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The Ca?-CaM Signaling Pathway
Mediates Potassium Uptake by
Regulating Reactive Oxygen Species
Homeostasis in Tobacco Roots
Under Low-K* Stress

Yingfeng Wang, Xiaoyan Dai*, Gaoqiang Xu, Zhuoyi Dai, Peiyu Chen, Tongjin Zhang and
Huifen Zhang

College of Tobacco Science, Henan Agricultural University, Zhengzhou, China

Potassium (K*) deficiency severely threatens crop growth and productivity. Calcium (Ca?*)
signaling and its sensors play a central role in the response to low-K* stress. Calmodulin
(CaM) is an important Ca?* sensor. However, the mechanism by which Ca?* signaling and
CaM mediate the response of roots to low-K* stress remains unclear. In this study,
we found that the K* concentration significantly decreased in both shoots and roots
treated with Ca?* channel blockers, a Ca?* chelator, and CaM antagonists. Under low-K*
stress, reactive oxygen species (ROS) accumulated, and the activity of antioxidant
enzymes, NAD kinase (NADK), and NADP phosphatase (NADPase) decreased. This
indicates that antioxidant enzymes, NADK, and NADPase might be downstream target
proteins in the Ca?*-CaM signaling pathway, which facilitates K* uptake in plant roots by
mediating ROS homeostasis under low-K* stress. Moreover, the expression of NICNGCS3,
NtCNGC10, K* channel genes, and transporter genes was significantly downregulated
in blocker-treated, chelator-treated, and antagonist-treated plant roots in the low K*
treatment, suggesting that the Ca?*-CaM signaling pathway may mediate K* uptake by
regulating the expression of these genes. Overall, this study shows that the Ca?-CaM
signaling pathway promotes K* absorption by regulating ROS homeostasis and the
expression of K* uptake-related genes in plant roots under low-K* stress.

Keywords: calmodulin, calcium signaling, low-potassium stress, reactive oxygen species, root

INTRODUCTION

Potassium (K*) is one of the most important macronutrients in the cells of higher plants and
is indispensable for plant growth and development (Leigh and Wyn Jones, 1984). K* is a
soluble ion that is involved in many physiological processes, including plasma membrane
hyperpolarization, stomatal movement, and osmotic regulation (Wang et al., 2013); it also
plays an important role in the response to various abiotic stresses in plants (Hasanuzzaman
et al,, 2018). The soil is the primary source of K" for plants. However, the supply of K is
often low in soils (e.g., one-quarter of arable soils in China; two-thirds of the wheat soil in
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Southern Australia), and this can limit crop yield and quality,
especially in the early stages of plant establishment (Rengel
and Damon, 2008). As K* cannot be synthesized in plant cells,
K* is typically acquired from the soil by in plants via the
roots. The expression of genes for some transporters, channels,
and signaling cascades in plant roots involved in uptake,
transport, and transduction and distribution can be induced
by K* deficiency. The expression level of AtHAK5 was most
strongly and consistently upregulated during 48 h, 96 h, and
7 days of K' deficiency (Gierth et al., 2005). In rice, the
transcript levels of OsHAKI, OsHAK5, OsHAK7, and OsHAKI6
were significantly increased in the roots under K* deficiency
(Banuelos et al., 2002; Okada et al., 2008). Under low-K" stress
in Arabidopsis thaliana, AtAKTI activity is regulated through
a heteromeric K* channel formed by the interaction of AtKCI
with AtAKTI1 and with AtCIPK23 (Jeanguenin et al, 2011;
Wang and Wu, 2013; Wang et al, 2016). There is, thus, a
need to explore the mechanism of K* absorption and its role
in determining the distribution of K* under low-K* stress.
Such work could provide insight into how the effects of soil
K* deficiency on plants could be alleviated.

In higher plants, several important K shortage-activated
signaling cascades are activated under K* deficiency. To date,
reactive oxygen species (ROS; Hernandez et al, 2012),
phytohormones (e.g., ethylene, auxin, and jasmonic acid; Ashley
et al., 2006; Wang et al, 2012; Li et al,, 2017), calcium (Ca®%
Behera et al., 2017), and phosphatidic acid (Shen et al., 2020)
have been shown to play a role in plant K* uptake under K*
deficiency. Ca** signaling is one of the most important signaling
systems in the responses of plants to low-K* stress (Wang
etal,, 2018). In higher plants, the intracellular Ca®* concentration
increases in response to various biotic and abiotic stimuli
(White and Broadley, 2003). Ca*" signals are then perceived,
decoded, and further transduced by Ca’* sensors and their
targets such as calmodulin (CaM), CaM-like protein (CML),
calcium-dependent protein kinase (CDPK), calcineurin B-like
protein (CBL), and CBL-interacting protein kinases (CIPKs;
Sanders et al., 2002). Several studies have suggested that the
CBL-CIPK signaling system plays a role in decoding and
translating Ca®* signatures in the response to K* deficiency
(Luan, 2009; Lan et al, 2011; Thoday-Kennedy et al., 2015).
The CBLs-CIPKs-AKT1/AKT2/HAK5 pathways have been
identified to play a role in the response to low-K* stress in
several plant species. Several CBL/CIPK complexes have been
reported to modulate the activity of the K" channels and
transporters such as AKT1 (Xu et al, 2006), AKT2 (Held
et al, 2011), and HAKS5 (Ragel et al., 2015). ROS, such as
hydrogen peroxide (H,0,), superoxide radical (O",”), hydroxyl
radical (OHe), and singlet oxygen ('O,), are known to negatively
affect cellular metabolism; however, they can also play an
important role in many signal transduction pathways. H,O,
has also been shown to be involved in the response to low-K*
stress. H,0, rapidly accumulates in response to K* deprivation,
which modulates the expression of several genes and the kinetics
of K* uptake (Shin and Schachtman, 2004). Kim et al. (2010)
suggested that RCI3, a member of the type III peroxidase
(POD) family, mediates the production of ROS, which affects

the regulation of AtHAK5 expression under K'-deprived
conditions (Kim et al., 2010).

Calmodulin is one of the best characterized Ca** sensor
protein. CaM has no enzymatic and catalytic activity of its
own, but apo-CaM or the binding of Ca** to CaM forms a
Ca?*-CaM complex, which can modulate various cellular processes
by activating several target proteins (Kim et al, 2009). The
Ca**-CaM complex is involved in the interpretation of Ca*
signaling in biotic and abiotic stresses, especially in response
to environmental stress, by regulating the activities of several
downstream target proteins. Several studies have shown that
the Ca?*-CaM complex is involved in the responses to oxidative
stress, phytohormones, osmotic stress, salt and drought stress,
heavy metal, heat shock, and chilling (Snedden and Fromm,
2001; White and Broadley, 2003; Zeng et al., 2015). However,
little is known about CaM interactions during K* uptake in
plants, including the regulation of ion channels and transporters.
Kurosaki et al. (1994) documented the presence of a plant
cyclic nucleotide-gated Ca** channel that is activated by cAMP
and negatively regulated by CaM (Kurosaki et al., 1994). Increases
in CaM blockers or anti-CaM restored the Ca** flux across
the plasma membrane. Some of the inward K" channels have
also been shown to be regulated by cAMP (Kurosaki, 1997).

Reactive oxygen species are also important for the production
of Ca* signals in plant cells under low-K* stress (Demidchik
and Maathuis, 2007). H,O, in plant cells can trigger an increase
in the cytosolic Ca** concentration in response to K* deficiency
(Shin and Schachtman, 2004; Shin et al., 2005). However,
elevated Ca®* levels can induce the production of H,0,, which
in turn leads to the influx of Ca* (Demidchik et al., 2007).
Several studies have indicated that the Ca**-CaM complex is
involved in the regulation of ROS homeostasis by regulating
the activities of several downstream target proteins. The Ca*'-
CaM complex can reduce H,O, levels in plants by binding
to plant catalase (CAT) and enhancing its catalytic activity
(Yang and Poovaiah, 2002). CAT is the major H,O, scavenger
enzyme in higher plants, and it can catalyze the degradation
of H,0, into water and oxygen. CaM in maize can also regulate
superoxide dismutase (SOD), another class of ROS-scavenging
enzymes (Gong and Li, 1995). NAD kinase (NADK) is the
only enzyme known to synthesize NADP (including NADP*
and NADPH) by phosphorylating NAD (including NAD* and
NADH; Tai et al, 2019). Some studies have shown that a
proper NADP(H)/NAD(H) ratio is necessary for responding
to both abiotic and biotic stresses in different plants (Hashida
et al., 2009; Li et al., 2018; Tai et al, 2019). NADK also
plays an important role in the ROS scavenging system by
regulating the balance of NADP(H)/NAD(H) (Li et al.,, 2018).
NADPH can reactivate CAT to promote antioxidative activity
(Kirkman and Gaetani, 1984). Several studies have shown that
CaMs, the unique activators of NADK, play a key role in
the tolerance of plants to various stresses by activating NADK
to mediate the NADP(H)/NAD(H) balance, and this activation
is Ca’*-dependent (Delumeau et al., 2000; Ruiz et al., 2002;
Zeng et al, 2015). NADK-deficient mutants are sensitive to
oxidative stress. When oxidative stress is caused by UVB,
heat shock, drought, or salinity, the total NADPH levels of
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AtNADK2-deficient mutant plants are lower than those of
wild-type plants, indicating that the atnak2 mutant is more
sensitive to oxidative stress (Chai et al., 2005).

Plant roots are the organs most sensitive to K* deficiency
signals, and the absorption of K* by plants mainly depends
on the roots. Whether the K' uptake by plant roots can
be directly regulated by the Ca**-CaM signaling pathway under
low-K* stress in plants remains unclear. The aim of this study
was to elucidate the mechanisms underlying the regulation of
K* uptake in plant roots by Ca’*" and the Ca**-CaM signaling
pathway under low-K* stress. The results of this study not
only enhance our understanding of Ca** signaling pathway
transduction but also provide new insights into the role of
the roots in mediating the response to low-K* stress.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and
Experimental Treatments

Nicotiana tabacum cv. K326 was the study plant. Plants were
grown hydroponically in a growth room with 65-70% relative
humidity, 28 + 2°C day temperature, 18 + 2°C night temperature,
and a photoperiod of 14 h light/10 h dark. The seeds were
first germinated in an I-shaped square seedling sponge with
Hoagland’s solution. The germinated seeds were then transferred
to vermiculite. Tobacco plant seedlings with three true leaves
were transferred to hydroponic plastic pots for experiments.
Plants were first transferred to K'-free Hoagland nutrient
solution for 48 h of K* starvation and then placed in modified
Hoagland nutrient solutions with two K' concentrations for
cultivation. There were two K* levels in the experiment: normal
5 mmol/L and low 0.15 mmol/L. KH,PO, was replaced by
NaH,PO, in the Hoagland nutrient solution, the K* concentration
was controlled by changing the concentration of KNO;, and
insufficient concentrations of NO;~ were replaced by NaNO;.
The pH of the nutrient solution was adjusted to 6.5-7. Six
replicates were conducted for each treatment. The nutrient
solution was aerated every day and replaced once every 4 days.

Experiment I: Effect of Ca* signaling on K' uptake in
tobacco roots under low-K* stress. After 8 days of the two
K* levels treatments, 50 pmol/L verapamil (Vp, Ca** channel
blocker), 200 pmol/L lanthanum chloride (LaCl;, Ca** channel
blocker), or 2.5 mmol/L EGTA (Ca*" chelator) was added to
the nutrient solutions. Samples were then taken at 4 days
following treatment for index analyses. The concentrations of
these chemicals were determined based on the results of
previous experiments.

Experiment II: Effect of CaM on K' uptake in tobacco
roots under low-K* stress. Tobacco plants were first treated
with two K* levels for 8 days, and then 0.1 mmol/L
chlorpromazine (CPZ, CaM antagonist) or 0.1 mmol/L
trifluoperazine (TFP, CaM antagonist) was added to the nutrient
solution. Samples were taken after 4 days of CaM antagonist
treatment, and index assays were performed. The concentrations
of CPZ and TFP in the experiments were determined based
on the results of previous experiments.

Plant Biomass and Root Physiological
Characteristics

Both fresh weight and dry weight were used to estimate
plant biomass. First, the fresh weight of the shoot and root
of the plant were measured. The dry weight was measured
by oven drying each part of the plant at 105°C for 15 min
and then at 80°C to a constant weight. The root soluble
protein content was determined at 595 nm by the Coomassie
Brilliant Blue G-250 binding method (Bradford, 1976). Root
activity was determined at 485 nm by the triphenyl tetrazolium
chloridemethod (Zhang et al, 2013). Colorimetry was
performed using a microplate reader (Tecan, Spark 10M,
Switzerland).

K* Concentration

The K* of plant shoots and roots was extracted by 1 mmol/L
hydrochloric acid (Xu et al, 2011), and the K* concentration
in the extracting solution was measured by a flame photometer
(FP6400, China); standards were prepared with KCL

ROS Accumulation

The H,0, and O°,” content were measured using a reagent
kit (BC3595 and BC1295, Solarbio, Beijing, China) as per
the manufacturer’s protocol (Liu et al., 2018). In brief, the
H,0, content was measured by reacting the extracting
solution with 15% NH,OH and 10% TiCl4 and then measuring
the absorbance at 410 nm. The extracting solution of
O°,” was reacted with p-aminobenzenesulfonamide and
N-1-naphthylethylenediamin  dihydrochloride, and the
absorbance of the reaction mixture was determined at 530 nm.
Colorimetry was performed using a microplate reader (Tecan,
Spark 10M, Switzerland).

Antioxidant Enzyme Activities

The plant roots were ground and homogenized in phosphate
buffers. After centrifugation, the enzymes were extracted from
the supernatant. The enzyme extract was then reacted with
50 mmol/L phosphate buffer (pH 7.0) and 15 mmol/L H,0.,.
Finally, CAT activity was calculated by determining the decrease
in absorbance per min at 240 nm. POD activity was measured
using the guaiacol method, and SOD activity was determined
by the nitro blue tetrazoliummethod, as described previously
(Ma et al., 2020). Colorimetry was performed using a microplate
reader (Tecan, Spark 10M, Switzerland).

NADK and NADPase Activities

The NADK and NADP phosphatase (NADPase) activities were
measured using reagent kits (Comin, Suzhou, China). Briefly,
the crude extracts were obtained by grinding in specific extraction
buffers. After centrifugation, the supernatants were used for
enzyme activity assays. The NADK and NADPase activities
were assayed by detecting changes in absorbance at 340 and
660 nm, respectively, per the protocols supplied in the respective
kits. Colorimetry was performed using a microplate reader
(Tecan, Spark 10M, Switzerland).
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CaM Content

The CaM content was measured using the Plant CaM ELISA
Kit (Meibiao Biological Technology, Jiangsu, China). Briefly,
the samples were ground and extracted in PBS buffer (pH
7.4). After centrifugation, the diluted extracting solutions and
enzyme labeling reagent were added to each sample well and
incubated for 1 h. After coloration, the CaM content was
determined at 450 nm. Colorimetry was performed using a
microplate reader (Tecan, Spark 10M, Switzerland).

Quantitative Real-Time PCR

Extraction of total RNAs and synthesis of cDNAs were conducted
following the methods of Xia et al. (2018). Gene-specific primers
were used for the quantitative real-time PCR (qPCR;
Supplementary Table S1). qPCR assays were conducted using
SYBR Green PCR Master Mix (Tiangen Biotech, China) in
20 pl reaction mixtures on an IQ5 light cycler system (Bio-
Rad, Hercules, CA, United States). The expression transcription
level of each gene was calculated using to the method of 244%
method as previously described, and NtActin was used as the
reference gene (Xu et al., 2019).

Statistical Analysis

Microsoft Excel (Microsoft Corporation, United States) was
used for data collation, SPSS (version 17.0, SPSS Inc., Chicago,
IL, United States) was used for statistical analysis, and GraphPad
Prism (v 8.0.2 GraphPad Software Inc., CA, United States)
was used to construct graphs. All results were expressed as
average values £ SD (n = 3).

RESULTS

Effect of Ca®>* Channel Blockers and a Ca*
Chelator on Plant Biomass and Root
Physiological Characteristics Under
Low-K* Stress

Calcium signaling has often been noted in response to low-K*
stress, and treatments with Ca*" channel blockers and Ca®*
chelators are often used in studies of Ca** signaling. To
characterize the effects of Ca®* channel blockers and a Ca®
chelator on plant biomass and root physiological characteristics,
we measured the fresh and dry weights of shoots and roots,
root soluble protein content, and root activity in blocker-treated,
chelator-treated, and control (CK) plants under different K*
levels. The fresh and dry weights of shoots and roots of the
CK plants were significantly lower in the low K' treatment
than in the normal K* treatment (Figures 1A-D). This suggests
that low K* stress could significantly inhibit the accumulation
of plant biomass. In the low K* treatment, the fresh and dry
weights of the shoots and roots were significantly increased
in blocker-treated and chelator-treated plants than in CK plants
(Figures 1A-D). This indicates that inhibition of intracellular
Ca’ signaling may partially restore the reduction in plant
biomass associated with low-K"* stress.

Next, we measured root physiological characteristics,
including root soluble protein content and root activity.
We found that the low K* treatment increased root soluble
protein content but decreased root activity. After adding
blockers and a chelator, the root soluble protein content
significantly increased in both normal and low K* treatments
compared with CK plants (Figure 1E). Root activity was
significantly lower in the blocker-treated and chelator-treated
plants compared with CK plants (Figure 1F). This indicates
that interfering with Ca’ transport under low-K* stress can
affect root activity and the root soluble protein content. These
results also indicated that the concentrations of the two Ca*
blockers and the Ca?* chelator selected in the experiment
had similar effects on plant roots.

Treatment With Ca?>* Channel Blockers and
a Ca* Chelator Reduces the K*
Concentration in Various Parts of Tobacco
Plants Under Low-K* Stress

To explore the effect of the Ca®" signaling pathway on the
K* concentration in tobacco plants, we assessed the K*
concentration in tobacco shoots and roots in the normal and
low K* treatments following the addition of Ca’* channel
blockers and a Ca®* chelator. The K* concentration of the
shoots and roots was much higher in the normal K* treatment
than in the low K' treatment (Figure 2). The shoot and root
K" concentration of the CK plants decreased by 60 and 340%,
respectively, after low K* treatment. In the low K* treatment,
the K* concentration of the shoots and roots was significantly
lower in the three treated plants than in CK plants (Figure 2).
For example, the root K* concentration of the blocker-treated
and chelator-treated plants was reduced by an average of
53% relative to CK plants in the low K' treatment. Similar
results were obtained for the normal K' treatment. These
blockers and the chelator significantly suppressed the K*
concentration of plants in the normal and low K* treatments.
This indicates that interference of Ca** transport can affect
the accumulation of K* in plants and that that Ca®* signaling
is important for plant K* uptake.

Treatment With the Ca* Channel Blockers
and a Ca* Chelator Increases the
Accumulation of ROS in Tobacco Plant
Roots Under Low-K* Stress

To determine whether ROS are involved in Ca®" signaling-
mediated K* uptake in plants under low-K" stress, the levels
of H,0, and O°,” in tobacco roots were measured. The
H,0, and O°,” levels were significantly higher in the roots
of the blocker-treated and chelator-treated plants than in
CK plants (Figure 3). After blocking Ca** signaling, the
accumulation of ROS was significantly increased in the roots
in the low and normal K" treatments. The H,0, content
was higher in CK, blocker-treated, and chelator-treated plants
after low K' treatments than after normal K* treatments
(Figure 3A). These results indicated that interference with
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Ca*" transport leads to the accumulation of ROS, especially
under low K* treatment.

Treatment With the Ca*>* Channel Blockers
and a Ca* Chelator Reduces Antioxidant
Enzyme Activities and the Expression of
Antioxidant Enzyme Genes in Tobacco
Plant Roots Under Low-K* Stress

To clarify the mechanism by which ROS accumulation in tobacco
roots is alleviated by Ca** signaling in the low K' treatment,
we measured the activities of several antioxidant enzymes in CK,
blocker-treated, and chelator-treated plants under normal and low
K* levels. In the low K* treatment, the activities of CAT, POD,
and SOD were significantly decreased in blocker-treated and
chelator-treated plants than in CK plants (Figures 4A-C).

Interestingly, compared to their corresponding the normal potassium
level, the CK plants showed a 7-fold increase in CAT upon low
potassium treatment, whereas these blocker-treated plants showed
an average increase of only 2-fold (Figure 4A). In the normal
K* level, CAT activity did not differ among treatments (Figure 4A).
These results indicated that antioxidant enzymes, such as CAT,
POD, and SOD, were activated by Ca*" signaling under low-K*
stress. Next, we analyzed the transcript levels of these three
antioxidant enzyme genes. The results were similar to those of
antioxidant enzyme activities. In the low K" treatment, the transcript
levels of NtCAT, NtPOD, and NtSOD were significantly
downregulated in blocker-treated and chelator-treated plants
compared with CK plants (Figures 4D-F). In particular, the
expression of NtCAT was significantly upregulated in CK plants
in the low K* treatment compared with the normal K* treatment.
These results, along with the changes in H,O, and O, levels,
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indicated that Ca* signaling reduced ROS accumulation in the
low K* treatment by enhancing antioxidant enzyme activities and
the transcript levels of related genes.

Treatment With the Ca** Channel Blockers
and a Ca** Chelator Reduces the NADK
and NADPase Activities in Tobacco Plant
Roots Under Low-K* Stress

To characterize the effect of the different treatments on NAD
signaling, NADK and NADPase activities were determined
under normal and low K* levels. NADK is a key enzyme for
NADP production. NADPase can dephosphorylate NADP. In
the low K* treatment, plants treated with the Ca** channel
blockers and a Ca®* chelator had significantly lower NADK
and NADPase activities in the roots than CK plants (Figure 5).
NADK activity did not differ between treatments in the normal
K* treatment (Figure 5A). However, NADPase activity was
significantly reduced in blocker-treated and chelator-treated
plants compared with CK plants in the normal K* treatment
(Figure 5B). These results indicated that Ca®* signaling can

induce the key enzymes of NAD signaling and thereby affect
plant K* uptake under low-K* stress.

Treatment With the Ca* Channel Blockers
and a Ca** Chelator Reduces the CaM
Content in Tobacco Plant Roots Under
Low-K* Stress

Many studies have shown that many Ca®" signal sensors, such
as CBL and CIPK, are involved in plant K* uptake under low-K*
stress; however, no studies to date have examined whether CaM
is involved in this process. The CaM content decreased in both
the normal and low K* treatments following the addition of
blockers and a chelator (Figure 6). However, the magnitude
of the decrease varied among treatments. For example, after
low K* treatment, the CaM content was considerably lower in
blocker-treated and chelator-treated plants than in the CK plants,
indicating that the CK plants accumulated a higher concentration
of CaM relative to these blocker-treated plants after low-K*
treatment (Figure 6). There was no significant difference
between treatments under the normal K* level (Figure 6).
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Noticeably, the CaM content of the CK plants was significantly
higher in the low K* treatment than in the normal K* treatment
(Figure 6). This suggested that the regulation of CaM by Ca®
signaling in plant roots under low-K" stress may contribute
to changes in the K* concentration and that low-K* stress
promoted an increase in the CaM content.

Treatment With the Ca* Channel Blockers
and a Ca** Chelator Alters the Expression of
K* Channel- and Transporter-Related Genes
in Tobacco Plant Roots Under Low-K* Stress
To elucidate the molecular mechanisms by which the Ca®
signaling pathway mediates K* uptake in tobacco plants under
low-K* uptake stress, we determined the transcript levels of

three K* channel genes and three K* transporter genes for K*
uptake in plants treated with Ca** channel blockers and a Ca**
chelator under normal and low K* levels. The expression of
four of these genes was significantly upregulated in CK plants
in the low K* treatment compared with the normal treatment
(Figures 7B,C,E,F). Noticeably, compared with the CK plants
under the normal K* level, the expression of the NtHAK5 was
increased by 3.4 times in the CK plants upon low K* treatment.
However, the transcriptional level of NKT1 in CK plants was
significantly lower in the low K* treatment than in the normal
K" treatment (Figure 7A). In the low-K" treatment, the expression
of all six genes was significantly higher in CK plants than those
in blocker-treated and chelator-treated plants (Figure 7). These
data suggest that interference with Ca** transport under low
K*-stress downregulates the expression of K' channel and
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transporter genes. This, in turn, indicates that Ca** signaling
mediates the transcriptional regulation of these genes under
low-K* stress, which in turn affects K" uptake.

Treatment With the Ca?* Channel Blockers
and a Ca?* Chelator Alters the Expression
of NtCNGC3 and NtCNGC10 in Tobacco
Plant Roots Under Low-K* Stress

Plant cyclic nucleotide-gated channels (CNGCs) are
non-selective cation-conducting channels that facilitate the
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FIGURE 6 | Effect of two Ca?* channel blockers and a Ca?* chelator on the
calmodulin (CaM) content in tobacco roots under normal and low potassium
treatments. * and ™ indicate significant differences between CK and treated
plants at p < 0.05 and p < 0.01, respectively, by Student’s t-test.

uptake of cations, including Ca** and K*. It has been reported
that the CNGCs have been a possible pathway for K* uptake
(Li et al., 2005; Gobert et al., 2006; Caballero et al., 2012).
Therefore, the transcript levels of Nt\CNGC3 and NtCNGCI0
in the tobacco plant roots under various treatments were
detected by real-time quantitative PCR (RT-qPCR). The
expression of NtCNGC3 and NtCNGCI0 was significantly
higher in the roots of CK plants in the low K* treatment
than those in the normal K' treatment (Figure 8). The
expression levels of NtCNGC3 and NtCNGCIO were
significantly reduced in plant roots treated with Ca** channel
blockers and a Ca®* chelator in both K* treatments (Figure 8).
These results indicate that Nt\CNGC3 and NtCNGCI0 were
involved in K* uptake by tobacco roots under low-K* stress
and were regulated by Ca’* signaling.

Treatment With CaM Antagonists Reduces
the K* Concentration in Various Parts of
Tobacco Plants Under Low-K* Stress

The above results indicate that low-K* stress induces an increase
in CaM content and that this increase is positively regulated
by Ca** signaling. We thus speculated that CaM might function
as a Ca’ signal sensor involved in the regulation of K* uptake
in plant roots under low-K* stress. We examined whether CaM
is involved in K' uptake by plant roots under low-K* stress
by treating tobacco plants with CaM antagonists. We first
determined the K* concentration of CK and antagonist-treated
plants. Our data showed that the K concentration was
significantly lower in antagonist-treated plants than in CK
plants in both K* treatments (Figure 9). In the low K* treatments,
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the K* concentration of antagonist-treated plants was reduced
by 39% on average in shoots and 95% on average in roots
compared with CK plants (Figure 9). CaM antagonists
significantly reduced K' concentration in plant shoots and
roots. These results further indicated that CaM is involved in
K* uptake by plant roots.

Treatment With CaM Antagonists
Increases ROS Accumulation in Tobacco
Plant Roots Under Low-K* Stress

To further confirm whether CaM mediates K* uptake in tobacco
plant roots by affecting ROS accumulation, ROS accumulation
was measured under antagonist treatment. After antagonist
treatment, the H,O, and O-,” levels were significant higher in
antagonist-treated plants than in CK plants under low-K* stress
(Figure 10). However, there was no significant difference in
the levels of H,0O, and O°,” between CK and antagonist-treated
plants in the normal K' treatments (Figure 10). This result
indicated that the CaM signaling pathway could reduce ROS
accumulation under low-K* stress.

Treatment With CaM Antagonists

Reduces Antioxidant Enzyme Activities

in Tobacco Plant Roots Under Low-K*
Stress

We examined the activities of three antioxidant enzymes
(CAT, POD, and SOD) in CK and antagonist-treated plant
roots under normal and low K* levels. In the low K*
treatment, antagonist-treated plants showed significant
decreases in CAT, POD, and SOD activities compared with
CK plants (Figure 11). POD activity was significantly lower
in antagonist-treated plants than in CK plants in the normal
K* treatment (Figure 11B). Noticeably, CAT activity of
the CK plants in low K* treatment was significantly higher
than the CK plants in normal K* treatment (Figure 11A).
The same pattern was observed among plants treated with
Ca’" channel blockers and a Ca’" chelator. These results,
coupled with changes in H,0, and O°,” levels following
treatment with CaM antagonists, suggested that the CaM
signaling pathway may reduce ROS accumulation by
enhancing the activities of major antioxidant enzymes under
low-K* stress.
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FIGURE 10 | Effect of CaM antagonists on H,O, (A) and O*,~ (B) in tobacco roots. * and ™ indicate significant differences between CK and treated plants at
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Treatment With CaM Antagonists Reduces
the NADK and NADPase Activities in

Tobacco Plant Roots Under Low-K* Stress
The NADK and NADPase activities in CK and antagonist-
treated plant roots under normal and low K* levels were
examined. After antagonist treatment, the NADK activity was
significant higher in the CK plants than in antagonist-treated
plants in the low K' treatment (Figure 12A). Furthermore,
the NADK activity in CK plants was higher in the low K*
treatment than in the normal K* treatment (Figure 12A).
NADPase activity was significantly inhibited by CaM antagonists
at both K* levels (Figure 12B). NADPase activity was significantly
lower in antagonist-treated plants than that in CK plants at
both normal and low K* levels (Figure 12B). These results
indicated that the application of CaM antagonists can reduce
NADK and NADPase activities under low-K"* stress.

Treatment With CaM Antagonists Alters
the Expression of K* Channel and
Transporter Genes in Tobacco Plant Roots
Under Low-K* Stress

To further explore the molecular mechanisms by which of
CaM mediates K* uptake, we characterized the transcriptional
changes of three K* channel genes (NKT1, NKT2, and NtKC1I)
and three transporter genes (NtKT12, NtHAKI, and NtHAKS5)
in both CK and antagonist-treated plants by RT-qPCR under

normal and low potassium levels. The expression levels of
NKT2, NtKC1, NtHAKI, and NtHAK5 were much higher in
CK plants in the low K' treatment than in the normal K*
treatment (Figures 13B,C,E,F). Notably, in the low K* treatment,
the transcript abundance of the six genes was significantly
decreased in the antagonist-treated plants compared with CK
plants (Figure 13). These data indicate that the application of
CaM antagonists can inhibit the expression of K* channel genes
and transporter genes under low K'-stress.

Treatment With CaM Antagonists Alters
the Expression of NtCNGC3 and
NtCNGC10 in Tobacco Plant Roots Under
Low-K* Stress

Previous studies have shown that Ca®* signaling can affect the
expression of NtCNGC3 and NtCNGCI10 under low-K* stress.
We thus measured the transcriptional changes in NtCNGC3
and NtCNGCI10 following the application of CaM antagonists.
The expression of NJCNGC3 and NtCNGCI0 was significantly
increased in CK plants in the low K' treatment compared
with the normal K* treatment (Figure 14). The antagonist-
treated plants had significantly lower expression of NtCNGC3
and NtCNGCI10 compared with CK plants in the low K*
treatment (Figure 14). This finding suggested that CaM might
affect plant K* uptake under low K'-stress by affecting the
expression of NtCNGC3 and NtCNGCIO0.
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DISCUSSION

Potassium is an important macroelement affecting plant growth.
Identifying the signaling cascades involved in plant K* uptake
under K* deficiency is thus critically important for understanding
their mechanisms of action. CaM is an important Ca®* sensor
protein in plants that plays a role in responses to different

biotic and abiotic stresses. No studies to date have assessed
whether the Ca**-CaM signaling pathway is involved in K*
uptake by plant roots under low-K' stress. In this study,
we demonstrated that the Ca**-CaM signaling pathway is
involved in the response to K* deficiency and K* uptake in
roots by possibly modulating ROS homeostasis; the activity
of antioxidant enzymes, NAD kinase, and NADP phosphatase;
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and the expression of NFCNGC3, NtCNGCI0, and K* channel
genes and transporter genes.

The concentration and distribution of cytosolic free Ca** are
key to Ca* signaling. The intracellular free Ca** concentration
has been reported to increase in plants in response to different
biotic and abiotic stresses (Bose et al, 2011). K* deficiency
triggers spatially and temporally defined elevation of Ca*
concentration in roots, which represents a key response at
low-K* condition (Behera et al, 2017). K* deficiency induces
increased Ca®* concentration in guard cells (Allen et al., 2001)
and pollen tubes (Zhao et al, 2013) of Arabidopsis. Changes
in the free Ca®* concentration in the cytoplasm are recognized,
decoded, and further transmitted by various Ca** sensors.
Intracellular Ca®* is released from extracellular pools or
intracellular stores into the cytosol by various Ca** channels
and transporters on cell organelles and/or membranes and is
pumped back to organelles and apoplasts by Ca**-ATPase (Ca**
pumps) and Ca’*/H" antiports (Yang and Poovaiah, 2003).
Following K* deficiency, the hyperpolarization of PM can activate
Ca*" channel located within root epidermis and root hairs zone
(Véry and Davies, 2000; Demidchik et al., 2002). Calcium channel
blockers, such as VP and LaCl;, can block the entry of extracellular
Ca® into cells and alter the intracellular Ca** concentration.
EGTA is a Ca* chelator that can chelate extracellular Ca*,
thus reducing the concentration of free extracellular Ca®* and
Ca®* in the cytoplasm. In this study, we showed that inhibition
of the intracellular Ca*" concentration significantly inhibited
the K* concentration the in shoots and roots of tobacco. These
findings suggest that intracellular Ca** plays an important role
in the low-K* response in tobacco. Intracellular Ca*" signaling
under low-K* stress facilitates the detection of K* deficiency
by plant roots and promotes the uptake of K'.

Reactive oxygen species play an important role in several
signal transduction pathways. ROS also accumulate in roots in
the absence of nitrogen, phosphorus, and K* (Shin et al., 2005).
However, the excessive accumulation of ROS can lead to oxidative
damage within cells. Thus, strict control of the concentration
of ROS, while permitting ROS (especially H,0,) to perform
useful signaling functions under stress conditions is critically
important (Hernandez et al., 2010). The roots of blocker-treated

and chelator-treated tobacco plants accumulated more H,O,
and O°,” than CK roots in the normal and low K* treatments,
suggesting that intracellular Ca** might contribute to K* uptake
by regulating ROS accumulation in roots. Furthermore, the
activity of CAT, POD, and SOD in blocker-treated and chelator-
treated roots in the low K*' level was decreased. CAT, POD,
and SOD are three scavenging enzymes necessary for the
detoxification of ROS. The expression levels of the antioxidant-
related genes NtCAT, NtPOD, and NtSOD were significantly
downregulated in plants treated with channel blockers and a
chelator under low-K* stress. These data suggest that intracellular
Ca’ might regulate the accumulation of ROS by activating
these antioxidant enzymes, thereby improving the K* uptake
capacity of roots under low-K* stress. Consistent with our
results, EGTA and LaCl; have been shown to significantly
suppress the activity of antioxidant enzymes (Niu et al., 2017).
Several studies have suggested that both long-term and short-
term K* starvation can cause ROS accumulation in plant roots
and oxidative damage (Banuelos et al., 2002; Shin and Schachtman,
2004). ROS stress induces K* leakage in plant tissues (Quartacci
et al, 2001; Demidchik et al, 2003), and higher antioxidant
enzyme activities are required to tolerate K* deficiency (Tewari
et al, 2007; Hafsi et al., 2011). Intracellular Ca®* signaling may
play an important role in this process by mitigating oxidative
damage in plant cells and mediating the signaling function of
ROS, which promotes K* uptake by plant roots under low-K"* stress.

To understand the roles that two Ca®* channel blockers
and a Ca*" chelator playing in reducing the K* concentration
in tobacco, the expression of K* channel and K* transporter
genes was studied. The expression of all of the three K* channel
genes and three K transporter genes were repressed in the
roots of the treated tobacco plants relative to CK plants in
the low K* level. NKTI, NKT2, and NtKCI encode inwardly
rectifying K* channel proteins (Dai et al, 2009). Studies on
the relationship between the Ca®* signaling pathway and K*
channels have shown that the interaction of Ca*" sensors (CBL1
and CBL9) with target kinase CIPK23 under low-K* stress
enhances K* uptake by activating the AKTI channel in a Ca**-
dependent manner (Li et al., 2006). Intracellular Ca** signaling
can also differentially affect the activity of AKT1, AKT2, and
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AtKC1 to mediate K* uptake by Arabidopsis under low-K*
stress (Cheong et al., 2007; Held et al., 2011; Wang et al,
2016). KT12, HAKI1, and HAKS5 are KT/KUP/HAK-type
transporters that are thought to play a role in high-affinity
and/or low-affinity K* transport (Very and Sentenac, 2003).
Studies of Arabidopsis have shown that HAKS is activated in
vivo by AtCBLI/AtCIPK23 and is the main transporter that
regulates K* uptake when the external K* concentration is low
(<10 pM; Held et al., 2011). Under low-K" stress, the application
of the Ca** channel blockers and a Ca’" chelator inhibited
intracellular Ca** signaling and the decoding and transmission
of Ca*" sensors, which affected the expression of K* channel
and transporter genes and led to changes in K* uptake and
the K* concentration in plants. Therefore, the Ca®* signaling
pathway plays an important role in K* uptake by plant roots
under low-K* stress by upregulating the expression of several
K* channel genes and transporter genes. We also found that
the expression of some K* channel genes (NKT2 and NtKCI)
was upregulated under low-K* stress, which indicated that not
only K* transporters but also K* channels were involved in
K* uptake under low-K* stress.

Cyclic nucleotide-gated channels are a large group of
nonspecific cation channels in plants (Demidchik et al., 2002).
CNGCs, such as CNGC3 and CNGCI10, have been shown to
have K* inward-rectifying channel activity and are involved
in root K* uptake (Leng et al., 2002; Li et al., 2005; Gobert
et al,, 2006; Ma et al., 2006). Our results indicate that the
transcripts of NtCNGC3 and NtCNGCI0 were significantly
upregulated during low-K* stress, and the Ca** channel blockers
and a Ca* chelator significantly inhibited the expressions of
those genes. Therefore, we speculate that NtCNGC3 and
NtCNGCI10 may be involved in K' uptake by tobacco roots
under low-K* stress in a Ca*'-dependent manner. Consistent
with this speculation, K* uptake by akt] mutants was shown
to be complemented by CNGC3 and CNGC10 (Caballero et al.,
2012). Similarly, K* uptake was significantly inhibited in cngc3
plants, and overexpression of AtCNGCI0O genes partially
complemented the mutant for K* uptake; however, the antisense

of AtCNGCI0 resulted in a 40% reduction in the K* concentration
(Kaplan et al., 2007). Overall, this indicates that CNGC3 and
CNGCI10 (and other CNGCs) may be involved in K* uptake
in plant roots under low-K* stress, which is mediated by Ca**
signaling.

Noticeably, in our study, the CaM content was significantly
increased in the low K' treatment; however, the application
of Ca® channel blockers and a Ca*" chelator decreased the
CaM content in the low K' treatment. CaM is a major Ca*
sensor that plays a key role in the decoding and transmission
of Ca** sensors (Zeng et al, 2015). However, no studies to
date have examined whether CaM is involved in K" uptake
in plants. We treated tobacco plants with CaM antagonists.
Interestingly, we found that K* concentration in various parts
of tobacco plants was significantly reduced after the application
of CaM antagonists. These results strongly suggest that the
Ca®*-CaM signaling pathway is involved in K* uptake in tobacco
plants. Furthermore, ROS accumulation was higher and
antioxidant enzyme activity lower in CaM-antagonists treated
roots than in CK roots in low K* treatment. Therefore, CaM
can reduce ROS accumulation by increasing the activity of
major antioxidant enzymes in the roots of tobacco plants.
Consistent with our findings, Larkindale and Knight (2002)
showed that CaM antagonists can aggravate oxidative damage
in Arabidopsis seedlings under heat stress (Larkindale and
Knight, 2002). The Ca**-CaM signaling pathway also plays an
important role in balancing ROS. For example, studies of heat-
stressed maize seedlings have shown that both Ca** influx and
intracellular CaM can regulate seedling ROS homeostasis and
the antioxidant system, including CAT, SOD, and APX (Gong
et al, 1997). In our study, Ca** and CaM could both affect
the activity of NADK and NADPase, especially under low-K*
stress. Given that they are target enzymes of the Ca*-CaM
complex, we speculate that NADK and NADPase are involved
in regulating ROS homeostasis in plant roots under low-K*
stress. The NADP(H)/NAD(H) ratio functions in ROS generation
and scavenging and biological processes in cells, such as signal
transduction and energy metabolism, and is regulated by the

Low-K*

|

W

Antioxidant
enzymes

‘ SOD POD —

NADK &
NADPase

transporter-related genes
' NtKC1 NtHAK1 NtHAK5

K* channel- and

NtCNGC3 &
NtCNCG10

FIGURE 15 | A model for the role of the Ca?*-CaM signaling pathway in regulating potassium uptake in plant roots under low-K* stress. Ca?*-CaM signaling
pathway upregulates expression of several K* channel genes and K* transporter genes (NKT2, NtKC1, NtHAKT, and NtHAKS), NtCNGC3, and NtCNGC10. It also
mediates reactive oxygen species (ROS) homeostasis by increasing the activity of CAT, SOD, POD, NADK, and NADPase.
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key regulators NADK and NADPase (Richter, 1987; Hashida
et al., 2018; Li et al, 2018). NADPH is a product of NADK
and a substrate of NADPase that plays a dual role in ROS
homeostasis and is mediated by the Ca**-CaM complex (Roberts
and Harmon, 1992; Mittler, 2002; Bedard et al., 2007). The
transcript abundance of Nt\CNGC3, NtCNGCI0, and K* channel
genes and transporter genes treated with CaM antagonists were
similar to those treated with two Ca®* channel blockers and
a Ca’* chelator. Under low K'-stress, the application of CaM
antagonists significantly inhibited the expression of these genes
involved in K* uptake in plants. Thus, CaM may play an
important role in perceiving, decoding, and further transmitting
Ca’* signals to downstream target proteins during the low-K*
responses.

In conclusion, our data demonstrated that the Ca*-CaM
signaling pathway in plant roots might mediate ROS homeostasis
and promote K* uptake by plant roots by increasing the activity
of several major antioxidant enzymes, NADK, and NADPase
under low-K" stress (Figure 15). Meanwhile, coupled with the
results of the gene expression, suggested that the intracellular
Ca’*-CaM signaling pathway positively regulates low-K* stress
root K' uptake at least partly through upregulation of the
expression of NtCNGC3, NtCNGC10, K' channel genes, and
K* transporter genes in plant roots (Figure 15). Generally,
the results of this study provide new insights into the role of
Ca® signals and CaM in regulateing K* uptake in plant roots
under low-K* stress.
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