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Abstract Myo-inositol participates in many diVerent
aspects of plant physiology and myo-inositol 1-phosphate
synthase (MIPS; EC 5.5.1.4) catalyzes the rate limiting step
of inositol biosynthetic pathway. Chickpea (Cicer arieti-
num), a drought-tolerant leguminous crop plant, is known
to accumulate increased inositol during dehydration stress.
Previously, we reported two diVerentially expressed diver-
gent genes (CaMIPS1 and CaMIPS2) encoding two MIPS
isoforms in chickpea. In this communication, we demon-
strated that CaMIPS2 is an early dehydration-responsive
gene and is also rapidly induced by exogenous ABA appli-
cation, while CaMIPS1 expression is not much inXuenced
by dehydration or ABA. The regulation of expression of
these two genes has been studied by examining their pro-
moter activity through GUS reporter gene and diVerential
promoter activity has been observed. Moreover, unlike
CaMIPS1 promoter, CaMIPS2 promoter contains CRT/
DRE cis-regulatory element which seems to play a key role
in dehydration-induced expression of CaMIPS2. Further-
more, CaMIPS1 and CaMIPS2 have been successfully
complemented and shown to repair the defect of seedling
growth and altered seed phenotype of Atmips1 mutant.
Moreover, Arabidopsis transgenic plants overexpressing
CaMIPS1 or CaMIPS2 exhibit improved tolerance to salin-
ity and dehydration stresses and such tolerance of trans-
genic plants is correlated with their elevated level of

inositol. Remarkably, CaMIPS2 transgenic lines perform
better in all attributes than CaMIPS1 transformants under
such stress conditions, due to comparatively unabated pro-
duction of inositol by CaMIPS2 enzyme, as this enzyme
retains signiWcant activity under stress conditions.
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GUS �-Glucuronidase
IMP Inositol monophosphatase
MIPS Myo-inositol 1-phosphate synthase
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Introduction

Inositol, a six-carbon cyclo-hexane hexitol, is found ubiqui-
tously across the biological kingdom and is an essential
component of eukaryotic cell. The role of inositol in plants
is manyfold, though inositol is primarily essential for plant
growth and development. Inositol is a precursor for many
inositol containing compounds and is implicated in various
physiological and biochemical processes such as growth
regulation, cell membrane biogenesis, hormonal regulation,
stress signaling, etc. (Loewus and Murthy 2000; Stevenson
et al. 2000). Recent studies suggest that inositol also plays a
signiWcant role in plant immunity and programmed cell
death (Meng et al. 2009; Chaouch and Noctor 2010; Dona-
hue et al. 2010). Apart from these, inositol and its few
derivatives mainly pinitol have also been shown to be
implicated in abiotic stress adaptation, possibly by protect-
ing cellular structures from reactive oxygen species and by
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controlling turgor pressure (Paul and Cockburn 1989; Ishi-
tani et al. 1996; Sheveleva et al. 1997; Nelson et al. 1998;
Shen et al. 1999; Loewus and Murthy 2000). In addition,
myo-inositol is utilized in abiotic stress-induced raYnose
and galactinol synthesis (Taji et al. 2002). Inositol is bio-
synthesized via a two-step pathway which is highly con-
served among all classes of organisms. In this pathway,
myo-inositol 1-phosphate synthase (MIPS: EC 5.5.1.4) cat-
alyzes the Wrst and rate limiting step and speciWcally con-
verts D-glucose 6-phosphate to L-myo-inositol 1-phosphate.
Myo-inositol 1-phosphate is further dephosphorylated to
produce free inositol by the enzyme inositol 1-phosphate
phosphatase (IMP: EC 3.1.3.25) (Loewus and Loewus
1983; Loewus 1990). Free inositol can then be channelized
to diVerent pathways and produces various inositol deriva-
tives including ononitol and pinitol. The rate limiting
enzyme MIPS has been reported from various sources and
MIPS-coding sequences have been cloned and character-
ized from widely diVerent organisms including plants
(Majumder et al. 2003). Regulation of MIPS gene expres-
sion has been studied in few plants and appears to be spe-
cies speciWc (Yoshida et al. 1999; Hegeman et al. 2001;
Chun et al. 2003; Abreu and Aragao 2007). In response to
stresses, increased accumulation of pinitol or inositol as a
consequence of transcriptional induction of the MIPS-cod-
ing gene has been reported in few plants like Mesembryan-
themum crystallinum, Cicer arietinum, etc. (Ishitani et al.
1996; Boominathan et al. 2004). In addition, introgression
of MIPS-coding gene from Porteresia coarctata (PcINO1)
was shown to confer salt tolerance in evolutionary diverse
organisms including plants like tobacco, rice and Brassica
juncea (Majee et al. 2004; Das Chatterjee et al. 2006). Mul-
tiple MIPS-coding genes have been reported in some plant
species like maize, soybean, Arabidopsis and their diVeren-
tial expression patterns were also shown in respective plant
species (Yoshida et al. 1999; Abreu and Aragao 2007;
Donahue et al. 2010). In Arabidopsis thaliana, three MIPS-
coding genes (AtMIPS1, 2, 3) have been reported and each
member has been shown to play a speciWc physiological
function. Among these three MIPS-coding genes, AtMIPS1
was shown to have a greater contribution to myo-inositol
levels in Arabidopsis plant (Meng et al. 2009; Donahue
et al. 2010; Luo et al. 2011). The presence of such multiple
MIPS genes in plant species thus suggests their participa-
tion in speciWc physiological functions.

Chickpea is an annual self- pollinated crop plant and is
mostly grown in the arid and semi-arid regions of the
world. Chickpea is a major source of human food as rich
source of protein particularly for developing countries. The
productivity of this grain legume is usually low and further
reduced by environmental stresses (Ahmad et al. 2005).
Despite having an immense agronomic and nutritional
importance, research in chickpea is very limited, probably

due to the lack of eYcient and dependable transformation
protocol. In addition, non-availability of genome sequenc-
ing data and mutant resources further restrict the research in
this grain legume. In this particular plant, inositol seems to
play an important role in drought tolerance besides its role
in growth and development, since inositol content and
MIPS transcript were shown to be signiWcantly increased
under dehydration condition (Boominathan et al. 2004;
Kaur et al. 2008). However, the molecular regulation of
MIPS gene and its role in stress adaptation are largely
unknown in this particular crop plant. Previously, we
reported diVerentially expressed two divergent MIPS genes
(CaMIPS1 and CaMIPS2) from chickpea. Furthermore,
CaMIPS2 enzyme has been shown to retain higher activity
than CaMIPS1 in in vitro conditions at high temperature
and salt concentration and provides better protection to
transformed Wssion yeast under adverse conditions (Kaur
et al. 2008).

In this study, we analyze dehydration-induced transcript
accumulation of CaMIPS2 in a time-course manner and the
eVect of ABA on its regulation. The diVerential regulation of
CaMIPS1 and CaMIPS2 expression is investigated through
promoter–GUS fusion analysis. To evaluate the potential
role of these two genes in plant stress adaptation, we begin
with the functional validation of these genes in Arabidopsis
MIPS1 mutant (Atmips1, SALK_023626). Finally, trans-
genic Arabidopsis thaliana Col-0 plants overexpressing
CaMIPS1 and CaMIPS2 are generated and their growth
responses are analyzed under various stress conditions.

Materials and methods

Plant material and treatments

Chickpea (Cicer arietinum L. cv BGD72) seeds were
obtained from Indian Agricultural Research Institute
(IARI), New Delhi, India. Seeds were germinated on wet
germination paper. The germinated seedlings were trans-
ferred to soil in a 3:1 ratio of agropeat to vermiculite and
grown at 20 § 2 °C and 12 § 2 °C at day and night temper-
atures, respectively, with 50 % relative humidity in growth
room (Boominathan et al. 2004). Six-day-old seedlings
were used for various stress and hormone treatments. Dehy-
dration was imposed in a time-course manner starting from
15 min to 3 h as described previously (Boominathan et al.
2004). For hormone treatment, 6-day-old seedlings were
treated with 100 �M ABA, IAA, SA or GA (Sigma,
St. Louis, MO, USA) for 5 h according to method described
by Syam Prakash and Jayabaskaran (2006).

Arabidopsis thaliana ecotype Columbia was used in this
study and plants were grown in a 3:1 combination of agropeat
and vermiculite, in growth room under controlled condition
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(16/8 h light and dark cycle at 22 § 2 °C, light intensity of
100 �mol photons m¡2 s¡1) for general growth and seed har-
vesting unless otherwise mentioned.

RNA isolation and real-time PCR

Total RNA was isolated from the Arabidopsis or chickpea
seedlings using TRI Reagent (Sigma). 2 �g RNA was
treated with DNaseI (Ambion, Austin, TX, USA) and fur-
ther used for cDNA preparation using ABI cDNA prepara-
tion kit (Applied Biosystems, Foster City, CA, USA). A
1:20 dilution of the cDNA was used for quantitative real-
time PCR in a 20-�l reaction with 10 pM suitable primers
as described by Kaur et al. (2008). Primers used in this
study are listed in Supplementary Table S1.

Isolation of CaMIPS1 and CaMIPS2 promoter sequences

Promoter sequences were isolated by genome walking
using genome walker kit (Clonetech, Carlsbad, CA, USA)
following manufacturer’s protocol. Genome walking PCR
was performed on genomic DNA library using gene spe-
ciWc primers and the adaptor primers provided by the kit.
AmpliWed fragments were then cloned into pGEMT easy
vector (Promega, Madison, WI, USA) and sequenced.
Primers used in this experiment are listed in Supplementary
Table S1.

Arabidopsis thaliana transformation and transgenic 
analysis

The full-length CaMIPS1 and CaMIPS2 cDNAs (Acces-
sion no: EU714004 and EU715005) were cloned into plant
expression vector pCAMBIA2301 (for generating overex-
pression lines) or pCAMBIA1301 (for mutant complemen-
tation) under the control of CaMV 35S promoter.
Overexpression lines were made in Arabidopsis thaliana
col-0 background. For mutant complementation, mutant
line of Arabidopsis MIPS1 (Atmips1-2, SALK_023626,
Donahue et al. 2010) was used for transformation.

For promoter analysis, approximately 1 kb region
upstream of the translational start site of CaMIPS1 and
CaMIPS2 were fused independently to �-glucuronidase
(GUS) reporter gene (JeVerson et al. 1987) in pKYLX 70
vector. A truncated CaMIPS2 promoter: GUS construct
was similarly generated, where CRT/DRE element of
CaMIPS2 promoter was deleted. Primers used to make
these constructs are listed in Supplementary Table S1.
Arabidopsis plants were transformed through Agrobacte-
rium-mediated transformation via Xoral dipping method
(Clough and Bent 1998). Transformed plants were
selected by kanamycin or hygromycin resistance followed
by PCR analysis.

Promoter analysis: �-glucuronidase (GUS) assay 
for histochemical expression pattern and quantiWcation 
of GUS transcript

Independent and stably transformed homozygous pro-
moter:GUS lines were stained for GUS activity. Seedlings,
leaves, inXorescence, Xoral organs and siliques were
detached and incubated overnight in GUS staining solution
[100 mM phosphate buVer (pH 7.0), 1 mM X-gluc (Gold
biotechnology, St. Louis, MO, USA), 10 mM EDTA, 0.1 %
(v/v) Triton X-100] at 37 °C to check the tissue-speciWc
activity of these promoters. Tissue samples were then
treated with 95 % (v/v) ethanol to remove chlorophyll and
photographed with microscope (Nikon stereo zoom). For
quantiWcation of GUS transcript under dehydration condition,
seeds from T3 homozygous transgenic lines of respective
promoters: GUS were grown in 1/2 MS medium. Ten-day-
old seedlings were subjected to dehydration by placing the
seedlings on blotting sheet for 5 h under continuous low
light conditions. A control set was maintained in the plates
under same light conditions. Subsequently, RNA was iso-
lated for the quantiWcation of GUS transcript through real-
time PCR.

Stress treatments for transgenic lines

For salt stress experiment at germination and seedling
stage, homozygous seeds of wild type, vector control (des-
ignated as VC) and multiple independent overexpression
lines of CaMIPS1 and CaMIPS2 were surface sterilized and
grown in 1/2 MS0 media supplemented with 0, 100 and
200 mM NaCl. Germination was scored at 5 days. Seeds
were considered to be germinated when the radicle pro-
truded out from seed coat. Germinated seeds were further
allowed to grow for 10 days and growth pattern was moni-
tored. Mature plants were also assessed for salinity and
dehydration stress tolerance. For salt stress, initially seed-
lings were grown in 1/2 MS0 media and then 14-day-old
plants were transferred to pots and allowed them to grow
for 14 more days. Finally, salt stress was imposed on these
4-week-old plants by watering them with 200 mM NaCl
solution every alternate day for 12 days.

For dehydration stress, seedlings were similarly grown
in 1/2 MS0 media and then 14-day-old plants were trans-
ferred to pots and allowed to grow for further 10 days with
routine watering. Finally, dehydration stress was imposed
on these 24-day-old plants by withholding water for
3 weeks. Further, the plants were allowed to recover under
normal routine watering (Sunkar et al. 2003). After these
treatments growth responses were monitored and various
traits like plant height, weight, rosette diameter and silique
number per plant were also measured. For oxidative stress
treatment, leaves of overexpression lines and vector control
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were Xoated in 10 �M of paraquat for 24 h in continuous
white light to induce oxidative stress as described by Qian
et al. (2007). Leaves Xoated in de-ionized water served as
control for the experiment.

Chlorophyll estimation

Chlorophyll was extracted with 80 % (v/v) acetone accord-
ing to the method of Arnon (1949). Absorption was mea-
sured spectrophotometrically at 663 and 645 nm and total
chlorophyll content was calculated (Wellburn and Lichtent-
haler 1984). The chlorophyll content was measured and
normalized per gram of fresh weight sample.

Assay of MIPS enzyme

The enzyme was assayed colorimetrically by the periodate
oxidation method of Barnett et al. (1970) with minor modi-
Wcations as described in Kaur et al. (2008). The amounts of
inorganic phosphate released from the MIPS reaction prod-
uct upon periodate oxidation was estimated by the method
described by Chen et al. (1956). Protein was estimated
according to the method of Bradford (1976) using Bio-Rad
protein estimation kit.

Estimation of inositol content

Inositol content of transgenic plants was estimated accord-
ing to the method of Bieleski and Redgwell (1977) with
minor modiWcation. 10-day-old seedlings (»500 mg) were
homogenized and total water-soluble sugars and polyols
were extracted with a mixture of methanol–chloroform–
water–trichloroacetic acid (12:5:2:1, by vol.). Subse-
quently, chloroform and water (1:1, v/v) was added for
phase separation and the aqueous phase containing the bulk
of the water-soluble plant metabolites including inositol
was lyophilized.

For GC analysis, the lyophilized samples were trans-
ferred quantitatively to glass reacti-vials (Pierce Chemical
Co.) by dissolving in water. Water was evaporated and
samples were kept in a vacuum desiccator over P2O5 for
complete removal of water. Samples were derivatized as
described by Majee et al. (2004) and were run through gas
liquid chromatography on a Chemito 1000 instrument by
Chemito-Toshniwal, equipped with a Xame ionization
detector (FID). QuantiWcations were done by a computer
using speciWc Clarity Lite software.

Statistical analysis

Student’s t test was applied to the data. DiVerences between
the transgenics and control plants were considered signiW-
cant when P < 0.05.

Results

CaMIPS2 is an ABA-inducible early 
dehydration-responsive gene in chickpea

In our previous study, CaMIPS1 and CaMIPS2 genes were
shown to be diVerentially expressed in organs and stressful
environmental conditions (Kaur et al. 2008). Particularly
under dehydration condition, CaMIPS2 was found to be
highly induced, while CaMIPS1 expression remained
unchanged or slightly induced. In this study, we further
examined the transcript accumulation of CaMIPS1 and 2 at
various time points of dehydration stress in chickpea seed-
ling through real-time PCR as described in “Materials and
methods” section. Results revealed that after initial expo-
sure of dehydration stress (15 min), a little diVerence was
observed between CaMIPS1 and CaMIPS2 expression;
however, after as early as half an hour of exposure, the
diVerences of their expression became clearly apparent.
After 1 h of dehydration stress, CaMIPS2 transcript
accumulation was found to be doubled than control, while
CaMIPS1 transcript remained unchanged (Fig. 1a).

Transcripts accumulation of these two genes was also
investigated under various phytohormone treatments. To
analyze this, chickpea seedlings were treated with various
phytohormones and transcript accumulation was analyzed
through real-time PCR. As shown in Fig. 1b, both genes
appeared to be induced in presence of ABA; however,
accumulation of CaMIPS2 transcript was found to be sig-
niWcantly higher than CaMIPS1 transcript in ABA-treated
seedlings. Enhancement of transcript accumulation of
CaMIPS2 was also observed in salicylic acid-treated seed-
lings, while GA and IAA showed no signiWcant eVect on
their expression (Fig. 1b). We further investigated the tran-
script accumulation of these two genes at various time
points of ABA treatment in chickpea seedlings and CaM-
IPS2 was found to be rapidly induced in as early as 15 min
of ABA treatment. However, enhanced accumulation of
CaMIPS2 transcript was found to be progressively
decreased in subsequent time points following ABA treat-
ment (Fig. 1c).

CaMIPS1 and CaMIPS2 promoters exhibit diVerential 
activity in organs and under dehydration stress

In our present and previous studies, CaMIPS1 and CaM-
IPS2 have shown to be diVerentially expressed in chickpea.
To understand the molecular basis of their diVerential
expression, the 5� upstream regulatory regions (up to
»1 kb) of these two genes were cloned through genome
walking PCR and further promoter analysis was carried out.
For this purpose, constructs were made for each promoter
in fusion with �-glucuronidase (GUS) reporter gene
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(JeVerson et al. 1987) and introduced into Arabidopsis tha-
liana. Multiple T3 transgenic Arabidopsis plants homozy-
gous for GUS gene were used for further analysis. To check
the promoter activity, intact seedlings and diVerent tissues
from various developmental stages from multiple indepen-
dent lines were stained for GUS expression. CaMIPS1 and
CaMIPS2 promoter-driven GUS expression was observed
in all organs albeit at diVerent levels, whereas in mature sil-
ique only CaMIPS2 promoter-driven GUS expression was
found (Fig. 2a). In seedling stage, CaMIPS2 promoter-
driven GUS expression was observed in almost all cells
throughout the leaf, while CaMIPS1 promoter-driven GUS
expression was mostly restricted to veins or vascular tissues
of leaf (Supplemental Fig. S2).

These results were found to be fairly similar with tran-
script analysis of these two genes in our previous study
where CaMIPS1 and CaMIPS2 transcripts were observed
in leaf, root, shoot and Xower, but in seed only CaMIPS2
transcript was detected (Kaur et al. 2008). Next, we investi-
gated the regulatory mechanism of the diVerential expres-
sions of CaMIPS1 and CaMIPS2 under dehydration stress.
Towards this aim, both the promoters were examined for
cis-regulatory elements for stress-induced expression
through in silico analysis using PLACE and PlantCARE
database (Higo et al. 1999; Lescot et al. 2002). Analysis
revealed that both the promoters contain many similar puta-
tive cis-regulatory elements for ABA or stress-induced

expression in diVerent positions; however, few speciWc cis-
regulatory elements responsible for dehydration-induced
expression were noticed only in CaMIPS2 promoter
(Table 1). As for example, both the promoters were shown
to contain ABRE element or MYC or MYB1 cis-regulatory
elements, but CRT/DRE cis-regulatory elements were spe-
ciWcally found in CaMIPS2 promoter. To examine whether
these diVerences in their promoter regions are responsible
for such diVerential expression of these two genes under
dehydration stress, the quantitative GUS transcript analysis
was done in respective transformed lines under normal and
dehydration stress condition through real-time PCR. Under
dehydration stress, all independent lines of CaMIPS2
promoter-GUS transgenics were observed to accumulate
10–15 times more GUS transcript than normal condition,
while CaMIPS1 promoter-GUS transformed plants had
fairly similar or slightly enhanced transcript accumulation
in such dehydration condition. These results indicate that
diVerences in their promoter activity might be responsible
for diVerential transcript accumulation of these two genes
under dehydration stress condition and the possible
involvement of CRT/DRE element in dehydration-induced
expression of CaMIPS2, as CRT/DRE element was previ-
ously shown to be involved in cold or dehydration-induced
gene expression in many plant species (Yamaguchi- Shino-
zaki and Shinozaki 1994). Hence, we were interested in
analyzing the CaMIPS2 promoter without CRT/DRE

Fig. 1 Quantitative real-time 
PCR analysis of CaMIPS1 and 
CaMIPS2 transcript accumula-
tion in chickpea seedling at 
diVerent time interval of dehy-
dration treatment (a), with diVer-
ent hormones treatment (b) and 
at diVerent time interval of ABA 
treatment (c). Six-day-old seed-
lings were used for various stress 
and hormone treatments as de-
scribed in “Materials and meth-
ods” section. In all experiments, 
18SrRNA was used as an endog-
enous control and ��CT method 
(ABI) was used for relative 
quantiWcation. Values are the 
result of triplicate analysis of 
three biological replicates. Error 
bars indicate the standard 
devianstion
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element (ATCGAC). Construct was similarly made with
CaMIPS2 promoter lacking CRT/DRE element and eventu-
ally GUS transcript accumulation was analyzed in trans-
genic plants under normal and dehydration stress condition.
Results showed no signiWcant induction of GUS reporter
gene in dehydration condition when CRT/DRE element
was absent in CaMIPS2 promoter, as GUS transcript accu-
mulation was found to be only slightly increased in dehy-
dration stress condition compared to normal condition
(Fig. 2b). This result clearly demonstrated that CRT/DRE
elements in CaMIPS2 promoter play a key role in dehydra-
tion-induced transcriptional activation of CaMIPS2 gene.
All these results were evaluated in multiple independent
transgenic lines to rule out the possible insertional position
eVect factor of GUS gene.

CaMIPS1 and CaMIPS2 functionally complement altered 
growth and development of Arabidopsis Atmips1 mutant

Previously, lack of MIPS1 in Arabidopsis mutant (Atmips1-
2 SALK_023626) was shown to have altered growth and
development including reduced seedling growth and wrin-
kled seed phenotype (Donahue et al. 2010). In order to
check the ability of CaMIPS1 and 2 in repairing such
defects of Atmips1-2 mutant, both CaMIPS1 and CaMIPS2
were ectopically expressed in Atmips1-2 mutant under the
control of ubiquitous 35S cauliXower mosaic virus pro-
moter. Subsequently, we compared the growth pattern and
seed phenotype of two representative independent lines
expressing either CaMIPS1 or CaMIPS2 with empty vec-
tor-transformed or wild-type plant. As shown in Fig. 3,
Atmips1-2 mutant produced wrinkled seed and also dis-
played reduced growth at seedling stage particularly short
root phenotype as compared to the wild-type plant as
reported previously (Donahue et al. 2010). However, such
plants when transformed with either CaMIPS1 or CaMIPS2
exhibited normal root and seed phenotype like wild type
(Fig. 3). On the contrary, only vector without MIPS could
not repair such defects of the mutant plant. This result
clearly demonstrated that the expression of both CaMIPS1
and CaMIPS2 can repair the defect of root growth and seed
phenotype caused by the absence of AtMIPS1 in such
mutant.

CaMIPS2-transformed Arabidopsis plants exhibit enhanced 
salt and drought tolerance

In our previous experiment, we observed both CaMIPS1
and CaMIPS2 genes are functional in Arabidopsis thaliana.
Here, we wanted to investigate the possible role of CaM-
IPS1 and CaMIPS2 in plant stress adaptation and whether
CaMIPS2 can impart better tolerance to the plant under

Fig. 2 Promoter analysis of CaMIPS1 and CaMIPS2 gene. The pro-
moters from CaMIPS1 and CaMIPS2 were used to drive GUS expres-
sion in Arabidopsis plant. a Histochemical localization of GUS
activity in seedlings, vegetative and reproductive organs of trans-
formed Arabidopsis CaMIPS1 and CaMIPS2 promoter–GUS fusion
lines. Only one representative line of each transgenic is shown here.
b Quantitative transcript analysis of GUS reporter gene of CaM-
IPS1promo (1 kb):GUS, CaMIPS2promo(1 kb):GUS, CaMIPS2 pro-
mo-CRT/DRE element: GUS transformed seedlings under normal and
dehydration stress. Analyses of only two representative lines (1 line 1
and 2 line 2) of each transgenic exhibiting GUS expression are shown
here. Relative quantiWcation was determined through real-time PCR.
18SrRNA was used as an endogenous control. Error bars indicate the
SD of the mean
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adverse environmental conditions since CaMIPS2 enzyme
was shown to retain considerably higher activity than CaM-
IPS1 enzyme in in vitro condition in stress environments
(Kaur et al. 2008). To investigate this, CaMIPS1, CaMIPS2
and empty vector was transformed to Arabidopsis thaliana.

CaMIPS1 and CaMIPS2-transformed plants were ini-
tially screened for kanamycin resistance and subsequently
conWrmed by the GUS expression and PCR analysis. The
transgenic lines which displayed 3 kanR:1 kanS segregation
pattern in its progeny were selected for further analysis.
Homozygous lines for each gene were identiWed and tran-
script expression of the transgenes was analyzed in several
independent lines in T3 generation. Higher but variable
transcript accumulation of CaMIPS1 and CaMIPS2 was
observed in various independent lines of respective trans-
formants. For further analysis, lines with fairly similar
CaMIPS1 or CaMIPS2 transcript accumulation were cho-
sen among respective transgenics. Subsequently, inositol
content was also estimated in these selected transgenics and
enhanced accumulation of inositol was observed in CaM-
IPS1 and CaMIPS2-transformed plants than empty vector
control or wild-type plant (Fig. 4). Only two representative
lines for each gene and empty vector-transformed lines as
control have been shown in Fig. 4 and all subsequent
Wgures. Noticeably, CaMIPS2-overexpressing lines were
found to accumulate slightly more inositol than CaMIPS1-
transformed lines though their transcript level was compa-
rable. This observation was veriWed in several independent
transgenic lines. Under normal growth conditions, CaM-
IPS1 and CaMIPS2 over expressing lines and empty vec-
tor-transformed lines were fairly comparable in growth
such as plant height, fresh weight, number of silique or
rosette diameter (Fig. 4d–g); however, both CaMIPS1 and

CaMIPS2-transformed seedlings displayed long root phe-
notype than wild type or empty vector-transformed plant at
seedling stage. Interestingly, increased root length was
more prominent in CaMIPS2-transformed lines (Fig. 4c).

Further, growth response of CaMIPS1 and CaMIPS2-
transformed lines were also evaluated under salinity stress.
Initially seed germination was assessed in presence of
increasing concentration of NaCl (0,100, 200 mM) and no
signiWcant diVerences of germination percentage, i.e., radi-
cle emergence from seed were observed among wild type
or vector control and CaMIPS1 or CaMIPS2-transformed
lines (data not shown). DiVerences became apparent during
seedling development. At 0 mM NaCl, CaMIPS1, CaM-
IPS2 and vector control transformed lines or wild type
showed normal growth. However, at 200 mM NaCl, vector
control or wild-type plants showed growth inhibition and
turned yellow while both CaMIPS1 and CaMIPS2-trans-
formed seedlings displayed better growth response, devel-
oped the Wrst true pair of leaves, remained green and
retained considerable chlorophyll content than control
plants. Interestingly, CaMIPS2-transformed seedlings
showed better growth response and chlorophyll content
than those transformed with CaMIPS1 (Fig. 5a, b). To
ascertain whether such stress responses are correlated with
the accumulation of inositol in respective transgenic lines
under stress condition, the level of inositol was estimated in
respective transformants grown in presence of 200 mM
NaCl for 10 days. Results showed that after prolonged
exposure to salinity stress, inositol content was decreased
in all lines with respect to normally grown seedlings; how-
ever, CaMIPS1 and CaMIPS2-transformed plants were
found to accumulate higher inositol than control plants.
Interestingly, CaMIPS2-transformed lines which exhibited

Table 1 List of putative cis-regulatory elements for ABA and stress-induced expression in chickpea CaMIPS1 and CaMIPS2 promoter regions

Promoter cis-Regulatory element Sequence Start position Reference

CaMIPS1 ABRELATERD1 ACGTG ¡195 Nakashima et al. (2006)

ACGTATERD1 ACGT ¡195 Nakashima et al. (2006)

CACGTGMOTIF CACGTG ¡196 Busk and Pages (1998)

MYB1AT WAACCA ¡481 Abe et al. (2003)

MYCCONSENSUSAT CANNTG ¡196 Abe et al. (2003)

CaMIPS2 ABRELATERD1 ACGTG ¡139 Nakashima et al. (2006)

ACGTATERD1 ACGT ¡139 Nakashima et al. (2006)

CACGTGMOTIF CACGTG ¡140 Busk and Pages (1998)

MYB1AT WAACCA ¡659, ¡685 Abe et al. (2003)

MYCCONSENSUSAT CANNTG ¡140 Abe et al. (2003)

CRT/DRE RYCGAC ¡1005 Yamaguchi- Shinozaki and Shinozaki (1994)

DPBFCOREDCDC3 ACACNNG ¡141 Kim et al. (1997)

MYB2AT TAACTG ¡173, ¡181 Urao et al. (1993)

MYB2CONSENSUSAT YAACKG ¡87, ¡173, ¡181 Abe et al. (2003)
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better response towards stress were found to accumulate
more inositol than CaMIPS1 transformants in stress condi-
tion, even though the CaMIPS1 and CaMIPS2 transcript
accumulation was same in respective transformed plants
(Fig. 5c). To examine the basis of increased accumulation
of inositol in CaMIPS2-transformed plants compared to
CaMIPS1 transformants particularly under stress condi-
tions, the MIPS activity of these plants was assessed under
normal and stress condition (200 mM NaCl). As expected,
CaMIPS1 and CaMIPS2-transformed lines grown in either

normal or in stress condition exhibited higher MIPS activ-
ity than corresponding vector control or wild-type plants.
However, MIPS activity in CaMIPS2-transformed plants
was found to be always higher than CaMIPS1-transformed
plants particularly in stress condition. It appeared that
MIPS activity was less inhibited in stress condition and
therefore CaMIPS2-transformed lines retained more activ-
ity than vector control or even CaMIPS1-transformed
plants (Fig. 5d). Next, we investigated the growth pattern of
these transformed plants in soil-grown mature plant under
salinity stress. To analyze this, 14-day-old plants were
transferred to pots and allowed to grow normally for two
more weeks with routine watering. Then these 4-week-old
plants were irrigated with 200 mM NaCl solution every
alternate day for 12 days and growth pattern was moni-
tored. Results showed that empty vector-transformed con-
trol plants developed chlorotic symptoms, turned yellow
and started to die after 10 days of salt treatment. In contrast
to this, CaMIPS1 and CaMIPS2 transgenic lines remained
green and survived better than control plants (Fig. 6a).
Transgenic plants were also assessed for their ability to
withstand salt stress by considering several parameters
(plant height, fresh weight, number of siliques and rosette
diameter) of their growth potential under salt regime.
Result revealed that in comparison to control plants, both
CaMIPS1 and CaMIPS2 transgenic lines exhibited better
response in these parameters. Moreover, CaMIPS2 trans-
genic lines performed slightly better in all attributes when
compared to CaMIPS1 transgenic lines under such stress
conditions (Fig. 6b–e).

Further, we investigated the growth pattern of transgenic
mature plants under water-deWcit condition. For this, 14-day-
old plants were transferred to pots and allowed to grow nor-
mally for 10 more days with routine watering. Then these
24-day-old plants were subjected to water-deWcit stress by
withholding water for 3 weeks before the plants were
watered again. Results revealed that empty vector, and
CaMIPS1 or CaMIPS2 transgenic lines exhibited no
growth diVerences when grown in normal routine watering
condition. However, when plants were grown in absence of
water, wild-type or empty vector-transformed plant showed
more wilting symptoms as compared to CaMIPS transgenic
lines. After rewatering, CaMIPS2-transformed plant recov-
ered better and exhibited better growth response than the
empty vector control plant or even CaMIPS1-transformed
plants (Fig. 7a–e). The increased ability to survive after
rewatering indicated that CaMIPS2 transgenic plants are
more drought tolerant over control plants or even CaMIPS1
transgenic plants.

As a consequence of salinity and dehydration stress, oxi-
dative stress is known to be induced as a secondary stress to
plant. To investigate the tolerance of CaMIPS1 and CaM-
IPS2-transformed plants towards oxidative stress, paraquat-

Fig. 3 Characterization of Atmips1-2 mutant (SALK_023626) com-
plemented by CaMIPS1 and CaMIPS2. a Root phenotype of 12-day-
old seedling of wild type (WT), Atmips1-2, and Atmips1-2 harboring
empty vector (VC), CaMIPS1 or CaMIPS2. Seedlings were vertically
grown in 1/2 MS0 agar medium. b Seedling phenotype. c Seed pheno-
type of wild type (WT), Atmips1-2 and Atmips1-2 harboring empty vec-
tor (VC), CaMIPS1 or CaMIPS2. For seedling, photographs were
taken at 12 days after germination. For assaying seed phenotype, all
plants were grown in similar condition in culture room as described in
“Materials and methods” section and seeds were harvested at the same
time
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induced leaf bleaching experiment was conducted. Paraquat
is an oxidative stress inducer herbicide which is known to
cause chlorophyll loss and leaf bleaching because of its
ability to increase H2O2 production in the mesophyll cells
(Asada 1996; Sunkar et al. 2003). A distinct visual diVer-
ence of bleaching in leaf due to the loss of chlorophyll was
observed among vector control plants and diVerent trans-
genic lines. Leaf bleaching was pronounced in empty vec-
tor-transformed plant or wild type than the CaMIPS1 and
CaMIPS2 transformed plants (Fig. 7f). Further, chlorophyll
content was also measured in paraquat-treated leaves of
CaMIPS1, CaMIPS2 and vector-transformed plants.
Results revealed that in CaMIPS1 and CaMIPS2-trans-
formed lines, oxidative stress-induced chlorophyll loss was
less compared to vector control lines and CaMIPS2 lines
appeared to be more tolerant towards this oxidative stress in
comparison to CaMIPS1 transgenic lines (Fig. 7g).

Discussion

Inositol has been shown to be an essential component for
plant growth and development; therefore, plants maintain
inositol pool at a basal level throughout their life cycle
(Loewus and Murthy 2000). However, not all but few stress-
tolerant plants like ice plant or chickpea were shown to ele-
vate their inositol level in response to environmental
stresses, possibly to meet additional demand of inositol that
might be required for their adaptation to stresses (Ishitani
et al. 1996; Boominathan et al. 2004). In addition, few
extremophiles and stress-tolerant plants encode unique
MIPS proteins which are able to retain their catalytic activ-
ity even in high temperature or high salt concentration, prob-
ably to synthesize inositol even under stress situation in
unconstrained manner (Chen et al. 2000; Majee et al. 2004;
Dastidar et al. 2006). Such properties are suggested to arise

Fig. 4 Characterization of Arabidopsis thaliana overexpressing CaM-
IPS1 and CaMIPS2. Only two representative independent lines (1 line
1 and 2 line 2) of CaMIPS1 and CaMIPS2-transformed plants are
shown here. As a control set, both wild type and empty vector-trans-
formed lines were used but only empty vector-transformed lines are
shown here as a representative control. a Transcript accumulation of
CaMIPS1 and CaMIPS2 in respective transgenic lines as determined
by quantitative real-time PCR. 18SrRNA was used as an endogenous
control. Only two representative independent transformed lines for
each gene exhibiting fairly equal CaMIPS1 or CaMIPS2 transcript
accumulation are shown here and were used for subsequent analysis.
Values are the result of triplicate analysis of three biological replicates.

Error bars indicate the standard deviation. b Inositol content of
respective transgenic lines. Two-week-old seedlings in each case were
used to determine the inositol level by gas–liquid chromatography as
described in “Materials and methods” section. Inositol levels are
expressed as microgram per gram of fresh weight. Values are the result
of triplicate analysis. Error bars indicate the standard deviation.
c Comparison of seedling growth among empty vector (VC), CaMIPS1
and CaMIPS2 transformed lines. 12-day-old seedlings were vertically
grown in 1/2 MS0-agar plates. d–g Comparison of growth responses of
soil-grown transgenic lines: d plant height, e fresh weight, f number of
siliques per plant, g rosette diameter. Data represent the mean § SD
and was obtained from 20 independent plants per line
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due to adaptive changes in their coding sequences, depend-
ing on the environment they live in. As for example, wild
halophytic rice is reported to encode salt-tolerant MIPS,

while cultivated rice codes for salt-sensitive MIPS (Majee
et al. 2004). In this study, we have chosen chickpea, since
chickpea is relatively drought-tolerant plant which requires

Fig. 5 a Growth pattern of CaMIPS1, CaMIPS2 and empty vector-
transformed seedling under normal (upper panel) and saline environ-
ment (200 mM NaCl) (lower panel). Only two representative independent
lines (1 line1 and 2 line 2) of CaMIPS1 and CaMIPS2-expressing
plants are shown here. As a control set, both wild type and empty
vector-transformed lines were used but only empty vector-transformed
lines are shown here as a representative control. Seeds were germi-
nated and continued to grow in 1/2 MS0-agar plate with or without
200 mM NaCl, Photographs were taken at 10 days after germination.
b Relative chlorophyll content of the seedlings grown in normal and
salt (200 mM NaCl) containing medium. Total chlorophyll was quan-
tiWed in seedling (10 days after germination) grown in presence and
absence of 200 mM salt as described in “Materials and methods”

section. Total chlorophyll content in all lines grown in absence of salt
(control) was in the range of 775–800 microgram per gram of fresh
weight and used as 100 % for each. Values are the result of triplicate
analysis. Error bars indicate the SD. c Total inositol content of the
seedlings grown on normal and salt containing (200 mM NaCl) medi-
um. Inositol was quantiWed as described previously. Values are the re-
sult of triplicate analysis. Error bars indicate the standard deviation.
d Total MIPS activity of the seedlings grown on normal and salt con-
taining (200 mM NaCl) medium. »50 �g of total protein was used for
the enzyme assay and speciWc activity was calculated as micromoles of
inositol 1-phosphate released per mg per hour. Values are the result of
three independent experiments. Error bars indicate the SD
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less irrigation and adapts well in water-limited environment.
Apart from its immense agronomic and nutritional impor-
tance, long-term evolution and adaptation to harsh environ-
mental conditions make chickpea rich in resistant genes for

various stress tolerance (Turner et al. 2001). In our previous
study, we reported two diVerentially expressed divergent
genes (CaMIPS1 and CaMIPS2) which encode two MIPS
isoforms with distinct biochemical properties (Kaur et al.

Fig. 6 a Growth pattern of 
CaMIPS1, CaMIPS2 and empty 
vector-transformed mature soil-
grown plant under normal and 
saline condition (200 mM 
NaCl). Only two representative 
independent lines (1 line 1 and 2 
line 2) of CaMIPS1 and CaM-
IPS2-transformed plants are 
shown here. As a control set, 
only empty vector-transformed 
lines are shown here as represen-
tative control. b–e Comparative 
analyses of growth responses of 
transgenic lines under salt stress: 
b plant height, c fresh weight, 
d number of siliques per plant, 
e rosette diameter. Data repre-
sent the mean § SD and was 
obtained from 20 independent 
plants per line
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Fig. 7 a Growth pattern of 
CaMIPS1, CaMIPS2 and empty 
vector-transformed mature soil-
grown plants under normal and 
water-deWcit condition (photo-
graphs were taken on the Wfth 
day after rewatering).
b–e Comparative analyses of 
growth responses of transgenic 
lines under water deWcit condi-
tion: b plant height, c fresh 
weight, d number of siliques per 
plant, e rosette diameter. Data 
represent the mean § SD and 
was obtained from 20 indepen-
dent plants per line. f EVect of 
paraquat on leaf bleaching of 
CaMIPS1, CaMIPS2 and empty 
vector-transformed lines. 
Leaves of 4-week-old mature 
plants from CaMIPS1 and CaM-
IPS2 overexpression lines and 
vector control plants were treat-
ed with 10 �M of paraquat for 
24 h in continuous light. 
g Relative chlorophyll content in 
normal and paraquat-treated 
(10 �M) leaf of CaMIPS1, CaM-
IPS2 and empty vector-trans-
formed lines. Values are the 
result of triplicate analysis and 
were obtained from 20 indepen-
dent plants per line. Error bars 
indicate the SD. Total chloro-
phyll content in normal condi-
tion is used as 100 %. In each 
result, only two representative 
independent lines (1 line1 and 2 
line 2) of CaMIPS1 and CaM-
IPS2-transformed plants are 
shown. As a control set, only 
empty vector-transformed lines 
are shown here as a representa-
tive control
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2008). In this study, the experimental data suggest that in
contrast to CaMIPS1, CaMIPS2 is an early dehydration-
responsive gene in chickpea and the dehydration-induced
expression appears to be mediated by ABA-dependent path-
way (Fig. 1). Unlike this, in Mesembryanthemum crystalli-
num, MIPS gene was shown to be induced by salinity stress
but not by drought stress or ABA. Likewise, in yellow pas-
sion fruit, PeMIPS1 was shown to be diVerentially regulated
in heat and cold stress, while stress-sensitive plant species
like Arabidopsis thaliana do not show any signiWcant upreg-
ulation of MIPS transcript under any stress condition (Ver-
non et al. 1993; Ishitani et al. 1996). These reports indicate
that the regulation of expression of MIPS genes seems to be
species speciWc and also dependent on the stress-responsive
nature of the species. Besides stress, ABA-induced expres-
sion of MIPS in bud or seed was shown in many plant spe-
cies (Smart and Fleming 1993; Yoshida et al. 1999).
Promoter analyses of CaMIPS1 and CaMIPS2 revealed that
diVerential promoter activity is possibly responsible for the
diVerential expression of these two genes and the CRT/DRE
cis-regulatory element is likely to play important role in
dehydration-induced CaMIPS2 expression (Fig. 2). Interest-
ingly, dehydration-induced CaMIPS2 promoter-driven GUS
transcript accumulation in Arabidopsis was found to be
lesser than in its native system chickpea, probably because
CaMIPS2 promoter-driven transcriptional activation diVers
in orthologous system, i.e., Arabidopsis than its native plant
chickpea. Although, the inXuence of 3�UTR or intron cannot
be ruled out for this dehydration-induced CaMIPS2 expres-
sion in chickpea, as UTR and intron region have been shown
to aVect gene expression in few plants (Callis et al. 1987;
Rose et al. 2008).

Subsequent experimental data suggests that both CaM-
IPS1 and CaMIPS2 are functional in Arabidopsis plant, as
their expression in Arabidopsis Atmips1 knockout mutant
plant could restore the defect of seedling growth and wrin-
kled seed phenotype. Reduced inositol content has previ-
ously been shown to aVect the plants growth and
development and makes them susceptible to various envi-
ronmental stresses (Keller et al. 1998; Nunes et al. 2006;
Meng et al. 2009; Donahue et al. 2010; Luo et al. 2011).
Even though few plants are known to accumulate increased
inositol as early response to stresses, high salinity and pro-
longed exposure to stress often results in reduced accumu-
lation of inositol (Ishitani et al. 1996; Boominathan et al.
2004; Majee et al. 2004). Our results suggest that stress-
induced growth inhibition of Arabidopsis control plant was
associated with reduced level of inositol, while transformed
lines accumulating higher inositol displayed better growth
responses under various stress conditions. However, when
grown in normal environment, we did not see any apparent
advantage to the transgenics with higher accumulation of
inositol, except slightly long root phenotype at seedling

stage. Interestingly, CaMIPS2-transformed lines exhibited
better growth with improved traits than CaMIPS1-trans-
formed lines under stress conditions particularly in dehy-
dration stress. Subsequent analysis conWrmed that
CaMIPS2-transformed lines were able to produce consider-
ably more inositol due to the higher MIPS activity in stress
situations and thus provided better growth response in
stress environment (Fig. 5). This observation can be justi-
Wed in the light of our previous work where we have shown
that CaMIPS2 enzyme is catalytically more active than
CaMIPS1 enzyme in stress situations due to the diVerence
of amino acid residues between CaMIPS1 and CaMIPS2
protein. Further through bioinformatics study, CaMIPS2
was shown to be structurally more stable and thus retain
more activity than CaMIPS1 in presence of destabilizing
agents like high salt, temperature, etc. (Kaur et al. 2008).
Our results also match closely with earlier studies (Majee
et al. 2004; Das Chatterjee et al. 2006) where salt-tolerant
character of PcINO1 (MIPS-coding gene from halophytic
wild-rice Porteresia coarctata) gene product provides bet-
ter tolerance to plants over salt-sensitive OsINO1 (MIPS-
coding gene from salt-sensitive Oryza sativa) due to
increased synthesis of inositol by the former in stress condi-
tions. Under stress conditions, the plants transformed with
such stress-tolerant enzymes are only able to maintain
required inositol level, which is essential even under stress
condition to maintain plants growth and development.
Additionally, inositol serves as a precursor or substrate for
many plant metabolites like phosphatidylinositol, ascorbic
acid, galactinol, etc. Among these metabolites, galactinol or
ascorbic acid is known to act as ROS scavenger and play a
signiWcant role in abiotic stress tolerance (Nishizawa et al.
2008). Recently, Atmips1 mutant, defective in inositol bio-
synthesis was reported to contain reduced galactinol along
with inositol and such deWciencies were shown to be asso-
ciated with spontaneous cell death. In our study, we
observed enhanced tolerance towards paraquat-induced
oxidative stress in leaf of CaMIPS transformed plants;
however, further analysis will be required to understand the
inositol-mediated cellular processes for such oxidative
stress tolerance. Together, our results are in agreement with
the assumption that enhanced stress tolerance of MIPS-
overexpressing lines were due to the increased level of
inositol which might result in the possible increment of
inositol derivatives like galactinol, or ascorbic acid, etc.

Collectively, our results strongly suggest that CaMIPS2
is an ABA-inducible, dehydration-responsive gene in
chickpea and has possibly evolved through gene duplica-
tion followed by adaptive changes in 5� upstream regula-
tory sequences and protein coding sequences to express and
function better under harsh environmental conditions and
play a key role in stress adaptation in chickpea besides its
role in growth and development.
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