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Abstract Ascorbate peroxidase regulates toxic levels of hy-
drogen peroxide and catalyzes the reduction of H,O, to water.
A c¢DNA encoding cytosolic ascorbate peroxidase (Ahcapx)
was isolated from the salt tolerant (ST) cell lines of Arachis
hypogaea, that showed higher transcript level and 4.5 times
higher total APX enzyme activity in the ST lines as compared
to salt sensitive lines (SS). The transgenic tobacco plants over-
expressing the Ahcapx gene were salinity and drought tolerant
as compared to wild type (WT) plants. The transgenic plants
had higher chlorophyll content and displayed enhanced ger-
mination rate under the abiotic stresses. In addition they also
exhibited better photosynthetic efficiency, lower membrane
damage and relatively higher values of ascorbate peroxidase
activity under stress conditions. These results functionally val-
idate a potential role of AZcapx, as an important scavenger of
reactive oxygen species useful in conferring stress tolerance in
plants.
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Introduction

Plant growth and productivity are constantly challenged by
various environmental adversities like drought, freezing
stress, light, high temperature and salinity stress because of
the increased production of toxic reactive oxygen species
(ROS). ROS includes singlet oxygen ('0,), superoxide radical
(0™?), hydrogen peroxide (H,0,) and hydroxyl radical (OH")
and their accumulation can cause cell damage and eventually
cell death by damaging important biomolecules like lipids,
proteins, DNA and RNA [2, 34]. The antioxidant enzymes
including superoxide dismutase (SOD), catalase (CAT) and
ascorbate peroxidase (APX) scavenge ROS to protect plant
cells. In addition, several non-enzymatic antioxidants such
as carotenoids (e.g. zeaxanthin), tocopherols, ascorbic acid
and glutathione also play a crucial role in balancing the cellu-
lar redox potential [34].

APXs are class I heme-peroxidases that catalyze the con-
version of H,O, to H,O using ascorbate as a specific electron
donor [5]. The activity of antioxidant enzymes has been found
to be higher in varieties that are more tolerant to environmen-
tal wear and tear [14, 16]. There are reports of higher abiotic
stress tolerance in crops like Gossypium hirsutum [15] and
Oryza sativa [10] carrying an efficient antioxidant system.
Salt tolerant behavior in citrus and tomato has also been at-
tributed to the increased activity of antioxidant enzymes like
CAT, SOD and APX [16, 35]. Therefore, a correlation seems
to exist between the efficient antioxidant enzymes and stress
tolerance. It was supported by reports showing an increase in
several antioxidant enzymes at both transcriptional and trans-
lational level during salt stress [8]. Overexpression of different
isoforms of ascorbate peroxidase led to enhanced tolerance to
various abiotic stresses in transgenic tobacco [29, 30, 43].

Arachis hypogaea or groundnut is an important cash crop
and its edible oil and high protein content also makes it a
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valuable food crop. About 70 % of the global groundnut pro-
duction is in semi-arid land where the problem of salinity is
more severe due to irrigation. In our lab we had successfully
generated and established salt tolerant lines of A. hypogaea
[25]. In the present study, we report the isolation of cDNA
encoding cytosolic ascorbate peroxidase (4/capx), one of the
major H,O, scavenging enzymes, from the salt tolerant line of
Arachis hypogea which was able to grow on 200 mM NaCl
and showed higher Ahcapx expression and total APX enzyme
activity. Finally the isolated cDNA was functionally validated
using transgenic approach and transgenic tobacco plants over
expressing Ahcapx showed enhanced tolerance to salinity and
drought stress.

Materials and methods

Plant material, callus induction and development of ST
cell lines

The seeds of Arachis hypogaea var. JL-24 were obtained from
Groundnut Research Institute, Junagarh, Gujarat. Callus was
initiated and ST lines were generated [25].

Screening ¢DNA library

Arachis hypogaea cDNA library was screened with the cDNA
probe of APX from Pennisetum glaucum. The positive clones
were sequenced and primers were designed for RT-PCR from
the sequences obtained using Primer3 Input (Version 0.4.0).

Cloning of Ahcapx ¢DNA from ST lines of A. hypogea
using RT PCR

Total RNA was isolated from the salt tolerant lines of
A. hypogaea using Tripure (Roche, Manheim Germany) fol-
lowing the manufacturer’s instructions and used for RT-PCR.
The ¢cDNA (1 wl) synthesized was taken as template for PCR
using the APX specific primers. The purified DNA was ligated
in pGEM-T vector and transformed in DH5« cells. The pres-
ence of the insert was confirmed by colony PCR using the
gene specific primers and the positive clones were sequenced
using M13 universal primers. The sequence alignment was
performed using ClustalW program.

Northern analysis of Ahcapx transcript

RNA isolated from different tissues was used for Northern
hybridization according to Sambrook et al. [40].
Radiolabelling of Ahcapx cDNA was done by using the
Megaprime DNA labelling kit (Amersham Biosciences). Af-
ter DNA transfer and cross-linking, the membrane was first
treated in a prehybridization buffer containing 1 mM EDTA,
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7 % SDS and 0.5 M sodium phosphate buffer for 1 h and then
denatured radiolabeled probe was added in to it. The probe
was allowed to hybridize for 16 h. After which the membrane
was washed twice with 3X, 1X and 0.5X SSC containing
0.1 % SDS, exposed to imaging plate in a cassette and images
were scanned using a phosphoimager (Fujifilm, FLA 5000).
Northern analysis was also carried out to assess the transcript
level under cold and osmotic stresses. For osmotic stress treat-
ment, the SS cell lines were placed in 8 % mannitol containing
liquid MSO medium and harvested at 0, 24 and 48 h. Cold
stress was given to the SS or control cell lines by placing them
at 4 °C. They were harvested at 0, 24 and 48 h.

Comparison of total APX activity in SS and ST lines

The APX enzyme activity was assessed according to Nakano
and Asada [37]. The reduction in ascorbate concentration was
monitored by reading the change in absorbance at 290 nm
continuously for 180 s. (Extinction Coefficient of ascorbate
was taken as 2.8 mM ' cm).

Agrobacterium-mediated transformation of tobacco
by pCAM-Ahcapx construct

The Ahcapx cDNA cloned in pPGEMT vector was released by
digestion with EcoRI and cloned at the EcoRI site in the
pRT101 vector. The entire cassette of CaMV35S promoter,
Ahcapx and terminator was released from pRT101 by Hindlll
digestion and cloned at the multiple cloning site of pPCAMBIA
1301 vector to obtain pCAM-Ahcapx (Fig. 2a). This construct
was then mobilized into Agrobacterium tumefaciens and used
for Nicotiana tabacum transformation [23].

Molecular analyses of transgenic plants

The genomic DNA was extracted from the leaves of trans-
formed and WT plants and PCR amplification was performed
using gene specific primers (4dhcapxF: 5" AAG AAC GTC
AAG CCA TG 3’ and AhcapxR—S5" AAC TTC TTG CAT
TCA TCA CT 3’). The Southern blot analysis was carried
out to confirm the integration of Ahcapx in PCR positive to-
bacco transgenic plants [40]. Expression of transgene was
checked by RT-PCR using actin as internal control. The RT-
PCR products were visualized by electrophoresis on 1.2 %
agarose gel.

Leaf disc assays

Leaf discs were prepared from healthy and fully expanded
leaves of transgenic and WT plants and floated in 10 ml solu-
tion of various concentration of sodium chloride and mannitol.
Chlorophyll content in the leaf discs were measured after 72 h
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following the method by Amon et al. [3]. In all these experi-
ments, the leaf discs floated in water served as the control.

Germination assay

The salt and drought stress tolerance of WT and transgenic
plants was also tested at the seed germination stages. Seeds of
WT and transgenic lines L,, L4 and Ls were germinated on
MS medium, supplemented with either NaCl (200 and
400 mM) or mannitol (200 and 400 mM) to assess salt and
drought tolerance respectively. These seeds were also placed
on MS medium to serve as control. The germination was
scored after 10 days of growth under 16 h light and 8 h of
dark period.

Preparation of crude enzyme extracts

Crude enzyme was extracted from leaves of WT and transgen-
ic tobacco plants according to the method of Rao et al. [39].
One gram of fresh leaves was homogenized at 4 °C in 2 ml of
medium containing 5 mM EDTA and 2 mM AsA in
50 mM K-phosphate buffer (pH 7.8). The homogenate was
centrifuged at 15,000 g (Sigma 3 K30) for 15 min at4 °C. The
supernatant was used for determination of protein content and
APX and superoxide dismutase (SOD) activities.

APX and SOD enzyme assay

Ascorbate peroxidase activity was assayed according to
Asada and Nakano [37] as mentioned earlier. Superox-
ide dismutase assay was carried out according to
Beauchamp and Fridovich [7]. The activity was assayed
by SOD’s ability to inhibit photochemical reduction of
Nitroblue Tetrazolium (NBT) at 560 nm. The assay was
carried out in 3.2 ml reaction volume having 50 mM
Na-P buffer, 0.66 mM, EDTA*Na, 10 mM L-methionine,
33 uM NBT, 0.0033 mM riboflavin and 200 pl of sam-
ple. The reaction mixture was kept in dark bottles by
covering the reaction with aluminium foil. To 3 ml of
reaction mixture, 200 pl of enzyme extract was added
while the control/blank had 200 pl of extraction buffer
only. The reaction tubes were illuminated with lumines-
cent lamps for 10 min. The extinction at 560 nm was
read against the blank. One enzyme unit of SOD is
defined as that amount of protein (in mg) causing a
50 % inhibition of the photoreduction. The SOD activ-
ity was calculated by the following equation.

Activity = (OD of ref.—OD of sample) X reaction vol/
(ODof ref./2)X sample volume X conc. of sample

MDA and H,0, content

The malonyldialdehyde (MDA) content assay was done ac-
cording to Heath and Packer [21]. Leaf tissue (0.5 g) was
ground in 2.5 ml of 0.1 % TCA buffer and then centrifuged
at 10,000 g at 4 °C for 30 min. To 1 ml supernatant, 4 ml of
20%TCA with 0.5 % TBA solution was added and heated at
95 °C for 30 min followed by quick cooling in an ice bath.
After 15 min it was again centrifuged at 10,000 g at 4 °C for
30 min OD of the supernatant was taken at 600 nm, 532 nm
and 450 nm. MDA content was calculated using the following
equation.

MDA content = 6.45 Xx (A532_A60())_0.56 X A450

H,0, assay was done according to Velikova et al. [45].
0.5 g of leaf tissue was ground and mixed with 5 ml of
0.1 % (w/v) TCA. The homogenate was then transferred to
the eppendorf tube and centrifuged at 12,000 g for 15 min at
room temperature. To 5 ml of supernatant 0.5 ml of potassium
phosphate buffer (pH 7.0, 1 M) and 1 ml of potassium iodide
(1 M) was added. The mixture was mixed by vortexing and its
absorbance taken at 390 nm using a UV-visual spectropho-
tometer. Concentration was determined from the equation de-
rived from standard graph plotted with known dilution.

Conc = 1 4 227.78YuM(y = OD of sample)

Leaf staining with DAB and NBT to assess H,0,
and superoxide

Detached leaves were infiltrated with 8—10 mL
diaminobenzidin (DAB) solution (1 mg DAB mL™', Sigma
pH 3.8) in water and nitroblue tetrazolium (NBT) to assess the
level of H,O, and superoxide respectively, according to the
methods by Giacomelli et al. [13] and Scarpeci et al. [41] with
a little modification. The leaves were left into the solution
overnight in the dark. The solution containing the leaves
was then removed and leaves boiled in absolute ethanol for
10 min to remove chlorophyll. The leaves were then dipped in
20 % glycerol and photographed.

Measurement of Fv/Fm ratio

Photosynthetic activity was measured as photochemical
yield (Fv/Fm), which represents the maximum quantum
yield of photosystem II, by recording the chlorophyll
fluorescence using a portable chlorophyll fluorescence
meter (Handey-PEA, Hansatech, UK) after 30 min of
dark adaptation of the leaves. Measurements were taken
at (25 °C) using saturating light pulse of white light (8,
000 pmol/m?s™" for 0.8 s).
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Stress tolerance of the plants

The T, generation seeds were surface sterilized and germinat-
ed on MS medium containing hygromycin (30 mg 1"). The
6 days old seedlings were transferred to plastic pots containing
agropeat and vermiculite (3:1 v/v) at 25 °C, 60 % relative
humidity and and 16 h light/8 h dark photoperiod with light
supplied at an intensity of 150 pmol/m* s~ ' in growth cham-
ber for 1 month prior to stress treatment with well water sup-
ply. For salt stress treatment, the plants were irrigated with
200 mM of NaCl every third day for 15 days. For drought
treatments the plants were not watered for 15 successive days.

Statistical analysis

All experiments were performed at least three times indepen-
dently. Results were assessed by Student’s ¢ test. Significance
was defined as P<0.05.

Results
Cloning and computational analysis of Ahcapx cDNA

Based on the nucleotide sequence of the ascorbate perox-
idase gene obtained after screening of the cDNA library,
primers were designed to isolate ascorbate peroxidase from
salt tolerant (ST) lines of Arachis hypogaea using RT-
PCR. The amplified cDNA was cloned in pGEMT and
sequence and the sequence was submitted to the
Genebank with an accession no. EF165068. The compu-
tational analysis showed that Ahcapx cDNA (753 bp) en-
codes a cytosolic protein of 250 amino acids of molecular
weight of 27.05 kDa with an acidic pl of 5.52. The de-
duced amino acid sequence demonstrated maximum iden-
tity (94 %) with the ascorbate peroxidase from Vigna
unguiculata and 93 and 92 % with Glycine max and
Medicago truncatula, respectively. Sequence alignment re-
vealed the presence of highly conserved active site (Arg
38 to His 42 (R-L-A-W-H)) of the enzyme. The AhCAPX
protein also contains the conserved distal (His 42) and
proximal histidine (His 163) that have been reported to
be involved in activity of the enzyme [12] (Fig. la).
The heme binding site (DIVALSGGHTL) and the N-
terminal sequence (GKSYPTV) was highly conserved in
Vigna, Glycine, Pisum and spinach. The presence of phos-
phorylation sites as assessed by NetPhos 2.0 showed that
the entire protein has 9 putative phosphorylation sites with
4 sites at Ser (152, 162, 173 and 196), 2 at Thr (46 and
59) and 3 at Tyr (93, 95 and 235) suggesting the possible
posttranslational modification of this protein.
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Higher transcript level and total APX activity of Ahcapx
in ST cell lines

In an attempt to unravel the role of cytosolic ascorbate perox-
idase in salt tolerance of ST lines the expression pattern of
Ahcapx gene was checked. Higher transcript level in ST cell
lines was corroborated with the 4.5 times higher APX enzyme
activity (data not shown) in the ST cell lines as compared with
the SS cell lines (Fig. 1b).

Upregulation of Ahcapx gene in response to cold
and drought stress

The transcript level of the Ahcapx in the SS cell line after 24
and 48 h of cold (4 °C) and drought stress (8 % mannitol) was
studied. At 4 °C, an increase of 2.5 fold was observed after
24 h which was further increased to 4 fold after 48 h of cold
treatment. Similarly Ahcapx transcript was found to increase
by 1.5 and 4.5 fold after 24 and 48 h of mannitol treatment
respectively (Fig. 1c).

Generation of transgenic tobacco plants overexpressing
Ahcapx gene

The function of ascorbate peroxidase cDNA isolated from
Arachis hypogaea was validated using transgenic ap-
proach. The Ahcapx cDNA cloned in pCAMBIA1301
was used for tobacco transformation. The incorporation
and copy number of the transgene was confirmed by
PCR and DNA gel blot analysis respectively. PCR analy-
sis detected an expected band of 973 bp corresponding to
the Ahcapx gene (in lane marked+ve) in all putative trans-
genic plants (lane 1 to 9) while it was absent in the case
of WT plant (Fig. 2b). Lines L; to Ls were subjected to
Southern blot showed single copy in lines L,, L4, and Ls
while two copies were observed in lines L; and L;
(Fig. 2¢). RT-PCR was carried out to study the expression
of the transgene (Fig. 2d) which revealed successful ex-
pression of Ahcapx in lines L; L, L; L4 and Ls.
Delayed aging, higher chlorophyll content and better ger-
mination rate demonstrated by transgenic tobacco under stress
The leaf discs excised from 65 days old transgenic
lines L, L, and Ls as well as from WT plant were
incubated in sodium chloride (200, 400 & 600 mM)
and in mannitol (200, 400 & 600 mM). The leaf discs
of the transgenic lines showed delayed senescence as
compared to WT plant after 72 h of incubation
(Fig. 3a and c). The estimation of chlorophyll content
in the leaf disc further supported our visual observation.
At 200, , and 600 mM of NaCl there was 40, 79 and
93 % reduction in chlorophyll content respectively in
the leaf discs of WT plant as compared to transgenic
lines which showed only 17, 52 and 70 % reduction in
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Fig. 1 a Multiple sequence a
alignment of AhCAPX with the Viecma —MGESYPTVSADYQKATEKARKELEGFTAEKRCAP LMLELAWHYAGTFDVAIKTGGPFGT 59
. Glycine ~MGKSYPTVSADYQKAVEKAKKKLREGFIAEKRCAP LMLELAWHYAGTYDVHSKTGGPFGT 59
preVlously reported APX from Arachis —MGKSYPTVSADYQKAVEKAKKKLRGFIAEKRCAP LMLELAWHAGTFDVAIKSGGPFGT 59
Pisum —MGKSYPTVSPDY¥QKATEKAKRELRGFIAEKKCAPLILELAWHYAGTFDSHIKTGGPFGT 59

—MGKSYPTVSENYQKS TEKARRELEGLTAEKQCAPLMLELAWHYAGTFDCTEKTGGPFGT 59
—MVEAYPTVNEDY LEAVDEANRELRGL TAEKNCAP LULELAWHYVGTFDVWIETGGPFGT 59
MAAKCYPTVWSDEYLAAVAKARRKLEGLIAEKNCAP LMLELAVHYAGTFDVAIKTGGPFGT 60
Ory=a —MAKNYPV¥SAEYQEAVEKARQELRALTAEKSCAP LMLRELAVHYAGTFDVSKTGGPFGT 59
Capsicum —MGESYPTV¥SAEYLEAVDKCKRELEALTAEKNCAP IMLELAWHYAGTYDVCSKTGGPFGT 59
Fragaria —MGECYPTV¥SEEYEKAIDKAKRELRGLIAEKNCAP LMLELAVHYAGTYDVHTETGGPFGT 59
Arabidopsis MVEKSYPEVHEEE VEKAVORCKRKLEGLIAEKHCAF IVLELAVHYAGTFDVETKTGGPFGT 60

other plants. ClustalW program SEiESEs
was used for multiple sequence e
alignment. Gaps are represented
as ‘=’. “*’ ‘2’ and ‘.’ indicate

: : : : : Vigna IKHPAELAHGANNGLD LTAVELLEP IKAEFPILSYADFYQLAGVVAVEVIGGPEVPFHPGE 119
identical amino acid reSIdues, Glycine IFHFSELAHGANNGLD LTAVELLEPLEAEFPILSYADFYQLAGVVAVEVIGGPEVPFHEGE 119

. . Arachis IKHFSELAHGANAGLD LTAVELLEFPIKEQFPTLSYADFYQLAGVVAVEITGGPEIPFHFGE 119
conserved substitutions and semi- Pisum ITKHQAELAHGANNGLD TAVRLLEPIKEQFPIVSYADFYQLAGVVAVEITGGPEVPFHPGR 119

Spinacia MEHQAE LAHGANNGLVIAVRELLEPIKEQFPFEITYADFYQLAEFVAVEVIGGPEVPFHPGR 119

conserved substitutions in all se- Zea

Hordeumn

MENPVEQAHGANAGLEIAIRLLEPIKEQFPILSYADFYQLAGVVAVEVIGGPDVPFHFGR 119
MECPAELAHGANAGLD TAVRELLEP IKEQFPILSYADFYQLAGVVAVEVIGGPEVPFHFGR 120

H : Ory=a METPAELSHAANAGLD LAVEMLEF IKEEI PTISYAD FYOLAGVVAVEVSGGPAVPFHPGR 119
quences used in the alignment re- e T AR G AFG AT TD T A LR 1 LE P THE QFPTT. 5% AT FHOL ABTVATE " TOGPD 7S FHEGR 110
ively. Closed and b Fragaria MKQSAELAHGANNGLD LAVRELLEPIKEQFPILSYADFYQLAGVVAVEVIGGPDVPFHPGR 119
SpeCthe y. 0sed and open box- Arabidopsis IFHFQELAHDANNGLD LAVELLDPIKELFPILSYADFYQLAGVVAVEITGGPEIPFHEGE 120
es show the active site and heme
Lo . Vigna EDKPEPPPEGRLPDATKGSDHLEDVFGRAMGLSDYD IVALSGGHT | GAAHKERSGFEGPW 179
b]ndlng site of the APX respec- Glycine EDKPEFPPPEGELPDATKGSDHLEDVFGRAMGLSDHD IVALSGGHT | GAAHKERSGFEGPW 179
. R Arachis EDKPEPPPEGRLPDATKGSDHLEDVFGEAMGLSDDIVALSGGHTL GAAHKERSGFEGPW 179
tlvely. b The Ahcapx transcript Pisum EDKPEPPPEGRLPDATKGSDHLED VFGKAMGLSD(DIVALSGGHTf GAAHKERSGFEGPW 179
Spinacia EDKPEFPPQEGRLPDATKGCDHLEDVFIKQMGLTD D IVALSGGHT L GECHEDRESGFEGAT 179

QDEFPEPPPEGRLPDATQGSDHLEQVFSTAQMGLSDJD IVALSGGHTEGRCHEDRSGFEGAW 179

level in SS and ST lines. ¢ Ahcapx Zea

. R . Hordeum QDEFEFPPPEGRLPDATQGSDHLEQVFSTQMGLSD (D IVALSGGHT ) GRCHEERSGFEGAY 180
transcript level in SS line under Oryza EDKPAPPPEGRLPDATEGSDHLEQVFGAQMGLSDYDIVALSGGHT L GRCHEERSGFEGPT 179
Capsicum EDEPEFPPVEGRLPDATEGSDHLED VFVEQMGLSDHD IVALSGGHT § GRCHEERSGFEGPW 179

EDKPEFPPPEGRLPDAGEGSDHLREVFGETMGLSDYD IVALSGGHT L GRAHKERSGFEGPT 179
LDEVEPPPEGRLPOUATEGVDHLEDVFG-RMGLNDHD IVALSGGHT | GRCHEERSGFEGAW 179

EE EEEEEIE 1R REEE L AE PR, * _mmimEEEEE %

Fragaria

cold and mannitol stress Total ZEoter s N
RNA was probed with =

radiolabelled Ahcapx probe and Vicma TSNPLIFDNSYFEELLSGEFEGLLQLPSDEALLSDPVFRPLVEEYAADEDAFFADYAVAH 239
Glycine TSNPLIFDNSYFKELLSGEKEGLLOLPSDKALLSDPVFRPLVEKYASDEDAFFADYAEAH 239
equal loading is shown by meth- Arachis TSHNPLIFDNSYFEELLSGEKEGLLOQLPSDEALLSDPVFRPLVEKYAADEDAFFADYAEAH 239
Pisum TSNPLIFDNSYFTELLTGEKDGLLOLPSDKALLTDSVFRPLVEKYAADEDVFFADYAEAH 239
Spinacia TTNPLVFDNTYFEELLSGEKEGLLOLPSDEALLSDPVFRPLVEKYAADEDAFFADYAEAH 239

ylene blue stained rRNA on nylon

Zea TSNPLIFDNSYFEELLSGEKEGLLOLPSDEALLSDPSFRPLVDEYALDEDAFFADYAELH 239

membrane Hordeum TANFLIFDNSYFTELLSGEKEGLLOLPTDEVLLTDPAFRPLVDEYAADEDAFFADYAEAH 240
Oryza TENPLOFDNSYFTELLSGDKEGLLOLPSDEALLSDPAFRPLVEKYAADEKAFFEDYKEAH 239
Capsicum TTNPLIFDNSYFKELLSGEKEGLLOLPSDEALLSDPAFRPLVEKYAADEDAFFADYAEAH 239
Fragaria TPNPLIFDNSYFTVLLSGEKEGLLOLPTDKALLSDPVFRPLVEKYAADEDAFFSDYALAH 239
Arabidopsis TPNPLIFDNSYFFEILSGEKEGLLQLPTDKALLDDPLFLPFVEKYAADEDASFEDYTEAH 239

* EmE AWEWIEA, WIWIWIRARNRARI WA, WK K, W mymswmmg AR, w oww  mw
Vigna QELSELGFADA—————
Glycine OKLSELGFAEA—
Arachis LELSELGFADAL—
Pisum LKLSELGFAEL—
Spinacia LELSELGFADA—
Zea LELSELGFAEL—————
Hordeum LELSELGFGEASEGCC 256
Oryza LELSELGFADA————— 250
Capsicum LELSELGFAEA— 250
Fragaria QRLSELGFAEA—— zs0 C 0 24hr 48hr
Arabidopsis LKLSELGFADKE--—— 251

b ss ST Cold—>

Ahcapx

Mannitol »

L,, 18, 53 and 79 % reduction in Ly and 18, 54 and
80 % reduction in Ls respectively (Fig. 3b). Similarly at
200, 400 and 600 mM of mannitol there was 37, 67 and
91 % reduction in chlorophyll content respectively in
the leaf discs of WT plant as compared to transgenic
plant which showed only 16, 45 and 67 % reduction in
L,, 16, 45 and 71 % reduction in Ly and 17, 47 and
74 % in Ls respectively (Fig. 3d).

We also carried out germination assay to compare the effect
of salt and drought stress on transgenic plants as well as WT
plants. Seeds of WT plants and transgenic line L,, L4 and Ls
(T, generation) were germinated on MS medium containing
200 and 400 mM NaCl or similar concentrations of mannitol.
At 200 mM mannitol, higher percentage of germination was
observed in the transgenic lines L,, L4 and Ls (84 to 88 %) as
compared to WT seeds (54 %) after 10 days. The transgenic
seedlings were healthy and green in comparison to the WT

seedlings. Even at 400 mM mannitol the transgenic lines
showed more germination (80 to 83 %) in contrast to control
(30 %) (Fig. 4a and b). The transgenic line also showed higher
germination rates (>70 %) than WT seeds (30 %) in MS media
supplemented with 200 mM NaCl (Fig. 4c and d) after 10 days
of plating. However, no seed germination could be observed
at 400 mM NaCl in both transgenic and control seeds (data not
shown).

Enhanced SOD and APX activities under stress

The ascorbate peroxidase activity under well watered condi-
tion was slightly higher in the transgenic plants as compared
to the control plants. When treated with 200 mM NaCl solu-
tion, APX activity increased in WT plants as well in transgen-
ic lines showing more evident increase in transgenic plants
(Fig. 5a). The APX activity in the WT plants increased by
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Fig. 2 Molecular and
biochemical analysis of
transgenic Nicotiana tabacum
plantlets. a Schematic diagram of
the Ahcapx construct cloned in
pCAMBA1301 used for tobacco
transformation b PCR analysis of
DNA using the Ahcapx gene
specific primers. A band of

973 bp that corresponds to the
Ahcapx was amplified only in all
the putative transgenic plants
(lane 1 to 9) but not in WT. M
denotes 1 kb marker and+ve
denotes positive control. ¢ The
DNA was digested with Ncol for
Southern blot analysis, marked
above. The blot was probed with
radiolabeled Ahcapx. Single copy
was observed in lines L,, Ly, and
L5 while two copies were
observed in lines L; and L;d RT-
PCR analysis also detected the
Ahcapx transcript in transgenic
lines (Ll:» Lz, L3, L4 and L5)

1.2 fold of the original value, whereas the APX activity in L,,
L, and L5 transgenic lines increased by 2.3, 1.7 and 1.6 fold,
respectively. When exposed to drought conditions (irrigation
withheld for 15 days) the APX activity of the transgenic plants
was higher than that of WT plants. The APX activity of WT

Fig. 3 Retardation of stress
induced senescence of leaf discs
in transgenic N. tabacum. The
leaf discs of WT and transgenic
lines (L,, L4 and Ls) were floated
on 200, 400, and 600 mM NaCl
and mannitol solution. a Visual
representation of WT and
transgenic lines L, and L, shown
under a NaCl and ¢ mannitol.
Chlorophyll content as estimated
in WT and transgenic lines (L,, L4
and Ls) on the third day under b
NaCl and d mannitol

@ Springer

1.7Kb

EcoRlI

EcoRlI
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b

Ahcapx »

CaMV 35S P CaMV35S P

cAPX
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Chlorophyll (ug/g F.wt)

Chlorophyll (ug/g F.wt)

Water

Water

200mM  400mM

358 poly A CaMV35S P GUSA

WT L, L,

L, L, L

<+—Ahcapx

Actin

plants increased by 1.09 fold as compared to plants under well
watered condition, whereas the APX activity in L,, L4 and Ls
increased to 2.5 fold, 1.7 fold and 1.5 respectively. Under
similar condition of NaCl and drought stress the SOD activity
was also monitored. The activity was almost similar in WT

aWT

600mM

aWT
L2

mL4

ml5

200mM  400mM  600mM
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Fig. 4 Seed germination of WT a
and transgenic lines (L,, L4 and

Ls) on MS medium and MS

medium containing 200 and 400

of mannitol and 200 mM NaCl. MSO
Visual representation of WT and

transgenic lines (L, and L,)

during seed germination shown 200mM -
under b mannitol and ¢ NaCl. The =~ Mannitol ;
percentage of germination under

b mannitol and d NaCl, is given 400mM
as a bar diagram in WT and Mannitol
transgenic lines L, L4 and Ls
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= 200mM
| Il I‘ I“IWOmM

wT L2 L4 L5
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also observed to increased in all plants with 2.3 fold, 2 fold  To test whether there is a change in H,O, content with in-
and 1.7 fold increase under NaCl stress and 2.1 and 2 and 1.6~ crease in APX activity and its affect on lipid peroxidation
fold under drought stress in transgenic lines L, L, and Ls ~ and MDA content, H,O, and MDA content was measured

respectively (Fig. 5b). under stress. The increase in H,O, content was more in WT
Fig. 5 Changes in the activities a b
of antioxidant enzymes a APX 0.018 80 =WT
and b SOD in WT and transgenic ) ) ] =WT 70| = T L2
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plants (71 and 83 % under salt and drought stress respectively)
as compared to that in transgenic lines L,, L4 and Ls under salt
(41, 44 and 45 % respectively) and drought (34, 40 and 39 %
respectively) stresses (Fig. 5¢). The increase in MDA level
was also more in WT plants under salt and drought stress
(120, and 110 % respectively) as compared to the transgenic
lines L, (58.6 and 50 % respectively), Ly (59 and 53 % re-
spectively) and Ls (64 and 58 % respectively) (Fig. 5d). Fur-
thermore we also analysed the intracellular levels of H,O, and
superoxide’s in leaves of transgenic lines and WT under salt
and drought stress by diaminobenzidine (DAB) and Nitroblue
tetrazolium (NBT) staining respectively and the results
showed higher H,O, and O 2 content in WT as compared to
the transgenic lines L,, L4 and Ls under both the stresses
(Fig. 6a and b).

Transgenic plants showed better photosynthetic efficiency
and less membrane damage under salt and drought stress

The photosynthetic efficiency (Fv/Fm) of transgenic plants
compared to WT plants under stress was determined by mea-
suring the quantum yield. It was observed that the photosyn-
thetic efficiency of transgenic plant was slightly higher than
WT plants when without stress. Reduction in Fv/Fm was ob-
served in WT as well as in transgenic lines on application of
stress. After 15 days of salt and drought stress, the reduction in

Fig. 6 Level of a H,O, and b a
superoxide in WT and transgenic WT
lines (L,, L4 and Ls), as detected

by DAB and NBT staining
respectively, before and after the

aforementioned stresses. ¢ Fv/Fm

ratio in WT and transgenic plants

(L,, Ly and Ls) without and after NaCl

salt and drought stresses (water 200mM

withdrawn for 15 successive

days), showing photosystem II

photosynthetic efficiency. Fv is

the total amount of variable

fluorescence and Fm is the

maximum fluorescence yield. d
Morphology of WT and

transgenic plant after drought Cc
(upper panel) and salt stress

(lower panel) induced by

mannitol and NaCl respectively

Water

Drought

Fv/Fm

water

@ Springer

NaCl(200mM)

Fv/Fm was 33 and 38 % in WT plant respectively, while it was
10 and 13 % in line L,, 14 and 16 % in line L4, and 15 and
17 % in line L5 respectively (Fig. 6¢).

Stress tolerance of plants

The transgenic plants were also assessed for drought and salin-
ity stress. For testing the drought tolerance of transgenic vs. WT
plants, 1 month old plants were subjected to drought stress by
withholding the water supply for 15 days (see “Materials and
Methods™). While the WT plants showed severe wilting, the
transgenic plant showed less wilting (Fig. 6d, upper panel). To
test whether Ahcapx expression could enhance salt tolerance,
1 month old plants were treated with 200 mM NaCl every third
day for 15 days and the plant survival monitored. The WT
plants were severely affected under these conditions as evi-
denced by their stunted growth and chlorophyll loss. However,
only a few leaves of transgenic plants bleached and their stems
were still erect (Fig. 6d, lower panel).

Discussion

The harmful effects of salt stress are prevented by a complex
mechanism of tolerance which involves many genes [17]. A
major consequence of by salt stress is the release of reactive

b

Water

NaCl
200mM

Drought

EWT

drought
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oxygen species, which damage the vital cellular organelles
and hinder the normal physiological processes in plants, lead-
ing to growth retardation and eventually death of the plant
[20]. Ascorbate peroxidase is one of the key antioxidant en-
zymes that helps in the detoxification of ROS, released during
stressful conditions in plants. The APX catalyses the conver-
sion of H,O,, a potential ROS to H,O, and protects the organ-
ism from its deleterious effects [4]. In the present investiga-
tion, a cytosolic ascorbate peroxidase was isolated from the
salt tolerant (ST) cell lines of Arachis hypogaea (Ahcapx). The
in silico analysis of the gene revealed that its shows close
homology with the other species of legume family. Among
post-translational modifications , protein phosphorylation is
the most commonly occurring phenomenon [24, 44]. Revers-
ible phosphorylation of Serine, Threonine and Tyrosine resi-
dues in a protein has been reported during plants’s regulatory
mechanism under biotic and abiotic stresses [26, 27, 48]. Fur-
thermore, in maize, specific kinases have been shown to be
involved in upregulation of activities of different antioxidant
enzymes by phosphorylation under water stress by Xu et al.
[47]. In a similar way, occurrence of putative phosphorylation
sites suggests that this enzyme might also undergo phosphor-
ylation under various stresses. Higher transcript level of
Ahcapx in ST cell lines suggested that it is salt inducible.
The higher tolerance of ST lines in 200 mM NaCl containing
medium correlated with the higher transcript level as well as
higher APX enzyme activity. It can be fairly hypothesized
from these results that H,O, detoxification is operative in
the cell lines of Arachis hypogaea by virtue of APX enzymes
and might facilitate the cell lines to thrive in salt stress. Re-
ports from other groups also showed increase in APX activity
in salt induced oxidative stress resulting in greater tolerance in
plants [15, 22]. The transcript was also upregulated under
other abiotic stresses like cold and drought stress when ap-
plied to these cell lines. Earlier reports suggest that on expo-
sure to low temperature more superoxide radical dismutates to
form H,0, [38]. Since ascorbate peroxidase is the key H,O,
scavenging enzyme found in cytosol and different organelles,
a higher level of APX expression is expected and has been
shown upon the aforementioned stresses [49]. Salt stress di-
rectly imposes osmotic stress leading to generation of reactive
oxygen species [19]. Extracellular application of mannitol,
reduces water potential outside the cell. This situation mimics
drought condition and leads to osmotic stress [50].

To further elucidate the potential of Ahcapx, it was
overexpressed in tobacco and the tolerance of transgenic to-
bacco plants was evaluated. The transgenic plants were more
tolerant to salt and drought stress. The overexpression of cy-
tosolic APX has been shown to confer higher tolerance to
transgenic plants in prior studies also [6, 11, 31, 46]. The leaf
discs of the transgenic plants also exhibited delayed senes-
cence and higher chlorophyll content as compared to leaf discs
of WT plant which suggests that APX, which is involved in

scavenging the excess reactive oxygen species (H,O,) pro-
duced under stress conditions may lower the ROS mediated
membrane damage, thus protecting the leaf discs from
bleaching. This observation supports the earlier reports where
the transgenic plants over-expressing antioxidant genes such
as APX in chloroplasts exhibits less chlorophyll degradation
[1, 28, 36].

In a study, a cytosolic APX gene derived from pea when
overexpressed in tomato showed decreased electrolyte leak-
age, better germination and tolerance to chilling and salt stress
in the transformants [46]. In this study, the overexpression of
Ahapx in tobacco also led to the increased enzyme activity of
APX and SOD as they are known to work in coordination, in
regulating ROS in plants, thus helping the plants to perform
better under stress. In a study carried out by Gupta et al. 1993
[17], the over expression of CuZn SOD in tobacco not just
increased SOD enzyme activity but also enhanced APX activ-
ity, which further supports their coordinated action [18]. The
increased enzyme activity and enhanced tolerance signifies
the overexpression of Ahcapx gene in plants can lead to trans-
genics capable of performing well under array of abiotic
stress.

In the present study, similar to the earlier reports, WT plants
carrying only endogenous gene also showed increased en-
zyme activity under stress [9, 10, 16, 32, 42]. Since the trans-
genic plants have cumulative activity of the transgene
(Ahcapx) and the endogenous APX, these plants have higher
enzyme activity and hence better tolerance under stress. The
adverse effect of stress directly affects the photosynthetic ac-
tivity and reduces the overall plant growth. The transgenic
plants were also able to maintain higher Fv/Fm ratio under
stress in comparison to WT plants, thus indicating better pho-
tosynthetic efficiency [33]. Reactive oxygen leads to mem-
brane lipid peroxidation and malonyldialdehyde (MDA) ac-
cumulation under oxidative stress. However on the contrary,
Ahcapx overexpressing plants showed less membrane damage
and lower MDA accumulation as compared to WT plants
under salt and drought stress. In conclusion the higher APX
and SOD activity in the transgenic plants lowered the H,O,
content, thus minimizing the membrane damage and MDA
content. This result is in concurrence with the earlier work
[42], where it has been shown rice and tobacco overexpressing
ascorbate peroxidase has lower level of MDA and H,O, con-
tent under stress conditions, which further support our
findings.

Thus the overexpression of salt inducible Aicapx in tobac-
co led to the development of transgenic plants able to with-
stand abiotic stresses and exhibit better photosynthetic effi-
ciency. Thus, this gene is vital for upcoming crop develop-
ment programs.
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