 PIN2-GFP at 23 °C and 29 °C. Bar = 25 um.
Arrowheads indicate the intracellular agglomeration of PIN2 (B) Quantification of GFP fluorescence
intensity from (A). The images were captured using the same confocal setting. Asterisks represent
the statistical significance between the means of the percentage Col-0 and mutant judged by the
Student’s t-test (*** p < 0.001). Vertical bars in the graph represent mean =+ SE of the 15-20 seedlings
from at least three independent experiments. Five-day-old light grown seedlings were transferred to
new agar plates and subjected to high-temperature treatment (29 °C) for 72 h before imaged with
confocal microscopy using the same confocal settings. Images are representative of 15-20 seedlings
obtained from three independent experiments.

To understand whether the moderate-high temperature-induced reduction in PIN
abundance is linked to the direct inhibition of gene expression, we compared the PIN1
and PIN2 expression under optimal and prolonged moderate-high temperatures. The
expression analysis revealed that high temperature does not affect PINT and PIN2 at
transcriptional level (Supplementary Figure S2). Collectively, these results suggest that
moderate-high temperature affects PIN1 and PIN2 at the translational level.

2.5. Moderate-High Temperature Treatment Does Not Affect the Expression of Auxin Influx
Transporter AUX1

In contrast to PIN family proteins, which use a constitutive dynamic trafficking
pathway [22,39], auxin influx carrier AUX1 shows a more stable plasma membrane local-
ization [40]. It has also been shown that PIN and AUX1 proteins use distinct pathways for
protein trafficking, while PINs use a BFA sensitive GNOM dependent trafficking pathway,
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A

act7-4

membrane localized AUX1 trafficking is mediated by BFA resistant GNOM independent
pathway [40]. However, like PINs, AUX1 intracellular trafficking was shown to be actin
dependent. Using high concentration of actin depolymerizing drug LatB, it was shown that
actin depolymerization leads intracellular agglomeration as well as reduced polar localiza-
tion of AUX1 [40,41]. Since high temperature alters actin dynamicity, we checked whether
long-term moderate-high temperature treatment alters the abundance or the trafficking
of auxin influx transporter AUX1-YFP. Unlike PINs, AUX1 abundance was not altered in
wild type or act7-4 mutant under prolonged moderate-high temperature (Figure 5). These
results suggest that prolonged moderate-high temperature specifically targets PIN proteins
through actin isovariant ACT7.
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Figure 5. Prolonged high temperature does not alter AUX1 abundance in Col-0 and act7-4 mutants. (A) Cellular imaging of
AUXI1-YFP and act7-4 AUX1-YFP at 23 and 29 °C. Bar = 25 um. (B) Quantification of GFP fluorescence intensity from (A).
Five-day-old light grown seedlings of AUX1-YFP and act7-4 AUX1-YFP were transferred to new agar plates and subjected

to high-temperature treatment (29 °C) for 72 h before imaged with confocal microscopy using the same confocal settings

and are representative of 15-20 seedlings obtained from three independent experiments. Bar = 25 um.

2.6. Intracellular Auxin Distribution Is Altered by Long-Term Moderate-High
Temperature Treatment

Intracellular auxin distribution in root largely relies on the polar transport of auxin
mediated by PIN family proteins [42,43]. Since prolonged high temperature treatment alters
the PIN1 and PIN2 abundance, it is expected that it will also affect the intracellular auxin
distribution. To understand the end-result of long-term high temperature treatment on the
auxin level in the root, we used auxin reporter line AtIAA2::GUS, where IAA2 promoter is
transcriptionally fused to GUS [44], in wild type and act7-4 backgrounds. AtIAA2::GUS
reporter line is strongly induced minutes after auxin exposure and a reliable reporter
line to assess cellular auxin response [44]. Compared to 23 °C, IAA2-GUS expression is
slightly increased in the vascular cylinder of the wild type root at 29 °C (Figure 6). At the
same time, a depletion in auxin maximum was observed in root columella cells (Figure 6).
These observations are consistent with the reduced PIN1 and PIN2 abundance under high-
temperature treatment (Figures 3 and 4). As observed earlier, loss of ACT7 results in a
dramatic reduction in auxin response [45]. Even at 23 °C, act7-4 shows an extremely low
level of GUS staining (Figure 6, [45]). Compared with 23 °C, prolonged high temperature
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IAA2-GUS

act7-4
IAA2-GUS

23°C 29°C

treatment increased the auxin response both at columella cells and vascular tissues of
act7-4 (Figure 6), which is possibly due to the local accumulation of auxins resulted from
the enhanced reduction of PIN1 and PIN2 abundance. To further confirm that the high-
temperature-induced altered auxin response is specifically modulated by actin isovariant
ACT7, we checked the auxin response in act8-2 mutant using act8-2 IAA2-GUS. act§-2
mutant showed wild-type like GUS staining pattern under moderate-high temperature
treatment (Supplementary Figure S3).

B
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= .
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g *
(=]
B 40 =
» sk
>
® 20 I - E
IAA2-GUS act7-4 IAA2-GUS
Columella Vascular Columella  Vascular
cells cells cells cells

Figure 6. Prolonged high temperature alters the auxin response in Col-0 and act7-4 roots. (A) IAA2::GUS and act7-
4XIAA2::GUS at 23 and 29 °C. Five-day-old IAA2::GUS and act7-4XIAA2::GUS seedlings were transferred to 23 and 29 °C
for 72 h. Seedlings were stained in a buffer containing 1 mM X-gluc for 1 h at 37 °C and cleared for photography. These are
representative images stained in at least three separate experiments. Bar = 100 um. (B) Quantification of GUS signal in the
root from (A). Asterisks represent the statistical significance between the means for genotype specific treatment judged by
the Student’s t-test (* p < 0.05 and *** p < 0.001). Vertical bars in the graph represent mean =+ SE of the 15-20 seedlings from
at least three independent experiments.

3. Discussion

Exposure of plants to moderate-high temperature results in various developmental
changes that are largely regulated by plant hormone auxin [14,16]. Although a considerable
amount of data is available for short-term effect of moderate-high temperature, the pro-
longed effect of moderate-high temperature on plant development remains obscure. In this
work, we provided evidence that Arabidopsis root development under prolonged moderate-
high temperature is modulated by subclass II vegetative actin isovariant ACT7. We also
demonstrated that under prolonged high temperature, roots lose their normal elongation
capability, which is linked to the intracellular auxin homeostasis regulated by vegetative class
actin ACT7. Behavior of root elongation shows differential responses under moderate-high
temperature for short and long exposures. In contrast to short exposure, where increase in
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the root elongation was observed, under the long exposure, root loses its normal elongation
ability (Figure 1). This behavioral difference was found to be linked to the altered actin
organization, auxin homeostasis and differential regulation of auxin efflux carriers PIN1 and
PIN2. Short exposure at high temperature redirects the auxin transporter PIN2 to plasma
membrane in SNX1 dependent manner, that increases the shootward auxin transport and
consequently stimulates root elongation [16]. On the other hand, long exposure to moderate-
high temperature inhibits the abundance of both PIN1 and PIN2 resulting in altered auxin
distribution and slows down the root elongation process (Figures 3, 4 and 6).

We found that Actin isovariant ACT7, belonging to the subclass II vegetative class,
plays an important role in modulating root thermal response. High temperature affects
the actin organization drastically in the act7-4 mutants (Figure 2). Compared with wild-
type, three key actin parameters, filament bundling, filament parallelness, and filament
orientation, were found to be significantly altered in act7-4 mutant (Figure 2). Consistently,
high temperature profoundly inhibited the cell length and cell division in act7-4 (Table 1).
This is consistent with previous findings as actin organization had been shown to be
explicitly involved in regulating both cell elongation and cell division. For instance, in
tobacco BY-2 cells, YFP-mTn-induced actin bundling inhibits cell division, and de-bundling
of actin filaments by IAA or NAA treatment can reverse it [46]. In Arabidopsis root, 2,4-D
and LatB-induced actin filament degradation impede both cell division and cell elongation
but IAA and NAA-induced actin polymerization only restrains cell elongation [23].

We show that auxin efflux transporters PIN1 and PIN2 expression is reduced by pro-
longed moderate-high temperature. PIN1 abundance was found to be more affected than
PIN2? in the wild-type background, while the inhibition was similar in act7-4 background.
These results raise the possibility that a high-temperature mediated effect on PIN2 is more
ACT7 dependent. This idea is not inconsistent as PIN1 and PIN2 respond differentially
towards various abiotic stresses. For instance, short-term high temperature exposure en-
hances the recycling of PIN2 from vacuole to plasma membrane but did not affect PIN1 [16],
under low boron condition, accumulation of PIN1 is reduced without affecting PIN2 [47].

The reduced abundance of PINT and PIN2 under prolonged moderate-high temper-
ature was also found to be linked with isovariant specific cellular actin organization. In
agreement to our data, auxin inducive actin filament remodeling defective rice mutant
rmd-1 and rmd-2 showed reduced plasma membrane localized PIN2 with increased in-
ternalization [48]. Strigolactone analog GR24 increases the polar localization of PIN2 in
the membrane through reducing F actin bundling and enhancing actin dynamicity [49].
Under low phosphate condition, MAX2-dependent PIN? trafficking and polarization to
the PM decreased due to the increase in actin bundling [50]. TIBA-induced polymerization
of actin filaments also reduces plasma-membrane localization and enhanced lytic vacuolar
accumulation of PIN2 [51]. Rho GTPase ROP2 and effector protein RIC4 induces fine
filamentous actin and increases polar localization by inhibiting PIN1 endocytosis [52]. In
contrast, it has been shown that actin filament stabilization through SPIKE1-ROP6-RIC1
inhibits PIN2 internalization in response to auxin [53]. These results suggest that actin
dynamicity governed by various regulators is influenced by environmental cues which can
control PIN1 and PIN2 abundance.

Intriguingly, high temperature did not affect either the expression or the trafficking
of AUX1. This is not inconsistent as it has been shown that PINs and AUX1 trafficking
are regulated by two distinct regulatory pathways [40]. Internalization of AUX1 from
plasma membrane has been shown to be actin dependent. A high concentration of actin
depolymerizing drug LatB treatment resulted in intracellular agglomeration of AUX1 and
also affected the polarity in protophloem cells [40,41]. In this study, we did not observe
any change of AUX1 trafficking or localization in act7-4 mutant, indicating that AUX1
trafficking is not ACT7 dependent. This apparent discrepancy may be due to the fact that
a high concentration of actin depolymerizing drug wipes out all the actin resulting in
complete depletion of filamentous actin, while in act7-4 mutant actin filaments from ACT8
and ACT?2 isovariants still exist. This residual actin may be sufficient to stabilize AUX1 in
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the plasma membrane. Nevertheless, our results strongly suggest that AUX1 trafficking is
ACT7 independent.

No alteration of PINT and PIN2 expression under moderate-high temperature con-
firms that prolonged high temperature either inhibits PINs at translational level or boosts
ubiquitinated degradation or both. In act7-4 root, increased accumulation of internalized
PINT and PIN2 was observed at 23 °C, which disappeared after long-term high temperature
treatment. Reduced plasma membrane localization of PIN1 and PIN2 without internal
accumulation supports the idea that the reduction of the PIN abundance is possibly due
to inhibition of protein synthesis. Post translational regulation of proteins by various
stresses is not uncommon. For instance, prolonged high temperature has been reported
to promote the ubiquitinated degradation of brassinosteroid receptor BRI1 [54]. On the
other hand, PIN-LIKES 6 is down regulated through post translational modification after
long-term high-temperature treatment [55]. Cold stress down regulates SEC7 containing
ARF-GEF GNOM at translational level in Arabidopsis [56]. Long-term (Cs*) metal stress
reduces expression of cesium uptake transporters ABCG37 and ABCG33 without affecting
their transcription [57]. E3 ubiquitin ligase IRT Degradation Factor 1 (IDF1) degrades
ferrous Fe uptake transporter IRON-REGULATED TRANSPORTERT1 (IRT1) depending on
environmental conditions to maintain Fe homeostasis [58]. Although the detail mechanism
is still unclear, these results suggest that translational regulation of proteins is an important
regulatory mechanism for plant to combat various abiotic stresses.

Although ACT7 and ACTS8 have high homology (7% difference at amino acid level),
here we demonstrate that root thermomorphogenesis is linked to ACT7 but not ACTS.
This is possibly due to the subclass variance, and subtle changes in biochemical properties
between ACT7 and ACT8 [59]. Arabidopsis vegetative actin subclass Il is in a sister group
of the subclass I clade in the phylogenetic tree. Subclass I differs by 7% amino acid from
subclass II, and these classes of Arabidopsis actin are more closely related to the genes
from other plant species than they are to each other. ACT2/8 clade is closer to actin genes
from maize and rice compared to ACT7, while ACT7 is more similar to the genes from
pea, carrot, potato, and pine than ACTS, suggesting that they originated from different
lineages [59]. The differences between these two subclasses are also evident in their
amino acid compositions. While ACT2 and ACTS contain charged and polar residues at
position Asp5 and Asn50, these residues are absent in ACT7. His41 and ser170 of subclass
I are also replaced with Thr41 and Alal70 in subclass II. These subtle changes in amino
acid compositions have the potential to alter actin—actin or actin—actin binding protein
interactions [59]. Differential biochemical properties of ACT2 and ACT7 had already been
reported in terms of polymerization and phosphate release rates. Actin binding proteins,
profilin 1 and profilin 2 inhibit the polymerization of ACT7 while the effect is minimal on
ACT?2 [60]. In addition, the promoter region of these two subclasses also differ largely in
their binding elements [27,61] (http://www.athamap.de/search_gene.php, accessed on
30 May 2021). These changes in amino acid residues, biochemical properties and promoter
binding elements possibly contribute to the differential functional roles of subclass I and
subclass II actin for plant development and high temperature response.

4. Materials and Methods
4.1. Plant Materials

All marker lines and mutant are in the Columbia background of A. thaliana. PIN2-
GFP [62] was provided by Ben Scheres (University of Utrecht, Utrecht, the Netherlands),
PIN1-GFP was obtained from ABRC. AUX1-YFP was a gift from Malcolm Bennett (Univer-
sity of Nottingham, Nottingham, UK) [63,64]. Auxin marker lines [AA2-GUS was described
earlier [44]. For live cell imaging, the transgenic ABD2-GFP [32] was used. act7-4 and act8-2
were a gift from Rich Meagher (University of Georgia, Athens, GA, USA) and described
earlier [21,65]. PIN2-GFP, ABD2-GFP, AUX1-YFP, and IAA2-GUS transgenic lines were
generated by crossing, and F3 homozygous lines were used for microscopy observations.
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4.2. Growth Conditions

Surface-sterilized seeds were placed on modified Hoagland medium (Baskin and
Wilson, 1997) containing 1% (w/v) sucrose and 1% (w/v) agar (Difco Bacto agar; BD Labora-
tories, Sparks, MD, USA) (http:/ /www.bdbiosciences.com, accessed on 30 May 2021). Two
days after stratification at 4 °C in the dark, plates were transferred to a growth chamber
(NK System; LH-70CCFL-CT) at 23 °C under continuous white light at an irradiance of
80-90 umol m~2 s~ 1. The seedlings were grown vertically for 5 days. For root growth
assay, 5-day-old seedlings were transferred to new Hoagland plates and kept at 23 °C (NK
System; LH-70CCFL-CT, Tokyo, Japan) and 29 °C growth chamber (NK System; LH-1-
120.S, Tokyo, Japan) for 72-h treatment under continuous white light at an irradiance of
80-90 pmol m~2 s~1. Root growth elongation at different time point was carried out based
on the procedure described earlier.

All phenotypic images were taken by Canon Power Shot A640 (Canon, Japan) with-
out flash and using micro-focus function. Root elongation was measured using Image]J
(https:/ /imagej.nih.gov/ij/, accessed on 30 May 2021) software.

4.3. Kinematic Analysis

The cell production assay was performed as described earlier [23]. Seedlings were
grown vertically after stratification. Four-day-old seedlings were transferred to new
medium. Cortical cell length was measured after 72 h. To ensure newly matured cells were
scored, no cell was measured closer to the tip than the position where root hair length was
roughly half maximal. The length of 10 mature cortical cells per root and eight roots used
per treatment were measured. Cell production rate was calculated by taking the ratio of
root elongation rate and average cell length for each genotype.

4.4. Chemicals

Cell clearing solution (Visikol) was purchased from Visikol Inc., Hampton, NJ, USA
(https:/ /visikol.com/, accessed on 30 May 2021). All other chemicals were purchased from
Wako Pure Chemical Industries, Osaka, Japan.

4.5. GUS Staining

GUS staining was performed as described earlier [66]. In brief, 5-day-old seedlings
were transferred to a new agar plate and grown vertically at 23 and 29 °C under continuous
white light. After 72 h, IAA2-GUS and act7-4/act8-2 IAA2-GUS seedlings were transferred to
GUS staining buffer (100 mM sodium phosphate, pH 7.0, 10 mM EDTA, 0.5 mM potassium
ferricyanide, 0.5 mM potassium ferrocyanide, and 0.1% Triton X-100) containing 1 mM
X-gluc and incubated at 37 °C in the dark for 1 h. For cell clearing, Visikol was used as
per manufacturer’s instruction. The roots were imaged with a light microscope (Nikon
Diaphot) equipped with a digital camera control unit [Digital Sight (DS-L2); Nikon, Tokyo,
Japan (http://www.nikon.com/, accessed on 30 May 2021).

4.6. Quantification of GUS Staining

For quantification of GUS staining in root, the region of interest (ROI) was drawn and
integrated intensity was measured for each seedling at HSB stack (saturated level) using
the Image] software [67]. The intensity/area was measured for columella cells and vascular
tissue in meristematic region which is in arbitrary unit.

4.7. Live-Cell Imaging

To image GFP, the transferred seedlings were incubated at 23 and 29 °C under contin-
uous light for 72 h. After mounting on a large cover glass, the roots were imaged using a
Nikon laser-scanning microscope (Eclipse Ti equipped with Nikon C2 Si laser-scanning
unit) with a 20X /40X water objective. Fluorescence intensities were measured by drawing
a ROI in the images (Approximately 250 um from tip) obtained from live-cell imaging
using Image J software 1.8.0.
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4.8. Actin Quantification

Actin quantification was performed using Image] software 1.8.0 as described ear-
lier [33]. Before measurements of actin parameters, the confocal images were skeletonized
with using the Image] plug-in [34].

4.9. Gene Expression Analysis

RNA was extracted from the root tissue of 5-day-old vertically grown A. thaliana
seedlings incubated at 23 and 29 °C for 72 h, using RNA Extraction Kit (QIAGEN, Hilden,
Germany) with on-column DNA digestion to remove residual genomic DNA according to
manufacturer’s protocol. Extracted RNA was tested for quality and quantity. Each RNA
concentration was normalized with RNase-free water. Then, 1 pg of RNA was used to
make 20 pL cDNA using qPCR RT kit, TOYOBO CO., LTD. Semi-quantitative RT-PCR
was performed using 1 pL of cDNA. PCR conditions for PIN1: 95 °C—>5 min, 95° C—30s,
55°C—30s, 72 °C—30's, 72 °C—10 min, 10 °C—hold, 30 cycles. PCR condition for PIN2:
95 °C—>5 min, 95 °C—30's, 59 °C—30's, 72 °C—30 s, 72 °C—10 min, 10 °C—hold, 25 cycles.
EFlo was used as control. Data were obtained from three biological replicates.

4.10. Statistical Analysis

Results are expressed as the means 4= SE from the appropriate number of experiments
as described in the figure legends. Two-tailed Students t-test or Tukey—Kramer multiple
comparison tests were used to analyze statistical significance using R (https://www.r-
project.org/, accessed on 30 May 2021).

5. Conclusions

In this study, we demonstrated that root thermomorphogeneis is regulated by subclass
II specific actin isovariant ACT7, but not by the subclass I actin isovariant ACT8. Under
moderate long temperature stress, ACT7 plays a central role in maintaining optimal root
elongation through regulating actin dynamicity and PIN1 and PIN2 abundance. The
differential roles of ACT7 and ACTS can be attributed to the changes in amino acid residues,
biochemical properties and promoter binding elements. Further studies are required to
clarify the mechanistic basis of how ACT7 responds to high temperature.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms22147749 /s1, Figure S1: Effect of prolonged moderate-high temperature on PIN2 abun-
dance in act8-2 roots. Figure S2: Expression of PIN1 and PIN2 are not changed at the transcriptional
level under prolonged high temperature in Col-0 and act7-4. Figure S3: Auxin distribution in
act8-2 roots under prolonged moderate-high temperature. Table S1: List of primers used in the
present study.
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Abbreviations

EFla  Elongation Factor 1-«
PIN Pin-formed

AUX1 AUXIN RESISTANT 1
TIAA Indole-3-acetic Acid
NAA  1-Naphthaleneacetic acid
LAX Like AUX1

TIBA  2,3,5-Triiodobenzoic Acid
ABA Abscisic acid

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Lobell, D.B.; Schlenker, W.; Costa-Roberts, J. Climate Trends and Global Crop Production Since 1980. Science 2011, 333, 616-620.
[CrossRef]

Lesk, C.; Rowhani, P.; Ramankutty, N. Influence of extreme weather disasters on global crop production. Nat. Cell Biol. 2016, 529,
84-87. [CrossRef] [PubMed]

Lobell, D.; Field, C.B. Global scale climate—crop yield relationships and the impacts of recent warming. Environ. Res. Lett. 2007, 2.
[CrossRef]

IPCC. Climate Change 2013: The Physical Science Basis. In Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; Stocker, T.F,, Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A.,
Xia, Y., Bex, V., Midgley, PM., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2013; p. 1535.

Toh, S.; Imamura, A.; Watanabe, A.; Nakabayashi, K.; Okamoto, M.; Jikumaru, Y.; Hanada, A.; Aso, Y.; Ishiyama, K.; Tamura, N.;
et al. High Temperature-Induced Abscisic Acid Biosynthesis and Its Role in the Inhibition of Gibberellin Action in Arabidopsis
Seeds. Plant Physiol. 2008, 146, 1368-1385. [CrossRef] [PubMed]

Lim, S.; Park, J.; Lee, N.; Jeong, ].; Toh, S.; Watanabe, A.; Kim, J.; Kang, H.; Kim, D.H.; Kawakami, N.; et al. ABA-INSENSITIVE3,
ABA-INSENSITIVES5, and DELLAs Interact to Activate the Expression of SOMNUS and Other High-Temperature-Inducible
Genes in Imbibed Seeds in Arabidopsis. Plant Cell 2013, 25, 4863-4878. [CrossRef] [PubMed]

Martel, C.; Blair, L.K.; Donohue, K. PHYD prevents secondary dormancy establishment of seeds exposed to high temperature
and is associated with lower PIL5 accumulation. J. Exp. Bot. 2018, 69, 3157-3169. [CrossRef] [PubMed]

Warner, R.M.; Erwin, J.E. Naturally occurring variation in high temperature induced floral bud abortion across Arabidopsis thaliana
accessions. Plant Cell Environ. 2005, 28, 1255-1266. [CrossRef]

Sakata, T.; Oshino, T.; Miura, S.; Tomabechi, M.; Tsunaga, Y.; Higashitani, N.; Miyazawa, Y.; Takahashi, H.; Watanabe, M.;
Higashitani, A. Auxins reverse plant male sterility caused by high temperatures. Proc. Natl. Acad. Sci. USA 2010, 107, 8569-8574.
[CrossRef] [PubMed]

Vu, LD.; Xu, X.; Gevaert, K.; De Smet, I. Developmental Plasticity at High Temperature. Plant Physiol. 2019, 181, 399—411.
[CrossRef]

Kumar, S.V,; Lucyshyn, D.; Jaeger, K.E.; Alos, E.; Alvey, E.; Harberd, N.P.; Wigge, P.A. Transcription factor PIF4 controls the
thermosensory activation of flowering. Nat. Cell Biol. 2012, 484, 242-245. [CrossRef] [PubMed]

Stavang, J.A.; Gallego-Bartolomé, J.; Gomez, M.D.; Yoshida, S.; Asami, T.; Olsen, J.E.; Garcia-Martinez, J.L.; Alabadi, D.; Blazquez,
M.A. Hormonal regulation of temperature-induced growth in Arabidopsis. Plant ]. 2009, 60, 589—-601. [CrossRef]

Ibafiez, C.; Delker, C.; Martinez, C.; Biirstenbinder, K.; Janitza, P.; Lippmann, R.; Ludwig, W.; Sun, H.; James, G.V.; Klecker, M.;
et al. Brassinosteroids Dominate Hormonal Regulation of Plant Thermomorphogenesis via BZR1. Curr. Biol. 2018, 28, 303-310.e3.
[CrossRef] [PubMed]

Sun, J.; Qi, L,; Li, Y.; Chu, J.; Li, C. PIF4-Mediated Activation of YUCCAS8 Expression Integrates Temperature into the Auxin
Pathway in Regulating Arabidopsis Hypocotyl Growth. PLoS Genet. 2012, 8, €1002594. [CrossRef] [PubMed]

Franklin, K.A.; Lee, S.H,; Patel, D.; Kumar, S.V,; Spartz, AK.; Gu, C.; Ye, S.; Yu, P; Breen, G.; Cohen, J.; et al. PHYTOCHROME-
INTERACTING FACTOR 4 (PIF4) regulates auxin biosynthesis at high temperature. Proc. Natl. Acad. Sci. USA 2011, 108,
20231-20235. [CrossRef]

Hanzawa, T.; Shibasaki, K.; Numata, T.; Kawamura, Y.; Gaude, T.; Rahman, A. Cellular Auxin Homeostasis under High
Temperature Is Regulated through a SORTING NEXIN1-Dependent Endosomal Trafficking Pathway. Plant Cell 2013, 25,
3424-3433. [CrossRef] [PubMed]

Wang, R.; Zhang, Y.; Kieffer, M.; Yu, H.; Kepinski, S.; Estelle, M. HSP90 Regulates Temperature-Dependent Seedling Growth in
Arabidopsis by Stabilizing the Auxin Co-Receptor F-Box Protein TIR1. Nat. Commun. 2016, 7, 10269. [CrossRef]

Liu, L.; Zhang, Y.; Yu, H. Florigen trafficking integrates photoperiod and temperature signals in Arabidopsis. |. Integr. Plant Biol.
2020, 62. [CrossRef] [PubMed]

Zhou, Z.; Gong, Q.; January, C.T. Correction of Defective Protein Trafficking of a Mutant HERG Potassium Channel in Human
Long QT Syndrome. |. Biol. Chem. 1999, 274, 31123-31126. [CrossRef]

Muday, G.K.; DeLong, A. Polar auxin transport: Controlling where and how much. Trends Plant Sci. 2001, 6, 535-542. [CrossRef]


http://doi.org/10.1126/science.1204531
http://doi.org/10.1038/nature16467
http://www.ncbi.nlm.nih.gov/pubmed/26738594
http://doi.org/10.1088/1748-9326/2/1/014002
http://doi.org/10.1104/pp.107.113738
http://www.ncbi.nlm.nih.gov/pubmed/18162586
http://doi.org/10.1105/tpc.113.118604
http://www.ncbi.nlm.nih.gov/pubmed/24326588
http://doi.org/10.1093/jxb/ery140
http://www.ncbi.nlm.nih.gov/pubmed/29648603
http://doi.org/10.1111/j.1365-3040.2005.01361.x
http://doi.org/10.1073/pnas.1000869107
http://www.ncbi.nlm.nih.gov/pubmed/21051957
http://doi.org/10.1104/pp.19.00652
http://doi.org/10.1038/nature10928
http://www.ncbi.nlm.nih.gov/pubmed/22437497
http://doi.org/10.1111/j.1365-313X.2009.03983.x
http://doi.org/10.1016/j.cub.2017.11.077
http://www.ncbi.nlm.nih.gov/pubmed/29337075
http://doi.org/10.1371/journal.pgen.1002594
http://www.ncbi.nlm.nih.gov/pubmed/22479194
http://doi.org/10.1073/pnas.1110682108
http://doi.org/10.1105/tpc.113.115881
http://www.ncbi.nlm.nih.gov/pubmed/24003052
http://doi.org/10.1038/ncomms10269
http://doi.org/10.1111/jipb.13000
http://www.ncbi.nlm.nih.gov/pubmed/32729982
http://doi.org/10.1074/jbc.274.44.31123
http://doi.org/10.1016/S1360-1385(01)02101-X

Int. J. Mol. Sci. 2021, 22, 7749 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.

Kandasamy, M.K.; McKinney, E.C.; Meagher, R.B. A Single Vegetative Actin Isovariant Overexpressed under the Control of
Multiple Regulatory Sequences Is Sufficient for Normal Arabidopsis Development. Plant Cell 2009, 21, 701-718. [CrossRef]
Geldner, N.; Friml, J.; Stierhof, Y.-D.; Jiirgens, G.; Palme, K. Auxin Transport Inhibitors Block PIN1 Cycling and Vesicle Traf-ficking.
Nature 2001, 413, 425-428. [CrossRef] [PubMed]

Rahman, A ; Bannigan, A.; Sulaman, W.; Pechter, P.; Blancaflor, E.; Baskin, T.I. Auxin, actin and growth of the Arabidopsis thaliana
primary root. Plant . 2007, 50, 514-528. [CrossRef] [PubMed]

Kleine-Vehn, J.; Leitner, J.; Zwiewka, M.; Sauer, M.; Abas, L.; Luschnig, C.; Friml, J. Differential degradation of PIN2 auxin efflux
carrier by retromer-dependent vacuolar targeting. Proc. Natl. Acad. Sci. USA 2008, 105, 17812-17817. [CrossRef] [PubMed]

An, Y.-Q.; Mcdowell, ].M.; Huang, S.; Mckinney, E.C.; Chambliss, S.; Meagher, R.B. Strong, Constitutive Expression of the
Arabidopsis ACT2/ACT8 Actin Subclass in Vegetative Tissues. Plant J. 1996, 10, 107-121. [CrossRef] [PubMed]

Gilliland, L.U.; Pawloski, L.C.; Kandasamy, M.K.; Meagher, R.B. Arabidopsis Actin Gene ACT7plays an Essential Role in Ger-
mination and Root Growth. Plant |. 2003, 33, 319-328. [CrossRef]

McDowell, J.; An, Y.; Huang, S.; McKinney, E.C.; Meagher, R.B. The Arabidopsis ACT7 Actin Gene Is Expressed in Rapidly
Developing Tissues and Responds to Several External Stimuli. Plant Physiol. 1996, 111, 699-711. [CrossRef] [PubMed]

Yeh, C.-H.; Kaplinsky, N.; Hu, C.; Charng, Y.-Y. Some like it hot, some like it warm: Phenotyping to explore thermotolerance
diversity. Plant Sci. 2012, 195, 10-23. [CrossRef]

Shibasaki, K.; Uemura, M.; Tsurumi, S.; Rahman, A. Auxin Response in Arabidopsis under Cold Stress: Underlying Molecular
Mechanisms. Plant Cell 2009, 21, 3823-3838. [CrossRef] [PubMed]

Miiller, J.; Menzel, D.; Samaj, J. Cell-Type-Specific Disruption and Recovery of the Cytoskeleton in Arabidopsis thaliana Epi-dermal
Root Cells upon Heat Shock Stress. Protoplasma 2007, 230, 231-242. [CrossRef]

Fan, T.; Wang, R.; Xiang, Y.; An, L.; Cao, S. Heat stress induces actin cytoskeletal reorganization and transcript profiles of
vegetative profilins and actin depolymerizing factors (ADFs) in Arabidopsis. Acta Physiol. Plant. 2016, 38, 1-4. [CrossRef]

Wang, Y.S.; Motes, C.M.; Mohamalawari, D.R.; Blancaflor, E.B. Green Fluorescent Protein Fusions to Arabidopsis Fimbrin 1 for
Spatio-Temporal Imaging of F-Actin Dynamics in Roots. Cell Motil. Cytoskeleton 2004, 59, 79-93. [CrossRef]

Higaki, T.; Kutsuna, N.; Sano, T.; Kondo, N.; Hasezawa, S. Quantification and cluster analysis of actin cytoskeletal structures
in plant cells: Role of actin bundling in stomatal movement during diurnal cycles in Arabidopsis guard cells. Plant J. 2009, 61,
156-165. [CrossRef] [PubMed]

Ueda, H.; Yokota, E.; Kutsuna, N.; Shimada, T.; Tamura, K.; Shimmen, T.; Hasezawa, S.; Dolja, V.V.; Hara-Nishimura, I. Myosin-
dependent endoplasmic reticulum motility and F-actin organization in plant cells. Proc. Natl. Acad. Sci. USA 2010, 107, 6894-6899.
[CrossRef] [PubMed]

Blilou, L; Xu, J.; Wildwater, M.; Willemsen, V.; Paponov, L; Friml, J.; Heidstra, R.; Aida, M.; Palme, K.; Scheres, B. The PIN auxin
efflux facilitator network controls growth and patterning in Arabidopsis roots. Nat. Cell Biol. 2005, 433, 39—-44. [CrossRef] [PubMed]
Ugartechea-Chirino, Y.; Swarup, R.; Swarup, K.; Peret, B.; Whitworth, M.; Bennett, M.; Bougourd, S. The AUX1 LAX family of
auxin influx carriers is required for the establishment of embryonic root cell organization in Arabidopsis thaliana. Ann. Bot. 2009,
105, 277-289. [CrossRef]

Vieten, A.; Sauer, M.; Brewer, P.B.; Friml, J. Molecular and Cellular Aspects of Auxin-Transport-Mediated Development. Trends
Plant Sci. 2007, 12, 160-168. [CrossRef] [PubMed]

Vieten, A.; Vanneste, S.; Wisniewska, J.; Benkova, E.; Benjamins, R.; Beeckman, T.; Luschnig, C.; Friml, J. Functional redundancy
of PIN proteins is accompanied by auxin-dependent cross-regulation of PIN expression. Development 2005, 132, 4521-4531.
[CrossRef]

Kleine-Vehn, ].; Wabnik, K.; Martiniére, A.; Langowski, L.; Willig, K.; Naramoto, S.; Leitner, J.; Tanaka, H.; Jakobs, S.; Robert, S.;
et al. Recycling, clustering, and endocytosis jointly maintain PIN auxin carrier polarity at the plasma membrane. Mol. Syst Biol.
2011, 7, 540. [CrossRef]

Kleine-Vehn, J.; Dhonukshe, P.; Swarup, R.; Bennett, M.; Friml, J. Subcellular Trafficking of the Arabidopsis Auxin Influx Carrier
AUX1 Uses a Novel Pathway Distinct from PIN1. Plant Cell 2006, 18, 3171-3181. [CrossRef]

Du, C,; Xu, Y,; Wang, Y.; Chong, K. Adenosine Diphosphate Ribosylation Factor-GTPase-Activating Protein Stimulates the
Transport of AUX1 Endosome, Which Relies on Actin Cytoskeletal Organization in Rice Root Development. J. Integr. Plant Biol.
2011, 53, 698-709. [CrossRef]

Rosquete, M.R.; Barbez, E.; Kleine-Vehn, J. Cellular Auxin Homeostasis: Gatekeeping Is Housekeeping. Mol. Plant 2012, 5,
772-786. [CrossRef]

Peer, W.A.; Blakeslee, ].J.; Yang, H.; Murphy, A.S. Seven Things We Think We Know about Auxin Transport. Mol. Plant 2011, 4,
487-504. [CrossRef]

Luschnig, C.; Gaxiola, R.A.; Grisafi, P; Fink, G.R. EIR1, a root-specific protein involved in auxin transport, is required for
gravitropism in Arabidopsis thaliana. Genes Dev. 1998, 12, 2175-2187. [CrossRef]

Numata, T.; Sugita, K.; Ahamed Rahman, A.; Rahman, A. Actin Isovariant ACT7 Regulates Root Meristem Development in
Arabidopsis through Modulating 1 Auxin and Ethylene Responses. bioRxiv 2021. [CrossRef]

Maisch, J.; Nick, P. Actin Is Involved in Auxin-Dependent Patterning. Plant Physiol. 2007, 143, 1695-1704. [CrossRef]

Li, K.; Kamiya, T.; Fujiwara, T. Differential Roles of PIN1 and PIN2 in Root Meristem Maintenance under Low-B Conditions in
Arabidopsis thaliana. Plant Cell Physiol. 2015, 56, 1205-1214. [CrossRef] [PubMed]


http://doi.org/10.1105/tpc.108.061960
http://doi.org/10.1038/35096571
http://www.ncbi.nlm.nih.gov/pubmed/11574889
http://doi.org/10.1111/j.1365-313X.2007.03068.x
http://www.ncbi.nlm.nih.gov/pubmed/17419848
http://doi.org/10.1073/pnas.0808073105
http://www.ncbi.nlm.nih.gov/pubmed/19004783
http://doi.org/10.1046/j.1365-313X.1996.10010107.x
http://www.ncbi.nlm.nih.gov/pubmed/8758981
http://doi.org/10.1046/j.1365-313X.2003.01626.x
http://doi.org/10.1104/pp.111.3.699
http://www.ncbi.nlm.nih.gov/pubmed/8754679
http://doi.org/10.1016/j.plantsci.2012.06.004
http://doi.org/10.1105/tpc.109.069906
http://www.ncbi.nlm.nih.gov/pubmed/20040541
http://doi.org/10.1007/s00709-006-0239-2
http://doi.org/10.1007/s11738-016-2061-6
http://doi.org/10.1002/cm.20024
http://doi.org/10.1111/j.1365-313X.2009.04032.x
http://www.ncbi.nlm.nih.gov/pubmed/20092030
http://doi.org/10.1073/pnas.0911482107
http://www.ncbi.nlm.nih.gov/pubmed/20351265
http://doi.org/10.1038/nature03184
http://www.ncbi.nlm.nih.gov/pubmed/15635403
http://doi.org/10.1093/aob/mcp287
http://doi.org/10.1016/j.tplants.2007.03.006
http://www.ncbi.nlm.nih.gov/pubmed/17369077
http://doi.org/10.1242/dev.02027
http://doi.org/10.1038/msb.2011.72
http://doi.org/10.1105/tpc.106.042770
http://doi.org/10.1111/j.1744-7909.2011.01059.x
http://doi.org/10.1093/mp/ssr109
http://doi.org/10.1093/mp/ssr034
http://doi.org/10.1101/gad.12.14.2175
http://doi.org/10.1101/2021.05.12.443766
http://doi.org/10.1104/pp.106.094052
http://doi.org/10.1093/pcp/pcv047
http://www.ncbi.nlm.nih.gov/pubmed/25814435

Int. J. Mol. Sci. 2021, 22, 7749 16 of 16

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Li, G,; Liang, W.; Zhang, X.; Ren, H.; Hu, ].; Bennett, M.; Zhang, D. Rice actin-binding protein RMD is a key link in the auxin-actin
regulatory loop that controls cell growth. Proc. Natl. Acad. Sci. USA 2014, 111, 10377-10382. [CrossRef] [PubMed]
Pandya-Kumar, N.; Shema, R.; Kumar, M.; Mayzlish-Gati, E.; Levy, D.; Zemach, H.; Belausov, E.; Wininger, S.; Abu-Abied, M.;
Kapulnik, Y. Strigolactone Analog GR24 Triggers Changes in PIN2 Polarity, Vesicle Trafficking and Actin Filament Architecture.
New Phytol. 2014, 202, 1184-1196. [CrossRef] [PubMed]

Kumar, M.; Pandya-Kumar, N.; Dam, A.; Haor, H.; Mayzlish-Gati, E.; Belausov, E.; Wininger, S.; Abu-Abied, M.; McErlean, C.;
Bromhead, L.J.; et al. Arabidopsis response to low-phosphate conditions includes active changes in actin filaments and PIN2
polarization and is dependent on strigolactone signalling. . Exp. Bot. 2015, 66, 1499-1510. [CrossRef]

Zou, M.; Ren, H.; Li, ]. An Auxin Transport Inhibitor Targets Villin-Mediated Actin Dynamics to Regulate Polar Auxin Transport.
Plant Physiol. 2019, 181, 161-178. [CrossRef] [PubMed]

Nagawa, S.; Xu, T; Lin, D.; Dhonukshe, P.; Zhang, X.; Friml, J.; Scheres, B.; Fu, Y.; Yang, Z. ROP GTPase-Dependent Actin
Microfilaments Promote PIN1 Polarization by Localized Inhibition of Clathrin-Dependent Endocytosis. PLoS Biol. 2012, 10,
€1001299. [CrossRef]

Lin, D.; Nagawa, S.; Chen, J.; Cao, L.; Chen, X.; Xu, T,; Li, H.; Dhonukshe, P.; Yamamuro, C.; Friml, J. A ROP GTPase-Dependent
Auxin Signaling Pathway Regulates the Subcellular Distribution of PIN2 in Arabidopsis Roots. Curr. Biol. 2012, 22, 1319-1325.
[CrossRef] [PubMed]

Martins, S.; Jorda, A.M.; Cayrel, A.; Huguet, S.; Roux, C.P--L.; Ljung, K.; Vert, G. Brassinosteroid signaling-dependent root
responses to prolonged elevated ambient temperature. Nat. Commun. 2017, 8, 1-11. [CrossRef] [PubMed]

Feraru, E.; Feraru, M.I; Barbez, E.; Waidmann, S.; Sun, L.; Gaidora, A.; Kleine-Vehn, J. PILS6 Is a Temperature-Sensitive Reg-ulator
of Nuclear Auxin Input and Organ Growth in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2019, 116, 3893-3898. [CrossRef]
[PubMed]

Ashraf, M.A.; Rahman, A. Cold stress response in Arabidopsis thaliana is mediated by GNOM ARF-GEF. Plant ]. 2018, 97, 500-516.
[CrossRef]

Ashraf, M.A.; Akihiro, T.; Ito, K.; Kumagai, S.; Sugita, R.; Tanoi, K.; Rahman, A. ATP binding cassette proteins ABCG37 and
ABCGS33 function as potassium-independent cesium uptake carriers in Arabidopsis roots. Mol. Plant 2021, 14, 664-678. [CrossRef]
Shin, L.-J; Lo, J.-C.; Chen, G.-H.; Callis, J.; Fu, H.; Yeh, K.-C. IRT1 DEGRADATION FACTORI, a RING E3 Ubiquitin Ligase,
Regulates the Degradation of IRON-REGULATED TRANSPORTER1 in Arabidopsis. Plant Cell 2013, 25, 3039-3051. [CrossRef]
McDowell, J.; Huang, S.; McKinney, E.C.; An, Y.-Q.; Meagher, R.B. Structure and Evolution of the Actin Gene Family in Arabidopsis
thaliana. Genetics 1996, 142, 587-602. [CrossRef]

Kijima, S.; Hirose, K.; Kong, S.-G.; Wada, M.; Uyeda, T.Q. Distinct Biochemical Properties of Arabidopsis thaliana Actin Isoforms.
Plant Cell Physiol. 2015, 57, 46-56. [CrossRef]

Kandasamy, M.K,; Gilliland, L.U.; Mckinney, E.C.; Meagher, R.B. One Plant Actin Isovariant, ACT7, Is Induced by Auxin and
Required for Normal Callus Formation. Plant Cell 2001, 13, 1541-1554. [CrossRef]

Xu, J.; Scheres, B. Dissection of Arabidopsis ADP-RIBOSYLATION FACTOR 1 Function in Epidermal Cell Polarity. Plant Cell 2005,
17,525-536. [CrossRef]

Swarup, R.; Kargul, J.; Marchant, A.; Zadik, D.; Rahman, A.; Mills, R.; Yemm, A.; May, S.; Williams, L.; Millner, P. Struc-
ture-Function Analysis of the Presumptive Arabidopsis Auxin Permease AUX1. Plant Cell 2004, 16, 3069-3083. [CrossRef]
[PubMed]

Swarup, R.; Friml, J.; Marchant, A.; Ljung, K.; Sandberg, G.; Palme, K.; Bennett, M. Localization of the auxin permease AUX1
suggests two functionally distinct hormone transport pathways operate in the Arabidopsis root apex. Genes Dev. 2001, 15,
2648-2653. [CrossRef] [PubMed]

Takahashi, M.; Umetsu, K.; Oono, Y.; Higaki, T.; Blancaflor, E.B.; Rahman, A. Small Acidic Protein 1 and SCFTIR1 Ubiquitin
Proteasome Pathway Act in Concert to Induce 2,4-Dichlorophenoxyacetic Acid-Mediated Alteration of Actin in Arabidopsis Roots.
Plant J. 2017, 89, 940-956. [CrossRef] [PubMed]

Okamoto, T.; Tsurumi, S.; Shibasaki, K.; Obana, Y.; Takaji, H.; Oono, Y.; Rahman, A. Genetic Dissection of Hormonal Responses in
the Roots of Arabidopsis Grown under Continuous Mechanical Impedance. Plant Physiol. 2008, 146, 1651-1662. [CrossRef]
Béziat, C.; Kleine-Vehn, ].; Feraru, E. Histochemical Staining of 3-Glucuronidase and Its Spatial Quantification. Plant Horm. 2016,
1497, 73-80. [CrossRef]


http://doi.org/10.1073/pnas.1401680111
http://www.ncbi.nlm.nih.gov/pubmed/24982173
http://doi.org/10.1111/nph.12744
http://www.ncbi.nlm.nih.gov/pubmed/24571327
http://doi.org/10.1093/jxb/eru513
http://doi.org/10.1104/pp.19.00064
http://www.ncbi.nlm.nih.gov/pubmed/31311831
http://doi.org/10.1371/journal.pbio.1001299
http://doi.org/10.1016/j.cub.2012.05.019
http://www.ncbi.nlm.nih.gov/pubmed/22683260
http://doi.org/10.1038/s41467-017-00355-4
http://www.ncbi.nlm.nih.gov/pubmed/28827608
http://doi.org/10.1073/pnas.1814015116
http://www.ncbi.nlm.nih.gov/pubmed/30755525
http://doi.org/10.1111/tpj.14137
http://doi.org/10.1016/j.molp.2021.02.002
http://doi.org/10.1105/tpc.113.115212
http://doi.org/10.1093/genetics/142.2.587
http://doi.org/10.1093/pcp/pcv176
http://doi.org/10.1105/TPC.010026
http://doi.org/10.1105/tpc.104.028449
http://doi.org/10.1105/tpc.104.024737
http://www.ncbi.nlm.nih.gov/pubmed/15486104
http://doi.org/10.1101/gad.210501
http://www.ncbi.nlm.nih.gov/pubmed/11641271
http://doi.org/10.1111/tpj.13433
http://www.ncbi.nlm.nih.gov/pubmed/27885735
http://doi.org/10.1104/pp.107.115519
http://doi.org/10.1007/978-1-4939-6469-7_8

	Introduction 
	Results 
	Effect of Prolonged Moderate-High Temperature on Root Elongation 
	ACTIN7 Plays an Important Role in Modulating Primary Root Growth under Prolonged High Temperature 
	Long-Term Moderate-High Temperature Alters Intracellular Actin Organization in act7-4 
	Prolonged Moderate-High Temperature Treatment Reduces the Abundance of Auxin Efflux Transporters PIN1 and PIN2 
	Moderate-High Temperature Treatment Does Not Affect the Expression of Auxin Influx Transporter AUX1 
	Intracellular Auxin Distribution Is Altered by Long-Term Moderate-High Temperature Treatment 

	Discussion 
	Materials and Methods 
	Plant Materials 
	Growth Conditions 
	Kinematic Analysis 
	Chemicals 
	GUS Staining 
	Quantification of GUS Staining 
	Live-Cell Imaging 
	Actin Quantification 
	Gene Expression Analysis 
	Statistical Analysis 

	Conclusions 
	References

