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Abstract—Plant root architecture modulates during developmental stages and adjusts with the environmental
condition. The cytosolic calcium which is a ubiquitous secondary messenger in all eukaryotes strongly affects
the root system in Arabidopsis thaliana (L.) Heynh. We proposed that calcium chloride gradients affect PIN2
expression, which in term modulates root architecture and lateral root emergence. In the present study, the root
development of PIN2 overexpressing lines of A. thaliana were investigated on different CaCl2 concentrations.
This study found that the abundance of PIN2 protein has a direct effect on the root curvature with respect to
CaCl2 gradient. In the presence of low concentration of CaCl2, PIN2 protein is stabilized and its subsequent
accumulation lead to straight root architecture. However, as the CaCl2 concentration were increased, PIN2 pro-
tein destabilized and subsequently degraded which in turn showed a wavy root phenotype. On the other hand,
different concentrations of CaCl2 did not show any effect on PIN2 gene at transcript level.
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INTRODUCTION
Plants being sessile, often experience environmen-

tal stresses (biotic and abiotic) that lead to decrease in
plant growth and crop productivity [1, 2]. A major fea-
ture of plant development is that it is continuously
modified by interactions with the environment,
thereby enabling plants to cope with the constraints of
their sessile lifestyle. A quintessential example is the
developmental plasticity of the three-dimensional
deployment of the root (the root architecture) in
response to the soil environment [3]. This plasticity is
critical for a plant’s ability to forage the soil for nutri-
ents and water and contributes to a plant’s competitive
fitness. Root architecture is determined by the pattern
of root branching (lateral root formation) and by the
rate and direction of growth of individual roots [4].
The formation of lateral roots (LRs) is a reiterative
process. LRs form along the length of the primary root
and these first order LRs give rise to second order
LRs which themselves can form the third order LRs
etc. [5, 6]. Several studies have shown that how differ-
ences in the composition of the growth medium can
alter root architecture [4]. A good example is the LR
proliferation and curvature of LRs and primary roots
into resource-rich growth media zones such as those
enriched in NO3 or phosphate [7, 8].

On the other hand, less is understood regarding
how plant root architecture is modulated in response
to different stress conditions, even though this
response may be vital for the plant’s ability to compete
for soil resources. A survey of plant responses to potas-
sium nitrate, phosphate, auxin and oxilipins is charac-
terized by the increase of LRs, inhibition of primary
root and formation of wavy roots [9, 10]. The mild
chronic stress stimulated stress-induced morphogenic
response, which comprises of inhibition of root elon-
gation, localized stimulation of cell division and alter-
ation of cell differentiation. It is suggested that modu-
lation of root architecture is thus typified by growth
redistribution rather than by cessation of growth [3].
For example the reduction in root elongation by the
osmotic or salinity stress is reported in cotton, maize
and bean [2, 11–13]. In most studies using Arabidop-
sis, osmotic or salt stress severely repressed the forma-
tion of LRs [14–17]. Osmotic stress appears to inhibit
LR formation after LR initiation and affects the for-
mation of autonomous LRs from LRPs [14].

In the light of these reports regarding the effect of
salt stress on Arabidopsis root architecture, the effect
of CaCl2 salt on Arabidopsis root was investigated in
the present study. To understand the effect of in vitro cal-
cium stress, we demonstrated morphogenic responses
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induced in roots of A. thaliana transgenic lines overex-
pessing PIN2 after application of different concentra-
tion of CaCl2 salt. Indeed, we observed visible effect of
CaCl2 on primary root architecture and LR emer-
gence in A. thaliana.

MATERIALS AND METHODS
Plant material and growth conditions. Arabidopsis

thaliana (L.) Heynh. (Col-0) homozygous PIN2 over-
expressing lines were provided by the “Cell signalling
lab,” Division of Plant Sciences, Gyeongsang National
University, Korea. They used floral dip method and
generated transgenic Arabidopsis lines, and MS medium
containing cephalosporin and kanamycin were used for
select the transgenic plants of T1 and T2 generations.
Furthermore, homozygous T3 progenies were con-
firmed by RT-PCR and were used for these experi-
ments.

Arabidopsis lines overexpressing PIN2 were tested
for root architecture and lateral root emergence. The
seeds were sterilized and plated on half the norm of
MS [18] with 1.5% sucrose at 4°C in darkness for 48 h
of stratification, then transferred to a growth chamber
under condition of 20 to 22°C with a 16/8 h light/dark
cycle. Five days old seedling with 1.0 to 1.5 cm in
length were used for experiments.

CaCl2 treatment. To check the root response on
calcium stress, PIN2 overexpressing plants were grown
on media supplemented with different concentration
of CaCl2. The five-day-old seedlings were transferred
on the calcium deficient media supplemented with
various concentrations (0, 0.01, 0.1, 1, 3 and 10 mM)
of calcium chloride. The seedling roots were posi-
tioned vertically and the initial sited of the root tip
were marked. The plates were reoriented by 90° for
gravitropic response and the gravitropic response was
digitized using (Canon CKI-PowerShot-GII) to
observe the root architecture, primary root length and
lateral root emergence. All the experiments were con-
ducted with three biological replicates.

PIN2 expression at protein level. To study the
expression of PIN2 at potein level, Western Blotting
carried out to check the PIN2 abundance after sub-
jecting to different concentrations of CaCl2. The pro-
teins of the PIN2 overexpressing lines were extracted
from ten-day-old plant. Antibodies were diluted as
follows: 1 : 1000 for anti-PIN2; 1 : 4000 for anti-rabbit.
The picture was developed in dark room using x-ray
developing procedure. Each experiment was repeated
three times to check the reproducibility.

PIN2 expression at RNA level. To study the change
in the PIN2 expression; RT-PCR was carried-out in
Arabidopsis PIN2 overexpressing line after subjecting
to different concentrations of CaCl2. The RNA was
extracted by RNeasy Plant Mini Kit (Qiagen) from
ten-day-old plant (prior to the fact that maximum
affect of calcium ion be explored). Two micrograms of
RUSSIAN JOURN
DNAse-treated total RNA was used as a template for
first-strand cDNA synthesis with Superscript III
Reverse Transcriptase (Invitrogen) and oligo (dT)
primer. The ACTIN2 gene was used as a reference with
a primer 5'-CCTTCGTCTTGATCTTGCGG-3' and
5'-AGCGATGGCTGGAACAGAAC-3' and to detect
PIN2 transcript: 5'-AAGTCACGTACATGCATGTG-3'
and 5'-AGATGCCAACGATAATGAGTG-3' primer
were used. Twenty-microliter reactions were set-up for
each reaction and amplified through 30 PCR cycles
and subsequently, 15 μL of the PCR product was run
on 1% agrose gel for gel-documentation.

RESULTS
CaCl2 Stress Decreased LRs

and Caused Wavy Root Phenotype
Calcium is an essential plant nutrient, involved in

various structural roles in the cell wall and membranes
differentiation. Calcium is also an intracellular mes-
senger, which coordinates numerous developmental
signals and environmental challenges. Here we
observed that calcium ion concentration produced
wave phenotype as the concentration increases from
0.01 up to 10 mM CaCl2 (Fig. 1a). It was found that
the wave root formation prominently observed at 3
and 10 mM of CaCl2 in the calcium deficient media.

Mild CaCl2 Stress Stimulates Root Growth
and Lateral Root Proliferation

To examine how CaCl2 stress affects Arabidopsis
root growth and LRs proliferation, the response of
Arabidopsis seedlings were tested on increasing CaCl2
concentration. Fig. 1b shows that increasing CaCl2
level up to 0.1 mM stimulate the production of LRs,
where seedlings exhibited virtually twofold number of
LRs compared with the control plants (with 0 mM
CaCl2). However, the numbers of LRs were decreased
by transferring the seedlings to 1 mM CaCl2 contain-
ing medium, and 10 mM CaCl2 stress caused almost
complete inhibition of LRs development. These
results propose an acclimation response of LR devel-
opment to mild levels of CaCl2 stress. Similarly, root
length was also increased at lower concentration of
CaCl2, i.e., from 0 and 0.01 mM, however its length
decreased again after the application of 0.1–10 mM
CaCl2 (Fig. 1c).

Phenotype Reverting Assay
With the increase of calcium ion concentration, the

PIN2 overexpressing plants showed a wavy root phe-
notype. We have found that wavy root phenotype
revert to straight phenotype back when transplant
from high CaCl2 level to low (Fig. 2). Thus, we con-
firmed that the wavy root phenotype appearance
depends on calcium ion concentration.
AL OF PLANT PHYSIOLOGY  Vol. 67  No. 3  2020
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Fig. 1. CaCl2 concentration affects root architecture, primary root length and number of LRs in Arabidopsis thaliana PIN2 over-
expressing plants.
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It is previously investigated by many researchers
that calcium is fully involved in various structural roles
in the cell wall and cell membranes differentiation
which ultimately bring changes in the root emergence
and the number of LLR emergence. With the increase
of CaCl2, the LR emergence/number increased up to
1 mM and decreased with the increase of CaCl2 con-
centration from 3 mM (Fig. 2).

Ca2+ Stress-Induced Gravitropic Responses Are Related 
to PIN2 Protein Levels

It’s known that PIN2 protein play an important
role in the redistribution of auxin and subsequently
gravitropic responses [19]. It was assumed that the
expression of PIN2 protein is modified by calcium
concentration. We tested the level of PIN2 protein in
the seedling overexpressing PIN2. Under low CaCl2
concentration (0 to 0.1 mM) Western Blot showed
high intensity/abundance of PIN2 expression and the
plant showed normal gravitropic response with a
straight root phenotype. Surprisingly, above 0.1 mM
of CaCl2 PIN2 protein abundance was reduced and
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 67
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Fig. 2. Calcium-dependent wavy root phenotype got
straight at 0 mM CaCl2. R-I–transplant three-day-old
plants to a medium containing different concentration of
CaCl2; R-II–clustered the plant (from the media having
different concentration of CaCl2: R-I) on 0 mM Ca2+

containing media; consequently the curvature of the root
change to normal, i.e., wavy phenotype (W) reverts into
straight (S: R-II).
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Fig. 3. Response of Arabidopsis thaliana PIN2 gene expression to differrent concentration of CaCl2.
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ultimately defused and plant showed wavy root pheno-
type. Unlike PIN2 expression at protein level, the
PIN2 transcript abundance was not affected with the
increase or decrease of CaCl2 concentration (Fig. 3).
These results suggested that calcium stress represses
the abundance and distribution of PIN2 protein influ-
encing the response to gravity.

DISCUSSION

Variation in the supply and distribution of inor-
ganic nutrients affect root development either directly
(changes in the external concentration of the nutrient)
or indirectly (changes in the internal nutrient status of
the plant) resulting trophomorphogenic responses
induces in plants [20]. Calcium is one of the major
inorganic nutrient elements. In higher plants, it is
available in the form of Ca2+ with 5000 mg/kg (0.5%)
concentration in dry tissue. It is previously investi-
gated by many workers that within the cell Ca2+ is fully
involved in the formation of middle lamella, essential
for cell membrane formation, acts as second messen-
ger in metabolic regulation, help to stabilize the struc-
ture of chromosomes and an activator of many
enzymes [21]. Similarly, the deficiency of Ca2+ within
cells causes disintegration of growing meristematic
region of the root, stem and leaves and chlorosis along
the margins of younger leaves and malformation of
younger leaves [22].

Under various concentrations of CaCl2 (0, 0.01,
0.1, 1, 3 and 10 mM), the number of LRs were signifi-
RUSSIAN JOURN
cantly increased at 0.01 and 0.1 mM CaCl2 than the
control seedlings as shown in Fig. 1a. Interestingly, the
LRs were reduced and the plant showed slightly nega-
tive response to 1 mM CaCl2, but at this stage, the LRs
were still significantly more than the control plant. We
found that mild CaCl2 concentration (up to 0.1 mM)
increase LRs proliferation in PIN2, but increase con-
centration of CaCl2 decrease LRs proliferation which
was further conformed by 3 and 10 mM CaCl2 as
shown in Fig. 1b. It was found that the numbers of LRs
significantly decreased at 3 and 10 mM of CaCl2, and
the primary root was developed almost without lateral
root proliferation. These results revealed that mild cal-
cium stress stimulated stress-induced morphogenic
response in Arabidopsis roots [3], however enhanced
CaCl2 concentration cause toxicity to plant and inhib-
ited root growth [23, 24]. It has been elaborated that
LR primordium (LRP) initiation phase dependent on
a root tip-localized IAA source, and LRP emergence
phase dependent on leaf-derived IAA up to 10 days
after germination in A. thaliana [25, 26]. Our results
suggested that uptake of CaCl2 up to 0.1 mM stimu-
late the developmental stages of lateral root forma-
tion resulting more highly branched root system in
A. thaliana PIN2 overexpressing lines but extreme
high concentration of CaCl2 inhibit the developmental
stages of LRt, assuming that synthesis of tip-localized
IAA and leaf-derived IAA is remarkably sensitive to
stress of CaCl2. Hence, mild CalCl2 stress stimulates
LR proliferation in A. thaliana.
AL OF PLANT PHYSIOLOGY  Vol. 67  No. 3  2020
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For the first time it was hypothesized that wavy
root phenotype of Arabidopsis is a gravity-induced
touch-response to the medium surface and the root tip
changed direction in an obstacle-avoidance manoeu-
vre [27]. Then Simmons et al. [28] proposed that, a
combination of gravitropism and circumnutation
(natural oscillating growth) act as the major stimuli to
induced root waving in A. thaliana. Subsequently,
Buer et al. [29] demonstrated that the gaseous envi-
ronment within the Petri dish can override gravita-
tional effects and the medium ion concentrations and
gelling polymers modify the wave response. We found
that CaCl2 stress-induced wavy root phenotypes are
related to PIN2 protein levels. Western blot analysis
showed normal PIN2-expression in control plant with
straight primary root architecture, but when the abun-
dance of PIN2-expression was reduced and ultimately
diffused with high CaCl2 concentration [25], the
plants showed wavy primary root consequently. The
wavy root formation was prominently observed at 3
and 10 mM of CaCl2 in the calcium deficient media.
These results suggested that high concentration of
CaCl2 limits the abundance of PIN2 protein which
have direct effect on the wavy root phenotype devel-
opment.

To conclude, low concentration of CaCl2 brings
morphogenic responses inducing root length and LRt
emergence in A. thaliana. However, higher concentra-
tion of CaCl2 inhibit root growth, LR emergence and
causes wavy root phenotype. LR emerge after several
developmental stages occur in plants and depend on
growth regulator therefore we suggested that CaCl2
interfere in main physiological events which have
direct effect on LRs proliferation. We have also con-
cluded that abundance of PIN2 protein directly affect
wavy root phenotype. High concentration of CaCl2
represses the abundance of PIN2 protein in response to
gravity resulting the plant showed wavy root phenotype.
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