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Drought causes a major constraint on plant growth, development, and crop productivity.
Drought stress enhances the synthesis and mobilization of the phytohormone abscisic
acid (ABA). Enhanced cellular levels of ABA promote the production of reactive oxygen
species (ROS), which in turn induce anion channel activity in guard cells that consequently
leads to stomatal closure. Although Cyclophilins (CYPs) are known to participate in the
biotic stress response, their involvement in guard cell ABA signaling and the drought
response remains to be established. The Arabidopsis thaliana gene ROC3 encodes
a CYP. Arabidopsis roc3 T-DNA mutants showed a reduced level of ABA-activated
S-type anion currents, and stomatal closure than wild type (WT). Also, roc3 mutants
exhibited rapid loss of water in leaf than wild type. Two complementation lines of
roc3 mutants showed similar stomatal response to ABA as observed for WT. Both
complementation lines also showed similar water loss as WT by leaf detached assay.
Biochemical assay suggested that ROC3 positively regulates ROS accumulation by
inhibiting catalase activity. In response to ABA treatment or drought stress, roc3 mutant
show down regulation of a number of stress responsive genes. All findings indicate that
ROCS3 positively regulates ABA-induced stomatal closure and the drought response by
regulating ROS homeostasis and the expression of various stress-activated genes.

Keywords: ROC3, abscisic acid, stomatal closure, drought stress, anion channel, reactive oxygen species,
catalase

INTRODUCTION

Drought stress causes a major constraint on plant growth, development, and productivity
(Langridge and Reynolds, 2015). Stomata are surrounded by pairs of specialized epidermal cells
termed guard cells, and which are essential for controlling gas exchange (carbon dioxide and
oxygen) and water loss. Plants have the ability to adapt to drought stress by regulating stomatal
closure (Agurla et al., 2018). The turgor and volume of the pair of guard cells determine the extent
of the stomata’s aperture (Schroeder et al., 2001). Various environmental cues regulate stomatal
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movement, but at the cellular level the most critical factor is the
phytohormone abscisic acid (ABA) (Raghavendra et al., 2010;
Kollist et al., 2014; Osakabe et al., 2014; Murata et al., 2015).
During moisture deficiency, ABA synthesis in the leaf vasculature
is enhanced and the hormone is transported to guard cells (Seo
and Koshiba, 2011; Munemasa et al., 2015). The accumulation
of ABA activates S-type anion channels in guard cells, resulting
in an efflux of anions and a consequent decreases in guard cells’
turgor, which eventually induces stomatal closure (Li et al., 2000;
Wang et al., 2001; Vahisalu et al., 2008).

The simultaneous functions of many signaling molecules in
guard cells provide stomatal defense response against drought
stress. Reactive oxygen species (ROS) are major secondary
messengers which play a crucial role in ABA-triggered stomatal
closure (Pei et al., 2000; Zhang et al., 2001; Kwak et al., 2003;
Bright et al, 2006; Miao et al., 2006; Murata et al., 2015).
Drought stress induces the accumulation of ABA in guard cells,
subsequently that leads to the activation of NADPH oxidase
and the promotion of ROS production. The elevated level of
ROS can also enhance the level of NO and cytosolic calcium.
As a result, plasma membrane localized anion channels in
guard cells are activated, consequently that leads to the efflux
of anions and stomatal closure (Pei et al., 2000; Schroeder
et al, 2001; Kwak et al., 2003; Mori et al., 2006; Munemasa
et al., 2015). However, oxidative stress is induced in response
to high concentration of ROS that causes injuries in plant
cells. Hence plant cells are equipped with the antioxidant
systems composed of superoxide dismutase (SOD), glutathione
peroxidase (GPX), ascorbate peroxidase (APX), catalase (CAT),
and non-enzymatic antioxidants to control the homeostasis of
ROS (Willekens et al., 1997; Corpas et al., 2001; Mittler, 2002;
Apel and Hirt, 2004; Nyathi and Baker, 2006; Palma et al., 2009;
Jannat et al., 2011). However, uncontrolled action of antioxidant
systems could reduce appropriate levels of ROS that function
as secondary messengers, which would negatively impact the
ABA and/or drought signal transduction systems. It is unknown
how antioxidant systems are regulated during ABA and drought
signaling to maintain the suitable levels of ROS in plants.

The Cyclophilins (CYPs) belong to a large class of proteins,
referred to as the immunophilins. This class of protein is
widely distributed across both prokaryotes and eukaryotes
(Handschumacher et al., 1984; Wang et al., 2005; Kim et al,
2012). Plant CYPs have been shown to participate in a
diversity of physiological processes, including protein folding,
transcriptional regulation, and stress response (Santos and Park,
2019). For example, the rice protein CYP18-2, regulates the
transcription and post-transcriptional modification of a number
of stress-related genes (Lee et al, 2015), and over-expression
of rice CYP19-4 could enhance the plant cold tolerance as well
(Yoon et al., 2016). There are 29 genes predicted to encode CYP
or CYP-like proteins in the Arabidopsis thaliana genome (He
et al., 2004). The ROC3 (also known as AtCYP19-1) has been
shown to boost the plant’s ability to withstand infection by the
pathogen Pseudomonas syringae (Pogorelko et al., 2014). The
present experiments were designed to explore whether ROC3 also
plays any roles in drought stress tolerance and ABA signaling in
A. thaliana.

MATERIALS AND METHODS

Plant Materials and Growing Conditions

The A. thaliana, Columbia-0 (Col-0) was used as the wild-
type (WT) for all experiments in this study. Seeds of the
two T-DNA insertion mutants, roc3-1 (SALK_063724c) and -
2 (SALK_095698c), in Columbia-0 background, were obtained
from Arabidopsis Biological Resource Center (http://abrc.osu.
edu/). The homozygous status of both T-DNA mutants was
verified using a PCR assay (primer sequences are given in
Supplementary Table 1). Seeds were surface sterilized in 75%
v/v ethanol for 3 min, followed by 1min in 95% v/v ethanol
and then dried in air. The sterilized seeds were plated on
half strength Murashige and Skoog (1962) medium (1/2 MS)
containing 0.7% w/v agar. The plates were kept in the dark for
3 days at 4°C for vernalization, then transferred to a controlled
growth chamber (~70% relative humidity) for 7-10 days, with
16 h photoperiod (100 jtmol m~2s~! fluorescent lamp light) and
day/night temperature regime of 22 4= 1°C/16 + 4°C. Thereafter,
the seedlings were transplanted to pots containing mixture of
soil and vermiculite (2:1 (v/v), and transferred back to the
growth chamber.

Generation of Transgenic Plants Harboring

pROCS3::GUS and GUS Assay

The ROC3 native promoter, 1854 bp fragment upstream of the
initiation codon (from CTTCTCACAT to AAAAAAAGAA of
WT genomic DNA), was PCR-amplified from WT genomic DNA
using the primer pair ROC3-GUS-F/R (sequences are given in
Supplementary Table 1) and the amplicon was inserted into the
HindIII and Smal cloning sites of the pCambia-ubiGUS vector to
generate the construct pROC3::GUS. The recombinant plasmid
was introduced into Agrobacterium tumefaciens strain GV3101,
then transformed into Arabidopsis via Agrobacterium-mediated
transformation using the floral dip technique (Clough and Bent,
1998). pROC3::GUS activity was detected in seedling (2-week-
old), root (2-week-old), leaf (2-week-old), flower (6-week-old),
silique (8-week-old), and guard cells (4-week-old) of transgenic
plants. The described plant tissues were immersed for ~3h at
37°C in 50 mM sodium phosphate buffer (pH 7.2) containing
2mM X-Gluc, 2mM K3Fe(CN)g, 2 mM KyFe(CN)g, 0.1% v/v
Triton X-100, and 10 mM EDTA. Subsequently, the samples were
incubated in absolute ethanol to remove chlorophyll and then
inspected under a stereomicroscope (SZX2-ILLT; OLYMPUS,
Tokyo, Japan). For ABA treatment tests, the samples were
treated with 50 WM ABA or absolute ethanol (solvent control)
respectively for 2.5h before staining. Relative GUS activity was
quantified from three independent biological replicates using
Image] open source software (v. 1.37, https://imagej.nih.gov/ij/).

Subcellular Localization Assay of ROC3

To generate the construct p35S:ROC3-GFP, the full length
cDNA of ROC3 was PCR-amplified from WT cDNA using
the primer pair ROC3-GFP-F/R (Supplementary Table 1) and
the amplicon inserted into the BamHI and Sall sites of the
pBI221-GFP vector, with the GFP in the carboxyl terminus (Lin
et al, 2009). The plasmids p35S::GFP, p35S::ROC3-GFP and
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p35S::AHL22-RFP (used as a nuclear localization marker) (Xiao
et al., 2009) were isolated with NucleoBond® Xtra Midi Kit
(Macherey-Nagel, Germany) and transfected into Arabidopsis
mesophyll protoplasts (Sheen, 2001). The protoplast cultures
were incubated in the dark for 16 h at 23°C and then fluorescence
was assessed using laser scanning confocal microscopy (LSM880;
Carl Zeiss, Oberkochen, Germany). The GFP signal was detected
at excitation wavelengths of 488 and emission between 495 and
540 nm. The excitation of RFP was conducted at 543 nm, with
emission being captured between 580 and 620 nm.

Stomatal Aperture Assay

The bioassay for stomatal aperture was performed as reported
by Li et al. (2016) with a slight modification. In short, the
leaves of 4-week-old plants were excised and incubated in closure
buffer (20mM KCl, 1 mM CaCl,, 5mM MES-KOH, pH 6.15)
at 23°C for 2.5h in light (100 pmol m~2s~! fluorescent lamp
light), then added ABA (1, 10, 50 pM), 20 mM 3-amino-1,2,4-
triazole (AT, an inhibitor of catalase) (Jannat et al., 2011),
100 uM H, 0, or absolute ethanol (solvent control) respectively
for an additional 2.5h in the same incubation place and
condition. Subsequently, abaxial epidermal strips were peeled off
and immediately photographed by a light inverted microscope.
Stomatal aperture width and length were measured by the open
access software Image] (v1.37, https://imagej.nih.gov/ij/). Each
experiment included at least three biological replicates, with no
fewer than 60 guard cells that were measured per each sample.
The Student’s ¢-test was used to determine whether differences
between mean values were statistically significant.

Drought Stress and Water Loss

Experiments

Seedlings were potted into the soil/vermiculite mixture and
grown for about 4 weeks in well-watered condition, then water
was withheld for 3 weeks. At the end of the treatment, the plants
were re-watered over a 3 d period and photographed. Water loss
assay from detached rosette leaves was sampled from 4-week-old
well-watered plants. Detached rosette leaves were placed on filter
paper in the light at room temperature and measured by weighing
the leaves every 30 min over a 3 h period to measure the rate of
water loss. The entire experiment was performed at least three
biological replicates in the controlled growth chamber under the
same light condition.

qRT-PCR Assay

Two-week-old seedlings grown on a half-strength Murashige-
Skoog (1/2 MS) medium (0.7% w/v agar) were incubated in liquid
1/2MS for 24h in a growth chamber (~70% relative humidity,
16 h photoperiod, 100 wmol m~2s~! fluorescent lamp light, 22
£ 1°C/16 £ 4°C). Then the first set of seedlings was transferred
to 1/2MS liquid medium containing ABA (final concentration
50 wM); and a second set of seedlings was exposed on filter
paper for drought treatment. Both ABA and drought treated
seedlings, together with their control samples, were placed
in the controlled growth chamber. Treated samples and their
controls were collected at the same time after treatments, and
snap-frozen in liquid nitrogen. RNA extracted from the frozen

seedlings using the TRIzol reagent (Sigma-Aldrich, St. Louis,
United States), was used to synthesize cDNA using a 5X All-In-
One MasterMIX (with an AccuRT Genomic DNA Removal Kit
(ABM, Canada). A quantitative real time (qQRT)-PCR assay was
performed using the FastStart Universal SYBR Green master mix
(Roche, Basel, Switzerland) and the ROC3-qRT-F/R and ACTIN2-
qRT-F/R primer pairs (Supplementary Table 1). qRT-PCR was
also performed to quantify the transcript abundances of various
genes encoding ROS signaling enzymes and stress-responsive
proteins using specific primer pairs (Supplementary Table 1).
All the quantitative analyses included three independent
biological replicates, and each replicate contained three technical
duplicates. ACTIN2 used as the internal reference. The reaction
steps were firstly pre-incubated at 95°C for 300s, then ran 40
cycles with 95°C for 15s, 58°C for 15s, and 72°C for 20s.
CFX Connect™ Real-Time PCR Detection System (Bio-Rad,
California, U.S.A.) was used and the data was quantified by the
AACt method.

Complementation of the roc3

Loss-of-Function Mutants

The ROC3 open reading frame was PCR-amplified
from Col-0 cDNA wusing the primer pair ROC3-C-F/R
(Supplementary Table 1). The amplicon was inserted into
the Smal and Sacl cloning sites of pROC3::GUS vector to
generate the transgene construct pROC3::ROC3. Agrobacterium
tumefaciens (strain GV3101) was transformed using this
construct. The roc3-1 and roc3-2 mutants were transformed via
Agrobacterium mediated transformation using the floral dip
method (Clough and Bent, 1998). Transformants were selected
on 1/2MS Agar medium containing 30 mg/L hygromycin.
ROC3 complementation lines generated from roc3-1 and roc3-2
mutants were named as C-1 and C-2, respectively.

Guard Cell Isolation and Electrophysiology
A. thaliana guard cell protoplasts were isolated as described
previously (Zhang et al., 2008) with slight modifications. In brief,
10-12 rosette leaves from 4-week-old plants were cut off, and
epidermal strips were peeled off. Then, the peeled epidermal
strips were blended in a blender filled with 750 mL cold distilled
water for 30s, and filtered through a 100-pm nylon mesh and
placed in a 10mL beaker filled with 2mL enzyme solution I
[0.7% Cellulysin cellulase, 0.1% PVP-40, 0.25% BSA in 55% basic
solution (5mM MES, 0.5mM CaCl,, 0.5mM MgCl,, 0.5 mM
ascorbic acid, 10 uM KH,POy, 0.55M sorbitol, pH 5.5)]. The
beaker was placed in a water bath shaker and shook at 80 rpm
for 30min at 28°C, then 2mL basic solution was added to
enzyme solution I and shook for another 10 min. After that, the
strips were filtered through a 100-pm nylon mesh and placed
in beaker containing 2mL enzyme solution II (1.5% Onuzuka
cellulase RS, 0.01% cellulase Y-23, 0.25% BSA in 100% basic
solution), and shaking was continued at 60 rpm for at least
15 min. Subsequently, the materials were mixed by pipetting up
and down with a 1-mL pipette and filtered through a 30-um
nylon mesh. The protoplasts were centrifuged at 800 rpm for
5 min and washed twice with basic solution.
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The whole-cell mode patch-clamp electrophysiology tests
were carried out as described in the previous articles (Schroeder
and Hagiwara, 1989; Pei et al., 1997; Vahisalu et al., 2008; Acharya
et al., 2013). For anion current recordings, the bath solution
contained 2 mM MgCl,, 30 mM CsCl, 1 mM CaCl,, 10 mM MES-
Tris (pH 5.6) and the osmolarity of this solution was adjusted
to 480 mOsm with sorbitol. The pipette solution contained
150 mM CsCl, 2mM MgCl,, 6.7mM EDTA, 3.35mM CaCl,,
and 10 mM HEPES (pH 7.5), the osmolarity of this solution was
adjusted to 500 mOsm with sorbitol. ATP (10 mM Mg-ATP) and
GTP (10 mM) were added to it before experiments. The whole-
cell currents were recorded using the Axopath-200B amplifier
(Molecular Devices, Downingtown, PA, USA) after the whole-cell
configuration was achieved. The holding potential was +30 mV
and voltage steps were applied from —145 to +35mV with
+30mV increments, and each test voltage lasted 60s. For ABA
treatment tests, guard cell protoplasts were treated with 50 uM
ABA for at least 1h before measurement. In order to obtain the
currents and draw the current density voltage plots, pPCLAMP
software (version10.2; Axon Instruments, Sunnyvale, CA, USA)
and SigmaPlot 12.0 (Systat Software, Richmond, CA, USA) were
used respectively.

Quantification of Guard Cell ROS and Leaf

H>0, and Catalase Levels

Quantification ROS content of both WT and roc3 guard cells was
performed using the fluorescent dye CM-H,DCFDA (Thermo
Fisher, Waltham, MA, USA) as described previously with slight
modifications (Miao et al.,, 2006; Zhang et al., 2011). In order
to open the stomata, abaxial epidermis strips were prepared
from the leaves of 4-week-old plants and immersed in 1 mM
CaCly, 20 mM KCI, 5mM MES-KOH (pH 6.15) for 2.5h in the
light; then added 50 LM ABA or absolute ethanol as solvent
control and the incubation continued for an additional 2.5h.
At the end of this period, the epidermal peels were transferred
to aqueous 50 uM CM-H,DCFDA for 10 min in the dark, then
rinsed at least three times in distilled water to remove excess dye.
The H,DCFDA fluorescence was captured using laser scanning
confocal microscope and inverted fluorescence microscope (TI-
1; NIKON, Tokyo, Japan), and the fluorescence intensity was
quantified by using Image] software.

To measure the leaf H;O, content, the leave samples (4-
week-old) were first weighed and immersed in liquid buffer
(20 mM KCI, 1 mM CaCl,, 5 mM MES-KOH, pH 6.15) for 2.5h,
then added 50 uM ABA or absolute ethanol (solvent control),
and the incubation continued for a additional 2.5h. Snap-
frozen leaf material was ground to a powder and processed
using a commercial H,O, content determination kit (Comin,
Suzhou, China) according to the supplier’s protocol. Finally,
200 pL aliquots of these reaction mix were pipetted into
plates, and their absorbance at 415nm was measured; H,O,
content was calculated according to the formula: HO; (imol/g)
= 267 x (AA — 0.0006) — W (AA =
—Abpank> W : sample weight).

Catalase assay were performed using a CAT detection kit
(Comin, Suzhou, China). The samples were treated as described

Asample -

above in the method of H,O, content assay. Then catalase
extraction was performed according to the manufacturers
instruction. To quantify catalase, 10 pL aliquot of the extract
added to 190 wL of Comin catalase reaction solution in a
96-well UV plate. The reactions’ absorbance at 240 nm was
recorded immediately (A1) and subsequently after 1 min (A2).
Catalase activity was calculated on the basis of the formula:
CAT (nmol/min/g) = 918 x AA = W (AA = Al —
—A2, W : sample weight).

RESULTS

The Response of ROC3 to ABA Treatment

and Drought Stress

Gene expression profiles of ROC3 showed that the gene
was induced by both ABA treatment and drought stress
(Figures 1A,B). To test spatial expression of ROC3 promoter,
histochemical analysis was performed in transgenic plants
expressing pROC3::GUS construct. GUS expression was observed
in seedling, leaf, flower, and silique (Figures 1D-G). Besides,
ROC3 promoter was mildly induced in the guard cells of plants
treated with ABA (Figures 1C,H,I). Transient expression of
GFP-tagged ROC3 (p35S::ROC3-GFP) in Arabidopsis mesophyll
protoplasts showed that ROC3 located in both the cytoplasm
and the nucleus (Figure 1J). To further confirm the nucleus
localization of ROC3, the p358::ROC3-GFP was co-transformed
into protoplasts with the p35S:AHL22-RFP (AHL22, a known
nucleus protein), and the GFP and RFP signals substantially
overlapped in the nucleus (Figure 1J).

The Stomatal Closure in roc3 Is
Hyposensitive to ABA and roc3 Mutants

Show a Lower Tolerance to Drought Stress
Since the expression of ROC3 could be induced by ABA
(Figure 1A) and pROC3:GUS was expressed in guard cells
(Figures 1H,I), we hypothesized that ROC3 may play a role in
ABA-regulated stomatal movement. Two independent T-DNA
insertion roc3 mutants (Figures 2A,B; Supplementary Figure 1)
were used to examine the role of ROC3 in stomatal closure.
Under control conditions, stomatal apertures did not show
significant difference between either of the roc3 mutants and W'T,
but when leaves were treated with a range of ABA concentrations
(1-50 wM), the aperture of the mutants’ stomata was clearly
bigger than that of WT stomata (Figure 2C). Similarly, the rate
of water loss from roc3 mutant excised rosette leaves was higher
than WT plants (Figure 2D), while the survival rate of soil-
grown roc3 mutant plants was lower than that of WT plants after
rehydration (Figures 2E,F).

The pROCS3::ROC3 Transgene Rescues the
Drought Stress Phenotype of the roc3
Mutants

To further confirm the function of ROC3 in stomatal regulation
and drought response, we generated transgenic plants harboring
PROC3::ROC3 in roc3 mutant backgrounds. The abundance of
ROC3 transcript in the ROC3 complementation lines, C1 and
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C2, was similar as in WT plants (Figure 3A). When C-1 and
C-2 line plants were assessed either for their water loss from
detached rosette leaves or their growth response to drought stress,
their performance was almost indistinguishable from that of WT
plants (Figures 3B,D,E). Similarly, stomatal aperture was similar
between ROC3 complementation lines and WT plants upon ABA
treatment (Figure 3C).

ROCS3 Influences the Activation of S-Type
Anion Channels in Plants Exposed to ABA

Previous research findings described that the activation of S-type
anion channels in guard cell plasma membrane can lead to anion
outflow, change in guard cell turgor, and finally promote stomatal
closure (Vahisalu et al., 2008; Kim et al., 2010; Zhang et al., 2018).
To investigate whether ROC3 positively regulates ABA-induced
stomatal closure through the activation of S-type anion channels,
we examined the activity of S-type anion channel currents in
guard cells. Under control conditions, no difference was observed

for S-type anion channel currents in the guard cells of WT, roc3
mutants and the two ROC3 complementation lines. In contrast,
in response to ABA, ABA-activated of anion currents was clearly
smaller in the roc3 mutants than in either WT or the C-1and C-2
lines (Figures 4A,B).

The Accumulation of Cytosolic ROS Is
Reduced by the Absence of Functional
ROC3

ROS are crucial messenger molecules that participate in ABA
regulation of anion channels and stomatal movement (Pei
et al., 2000; Zhang et al,, 2001; Munemasa et al., 2007). We
wanted to know whether ROC3 plays any regulatory roles
in ABA-triggered ROS accumulation. Firstly, a fluorescence-
based assay was used to measure the ROS content of WT
and roc3 guard cells. In the control condition, the guard cells
of roc3 showed reduced accumulation of ROS compared to
WT. In response to ABA, the guard cells of WT showed
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replicate. Error bars represent the SE (n = 60), **: means differed significantly from WT (P < 0.01). (D) The rate of water loss from detached rosette leaves of WT and
roc3 mutants. Values shown in the form mean + SE (n = 3), *: means differed significantly from WT (P < 0.05). (E) The appearance of WT and roc3 mutant plants
grown under conditions of drought stress. (F) The survival rate of WT and roc3 mutant plants grown under conditions of moisture stress. Data are shown as means +
SE (n = 8).

higher accumulation of ROS compared to the guard cells of
roc3 (Figures 5A,B; Supplementary Figure 2). Similarly, H,O,
levels were lower in ABA-treated roc3 than in ABA-treated
WT plants (Figure 5C). After ABA treatment, the absence
of ROC3 had no obvious effect on the transcripts of two
NADPH oxidase genes, RbohD and RbohE which are involved
in the ABA induced ROS production (Supplementary Figure 3).
However, there was a moderate effect on the expression
of both CATI and CAT2, genes encode catalases which
act as ROS scavengers: the expression of both genes was
greater in roc3 mutants than in WT plants upon ABA
treatment (Figures 5D,E). Similarly, leaf catalase activity was
higher in the mutants’ leaves than WT in response to ABA
treatment (Figure 5F).

ROS Accumulation Participates in
ROC3-Regulated Stomatal Closure

To explore whether ROC3 was involved in ABA-induced stomatal
closure by affecting ROS accumulation, we carried out stomatal
closure experiments with H,O; or AT (an inhibitor of catalase)
treatment, in the presence or absence of ABA. The absence of
functional ROC3 had no discernible effect on H,O;-induced
stomatal closure in leaf epidermis strips, but the genotypic
difference in stomatal aperture induced by ABA treatment was
abolished by addition of exogenous H,O, (Figure 6A). AT
treatment had little influence on the stomatal movement, but
the presence of AT promoted ABA-induced stomatal closure
and abolished the difference in ABA-promoted stomatal closure
between WT and roc3 (Figure 6B).
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ROCS3 Influences the Expression Levels of

Stress-Responsive Genes

Previous findings have shown that, ABA can induce the
expression of many downstream key genes involved in plant
dehydration stress (Yamaguchi-shinozaki and Shinozaki, 2006;
Ju et al.,, 2020). An examination of the effect of ROC3 on the
transcription of a series of genes known to participate in the stress
response (RD29A, RD29B, RAB18, ABI5, ABF2, ABF3, ERDIO0,
and COR47) showed that in each gene, transcript abundances
were lower in roc3 mutant than in WT plants in response to ABA
treatment or drought stress (Figure 7).

DISCUSSION

Drought exerts significant negative effects on crop productivity
(Boyer, 1982; Venuprasad et al., 2007). Attempts to increase the
resilience of crop varieties to this stress via conventional breeding
has achieved only a modest level of success, while the potential
of transgenic technology to address this issue has also been
demonstrated (Manavalan et al., 2009; Hu and Xiong, 2014). The
key to the success of a transgenic-based improvement strategy
for a specific stress like drought is very much dependent on the
specific choice of transgene(s). Therefore, the identification of
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genes contributing to a plants defense against drought remains
a major research priority and it is very much necessary to
understand how the candidate genes affect the plants response
to the stress. Most of the water lost by plants passes through
the stomata, so control on stomatal movement will have a major
impact on the plants hydration status (Schroeder et al., 2001;
Martin-StPaul et al., 2017; Agurla et al, 2018). It has been
established that ABA-triggered activation of guard cell anion
channels results in the efflux of anions, which in turn reduces
the turgor of guard cells to close the stomata (Cutler et al., 2010;
Hubbard et al., 2010; Lee and Luan, 2012) and other proteins also
have been implicated in this process.

The outcome of our experiments support the notion that
the CYP member ROC3 of A. thaliana acts as a positive
regulator of ABA-induced stomatal closure. ROC3 was found
to be induced by both ABA treatment and the drought stress
(Figures 1A,B). pROC3::GUS activity was detected in seedling,
leaf, flower, silique, and was mildly induced in guard cells
upon ABA treatment (Figures 1C-I), implying that ROC3
may play a role in guard cell ABA signaling. The stomata
of roc3 mutant plants were more open than those of WT
plants in ABA treatment (Figure 2C), and the mutants were
also less tolerant of drought (Figures 2D-F). Supportively,
ROC3 complementation lines, C1 and C2, restored the WT
phenotype (Figure 3), suggesting that ROC3 plays a positive
regulatory role in ABA-induced stomatal closure and the drought
stress response. Plasma membrane localized anion channels are
activated by the accumulation of ABA in guard cells, leading
to the depolarization of plasma membrane and anion outflow
which causes the reduction of guard cell turgor, that ultimately
leads to stomatal closure (MacRobbie, 1998; Hedrich, 2012;

Roelfsema et al., 2012; Hedrich and Geiger, 2017). A patch
clamp experiment demonstrated that in protoplasts exposed to
ABA, S-type anion channel activity was lower in roc3 mutants
compared to WT or the ROC3 complementation line plants
(Figure 4), indicating that the absence of functional ROC3
causes reduced outflow of anions from the guard cells in
response to ABA, hence stomatal aperture remains larger. It
remains to be explored how ROC3 influences anion channel
activity in response to drought stress or ABA treatment. Further
research will be conducted to analyze whether ROC3 can
regulate the expression of the known genes encoding anion
channels (e.g., SLACI) or these channels activity regulation
(e.g., CPK3).

It is well-known that ABA signaling in guard cells requires
the participation of multiple signaling elements. Among them,
ROS (notably H,0O,) work as crucial secondary messengers
in regulating ABA-induced stomatal closure (Hua et al., 2012;
Gayatri et al., 2013; Song et al., 2014; Dietz et al, 2016; Li
et al., 2017). A rise in leaf ABA content, due to endogenous
processes or an exogenous ABA treatment, stimulates the
production of ROS (Bright et al., 2006; Kreslavski et al., 2012).
The concentration of ROS in the leaves of roc3 mutant plants
exposed to ABA was less than in WT leaves (Figures 5A-C;
Supplementary Figure 2), consistent with the proposed positive
regulatory roles of ROC3 in both stomatal closure and the
drought stress response. Interestingly, the stomatal aperture of
roc3 was similar to Col-0’s when simultaneously exposed to ABA
and H,O,, and the hyposensitive phenotype of the roc3 mutants
with respect to ABA-induced stomatal closure was abolished
when supplemented with exogenous H,O, (Figure 6A). It
is possible that ROS act as downstream components during
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FIGURE 5 | The accumulation of ROS is less efficient in roc3 mutants than in WT guard cells. (A) Laser confocal micrographs revealing the ROS content of guard cells
sampled from WT or roc3 mutant plants either exposed or not exposed to ABA; the fluorescent signal is generated from CM-H,DCFDA. (B) Quantification of the
fluorescence intensities shown in (A). At least 100 guard cells were sampled from each genotype. Error bars represent the SE (n = 100). The experiments were
repeated three times with similar results. (C) The H»,O, content in the leaf of WT and roc3 plants, either exposed or not exposed to 50 uM ABA. Values shown in the
form mean + SE (n = 3). (D,E) Relative transcript abundances assessed using gRT-PCR in plants either exposed or not exposed to ABA: (D) CAT1, (E) CAT2. Data
are shown as means + SE (n = 3). (F) Quantification of catalase activity assay in WT and roc3 mutants, either exposed or not exposed to 50 wM ABA. Values shown
in the form mean + SE (n = 3). *,**: values differed significantly from WT (P < 0.05, 0.01).
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FIGURE 6 | ROC3 participates in ROS signal-regulated stomatal closure. (A) Stomatal closure assays of WT and roc3 mutant leaf epidermis treated with either ABA
and/or H,O,, and stomatal aperture width/length ratios measured in at least 60 stomata per genotype per replicate. Means shown in the form mean + SE (n = 60), **:
means differed significantly from WT (P < 0.01). (B) Stomatal closure assays of WT and roc3 mutant leaf epidermis treated with ABA and/or AT, and stomatal aperture
width/length ratios measured in at least 60 stomata per genotype per replicate. Values shown in the form mean + SE (n = 60), **: means differed significantly from WT
(P < 0.01). Both of the experiments were repeated three times.

Frontiers in Plant Science | www.frontiersin.org 9 May 2021 | Volume 12 | Article 668792


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Liu et al.

ROC3 Regulates Stomatal Closure

A mmm Col-0
—3 roc3
240 1 pp2ga * 30000 1 pp29p x 1200 1 rAB18 ax 20 | aBI5 o
e | 25000 1000 T
180
— 20000 15
@ 50 15000 800
3 120 10000 600 10
whd
Q. 5
=
3 0 ._:I 0 -:] 0 0 -
c Control ABA Control ABA Control ABA Control ABA
©
=
o 20148F2 301 ABF3 e 70 1 ERD10 = 401 corer .
S 25 60 35 ’—‘
= 15 = 50 30
© ’—‘ 20 40 25
D 10 15 30 20
o 10
5
5
0 | ] 0 0 .:l 0 .:l
Control ABA Control ABA Control ABA Control ABA
mmmm Col-0
B n —3 roc3
175 1 RD29A * 24000 1 Rpogp - 1000 1 pAB7s = 60 1 Apj5
150 21000 800 50
— 125 18000 600 20
°>’ 100 15000 400 30
o 75 12000 20
i
=
[
O oL _mm o 0 o W
c Control Drought Control Drought Control Drought Control Drought
©
=] 25 40 ok 50 20
ABF2 ERD10 R47
o o 35 ABF3 e * (o0 -
_‘E 20 gg 40 15 ’—’
£ 15 20 3
) 30 10
¢z 10
5 5
- .:] 0
Control Drought Control Drought Control Drought Control Drought
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mean + SE (n = 3), ¥, **: means differed significantly from control treatment (P < 0.05, 0.01).

ROC3-modulated stomatal closure. Previously it has been shown
that the ABA-induced production of ROS is primarily catalyzed
by plasma membrane localized NADPH oxidases, while ROS
neutralization is carried out by various enzymatic (notably
catalase) and non-enzymatic antioxidants (Willekens et al., 1995;
Zhang et al,, 2001; Dietz, 2003; Kwak et al., 2003; Mittler
et al,, 2004; Mhamdi et al, 2010). In response to ABA, roc3
mutants showed the upregulation of both CATI and CAT2
compared to WT plants (Figures 5D,E), although the roc3 plants
did not show any differences in the gene expression profile of
either RbohD or RbohF (Supplementary Figure 3). Furthermore,

higher catalase activity was observed in roc3 mutants than in
WT in response to ABA (Figure 5F). These findings suggested
that reduced accumulation of ROS in roc3 mutants was due to
a higher level of catalase activity. This hypothesis was tested by
stomatal movement experiments with a known catalase inhibitor,
AT. The difference of stomatal aperture between WT and roc3
mutants in ABA treatment was abolished when AT was combined
with ABA (Figure 6B). Our findings propose that by unknown
mechanism ROC3 suppresses catalase activity, thereby affecting
the accumulation of ROS that in turn positively regulates ABA-
induced stomatal closure.
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of stomatal movement and the drought stress response of A. thaliana.

Many genes involved in the drought stress response are
known to be induced by ABA treatment (Kang et al,
2002; Yamaguchi-shinozaki and Shinozaki, 2006; Kovacs et al.,
2008; Liu and Stone, 2010; Ma et al, 2019; Ju et al,
2020). Comparisons of the profiles of the expression of
some of these genes between roc3 and WT leaves which
were either treated with ABA or subjected to drought stress
indicated that their expression in response to either stress was
somewhat compromised in the mutant (Figure 7), providing
an additional explanation for the reduced sensitivity of roc3 to
exogenous ABA or drought stress. The mechanistic basis of this
interaction is unknown.

A working model summarizing the participation of ROC3 in
ABA-induced stomatal closure and the drought stress response
of A. thaliana is depicted in Figure 8. Drought stress promotes
the accumulation of ABA in guard cells. Then, ABA induces
the production of ROS and subsequently the activation of
anion channels that leads to stomatal closure, thereby cutting
off the major route by which water is lost from the plant.
Our current findings suggest that ROC3 acts as a positive
regulator in ABA-induced stomatal closure. ROC3 inhibits
CAT activity, thereby maintaining a sufficient level of ROS
in guard cells to ensure stomatal closure. At the same time,
ROCS3 also contributes to both ABA signaling and tolerance to
drought stress by maintaining the expression of a number of
genes that play important roles in plant’s stress response. The
present experimental findings have revealed a novel function
for ROC3 beyond its known involvement in protein folding,
the catalysis of cis-trans isomerization of proline imidic peptide
bonds in oligopeptides and the response to pathogen infection.
The exact mechanism remains to be elucidated how ROC3
interacts with ABA signaling machineries, how it suppresses

catalase activity, and how it influences the expression of stress
response genes.
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Supplementary Table 1 | Primer sequences used in the experiments.

Supplementary Figure 1 | PCR screening of homozygous T-DNA mutants of
ROC3. 1: roc3-1-LP+LBb1.3; 2: roc3-1-RP+LBb1.3; 3: roc3-1-LP+ roc3-1-RP;
4: roc3-2-LP+LBb1.3; 5: roc3-2-RP+LBb1.3; 6: roc3-2-LP+ roc3-2-RP; M:
Marker.

Supplementary Figure 2 | Fluorescence micrographs revealing the ROS content
of guard cells sampled from WT or roc3 mutant plants either exposed or not
exposed to ABA; the fluorescent signal is generated from CM-H>;DCFDA and
captured by a conventional fluorescence microscope. There are 60 guard cells
were sampled from each genotype. Error bars represent the SE (n = 60), **:
means differed significantly from Col-0 (P < 0.01).

Supplementary Figure 3 | Transcriptional profiling of two genes encoding
NADPH/respiratory burst oxidase proteins. Relative transcript abundances of (A)
RBOHD, (B) RBOHF, assessed using gRT-PCR, in WT or roc3 mutants either
exposed or not exposed to ABA. Values shown in the form mean + SE (n = 3).
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