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Our earlier studies reported development of transgenic strawberry for salinity stress and standardization of transformation protocol. In view of the
projections of global climate change and their implications on the ability of strawberry to adapt to such
changes, we extended our studies to know the possible
role of such transgenic plants in contributing to
sustainable strawberry production and also made
some basic studies to analyse the behaviour of osmotin
(transgene)/in vitro-regenerated transgenic strawberry
plants. Ten different lines of transgenic strawberry
plants, with osmotin transgene were developed using
Agrobacterium-mediated method. Expression of osmotin
gene was observed in three transgenic lines and
drought tolerance was confirmed. RAPD analysis,
within its limits of sensitivity and accuracy, failed to
detect any appreciable polymorphism in the genomic
DNA of wild and tissue culture-raised (transgenic and
control) plants. No morphological abnormalities were
detected in the transgenic lines overexpressing
osmotin, although their rate of growth was lesser under in vitro as well as ex vitro conditions, possibly due
to diversion of energy towards constitutive expression
of osmotin. These plants resumed normal growth and
overcame the growth penalty when inoculated with
Piriformospora indica. Surprisingly, the overexpression of osmotin, a PR-5c protein with antifungal activity, had no adverse impact on the colonization or
symbiotic association of P. indica and Sebacina vermifera with these transgenic plants. We report here on
the association of symbiotic fungi with transgenic
strawberry and their usefulness in overcoming growth
penalty in such transgenic plants.
Keywords: Adaptability, climate change, symbiotic
fungi, transgenic strawberry.
CULTIVATED strawberry (Fragaria × ananassa Duch.) is
an economically important berry crop with immense
demand as a fresh fruit as well as in the fruit-processing
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industry. Strawberries are produced in 73 countries
worldwide on 244 thousand hectares and are among the
highest-yielding fruit crops1. Popularity of strawberries
can be judged from the fact that their production has
more than doubled over the past two and a half decades1,
i.e. from 2024 thousand tonnes in 1985 to 4366 thousand
tonnes in 2010. In India, strawberry cultivation extends
from temperate to subtropical regions and the crop is an
annual in the subtropical regions and perennial in temperate regions. Maharashtra is the leading state in the production of strawberry. It is also cultivated in Dehradun
and Nainital (Uttar Pradesh), Srinagar (Jammu and
Kashmir) and the hills of Darjeeling (West Bengal). In
Himachal Pradesh, the crop is grown in selected pockets
in districts of Sirmour, Solan and Kangra2.
Fragaria × ananassa Duch. is an octaploid (2n =
8x = 56) derived from two American octaploid species:
Fragaria virginiana L., native to North America north of
Mexico and Fragaria chiloensis Duch., native to west
coastal North America and the west coast and Andes
Mountains of South America3. Due to the difficulties imposed by complicated octoploid genome on conventional
breeding strategies, manipulation through recombinant
DNA technology is now more favourable in strawberry4.
The first report of successful genetic transformation of
cultivated strawberry came two decades back and was
based on Agrobacterium tumefaciens technique5,6. Since
then Agrobacterium-mediated transformation has been a
technique of choice for transformation in strawberry, even
though a few direct gene-transfer protocols have also been
reported7. Genetic engineering of strawberry has been reported by several workers8,9 and the application of genetic
engineering to strawberry varieties has paved the way for
the generation of new cultivars possessing economically
viable genetic traits10. Strawberry fruit-softening problem
is a classical example of the intervention of biotechnological tools towards achieving this goal. Besides this,
transformation has improved strawberries for many traits
which confer adaptive advantage to these plants vis-à-vis
the challenges imposed by climate change11.
Under climate-change conditions, crop plants would
often experience more than one biotic and abiotic stress.
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Figure 1. Analyses of transgenic strawberry plants. a, Osmotin construct used for transformation. b, PCR analysis in 17 putatively kanamycin-resistant plants of strawberry for the presence of osmotin gene. A fragment of 730 bp corresponding to the coding region of osmotin
gene was amplified in 10 transgenic lines, while it was absent in the wild-type plant DNA. c, Southern analysis of 10 transgenic and untransformed control strawberry plants. Genomic DNA was digested with BamH1 and probed with osmotin specific gene probe. d, Northern
analysis of 10 transgenic and untransformed control strawberry plants. Total RNA was extracted from leaves and hybridized with digoxigenin-labelled osmotin probe. P, Plasmid DNA; WT, Untransformed control; Os1, Os4, Os5, Os6, Os7, Os8, Os10, Os12, Os14 and Os15, Transgenic
lines and M, DNA size marker.

In plants, the osmotin gene is effective in imparting
resilience to multiple stresses. It is a stress-responsive
multifunctional tobacco PR-5c protein providing salt
tolerance12–15, drought tolerance16–18, cryoprotection19 and
protection from fungal pathogens20,21. It is synthesized
and accumulated by cells undergoing gradual osmotic
adjustment to either salts or desiccation stress, but is not
induced by osmotic shock22 and also by long exposure to
cold19. As osmotin imparts protection against many fungal pathogens, it would be interesting to examine how the
beneficial fungi are affected in such plants expressing
pathogenesis-related proteins. The present study was
therefore conducted with four primary objectives: (i)
Check the osmotin transgenic plants of strawberry for
tolerance to water deficit stress and salinity stress under
hydroponic culture. (ii) Use Randomly Amplified Polymorphic DNA (RAPD) fingerprinting to screen all in
vitro-regenerated plants (transgenic/wild type) for their
genetic stability, and check if the difference in rate of
growth between transgenic and wild-type plants was only
due to osmotin overexpression or due to cryptic genetic
defects arising via somaclonal variation. (iii) Inoculate
the in vitro-developed transgenic shoots with plant
CURRENT SCIENCE, VOL. 102, NO. 12, 25 JUNE 2012

growth promoting fungi Piriformospora indica and Sebacina vermifera for overcoming the growth penalty
imposed by overexpression of osmotin. (iv) Assess the
feasibility of an approach employing growth promoting
fungi with transgenic plants overexpressing pathogenesisrelated proteins.

Transformation – transferring gene for stress
tolerance
Recently, Husaini23 extensively studied the factors influencing transformation efficiency of strawberry and
reported the development of a modified protocol for A.
tumefaciens-mediated transformation of leaf discs of
strawberry (Fragaria × ananassa Duch. cv Chandler).
The most notable modification was pre-selection on
validamycin A, a specific trehalose inhibitor, for reducing
stress on the transformed cells. Using the modified transformation protocol, the 732 bp osmotin gene (accession
no. M29279)12 driven by a 35S promoter in the binary
vector BinAR (ref. 24) could be successfully transferred
to ‘Chandler’10 (Figure 1 a). Kanamycin-resistant (KanR)
1661
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Figure 2. Sequence comparison of Nicotiana tabacum osmotin (transgene) and native genes in Fragaria × ananassa with ‘red’ showing
conserved regions. a, Nucleotide sequence alignment of tobacco osmotin with strawberry olp, olp2 gene sequences. b, Protein sequence
alignment of tobacco osmotin with strawberry olp, olp 2 sequences.

shoots were obtained from the explants. Integration of the
transgene into the plant genome was screened by PCR
and 10 putative transgenic plants showed 0.73 kb amplification product when amplified with osmotin gene1662

specific primers (Figure 1 b). Southern blot analysis using
digoxigenin-labelled osmotin probe confirmed their
transgenic nature and detected one, two, three and four
copies of osmotin transgene (Figure 1 c). In strawberry,
CURRENT SCIENCE, VOL. 102, NO. 12, 25 JUNE 2012
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Figure 3. Leaf disc senescence assay for estimation of induced senescence by exposure to mannitol. a, Phenotypic
difference in pigment leaching from the leaf discs of wild-type and transgenic plants in response to mannitol stress at
0 and 150 mM. b, Variation in chlorophyll content (mg g–1 fr. wt) of leaf discs after one week of exposure to mannitol.
The bars represent mean ± standard error.

two osmotin-like proteins (olp and olp2) are reported to
occur naturally and their DNA sequences have been
deposited in NCBI25,26. However, in spite of their presence in strawberry genome, no hybridization signal was
detected in the untransformed Fragaria × ananassa
plants, precisely due to non-complementarity of the probe
with these sequences. BLAST analysis of the nucleotide
sequences of osmotin, olp and olp2 confirmed the absence of one or more stretches of nucleotides (≥ 23
nucleotides) of exact identity (Figure 2). The presence of
such stretches of complementary sequence(s) between
the probe and these olp sequences is necessary for stable
complementary binding, and therefore, their absence
accounts for the lack of a hybridization signal in untransformed strawberry plants27.
Northern analysis using digoxigenin-labelled osmotin
probe could detect expression in three transgenic lines
(Os5, Os7 and Os14) only, whereas no osmotin transcripts
could be detected in the wild-type plants (Figure 1 d). Os5
had 2.4-fold osmotin expression compared to Os14 and
2-fold compared to Os7, the difference being possibly due
to position effect and random integration of transgene at
non-specific sites in the plant genome28,29. The other
seven transgenic lines failed to show any osmotin expression, possibly due to insertion of transgenes in such isochors or due to multiple copy number of the transgene30.

Analyses for drought tolerance
The plants from transgenic lines Os5, Os7 and Os14 were
analysed for tolerance to mannitol stress (drought) by the
CURRENT SCIENCE, VOL. 102, NO. 12, 25 JUNE 2012

‘leaf disc senescence assay’. Leaf discs were floated in
mannitol solution (0, 50, 100, 150 and 200 mM) and after
one week of stress clear difference was visible as the leaf
discs from transgenic plants remained green, whereas
those from wild-type plantlets showed complete senescence (Figure 3 a). The visual phenotype was confirmed
by estimating total chlorophyll content and it was found
that transgenic plantlets had significantly higher chlorophyll than wild-type plantlets when exposed to mannitol
stress (Figure 3 b).
In another experiment, shoots (2.5 cm long) of transgenic and wild-type plantlets were cultured on MS salts +
B5 vitamin + glucose (2%) + kinetin (1 mg l–1) + mannitol
(150 mM) + agar (0.9%). Chlorophyll, total soluble protein (TSP) and leaf relative water content (RWC) were
determined from their leaves after one and two weeks, using the methods described by Hiscox and Israelstam31,
Bradford32, and Barr and Weatherley33 respectively.
Mannitol caused inhibitory effect on plant growth due to
osmotic stress, viz. shoot and root length, and biomass
accumulation per plant reduced considerably in a time
and dose-dependent manner in both wild-type as well as
transgenic plants, though to a far lesser extent in the latter
(Figure 4 a). All the three transgenic lines (Os5, Os7 and
Os14) maintained significantly higher chlorophyll, TSP,
RWC, biomass, shoot and root length compared to the
wild-type plantlets and transgenic lines not expressing
osmotin. Mannitol caused complete arrest of shoot
growth and completely inhibited root initiation in the
wild-type as well as transgenic lines not expressing
osmotin (Figure 4 b). BLASTP analysis revealed that
1663
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Figure 4. Effect of 150 mM mannitol stress on strawberry. a, Transgenic line overexpressing osmotin (Os5), no expression (Os1) and untransformed control (WT ) plants on 150 mM mannitol on the 5th day of culture. b, Variation in chlorophyll content (mg g–1 fr. wt), total soluble protein content (mg g–1 fr. wt), shoot length (cm plant–1), relative water content
(%), proline content (mg g–1 fr. wt), root length (cm plant–1), biomass (mg plant–1) of wild and transgenic shoots when
subjected to osmotic stress (drought) for 1 and 2 weeks under in vitro conditions. The bars represent mean ± standard
error.

strawberry olp and olp2 share only 55% and 59% homology
with tobacco osmotin respectively (Figure 2). These differences in protein sequences and amino acid composition
could be responsible for functional differences at the metabolite level, with osmotin showing more potency in imparting abiotic stress tolerance compared to olps (Table 1).
Plant olps are implicated in plant response to pathogen
attacks and adverse environmental stresses. Olp expression gets induced when the strawberry plants are inoculated with either Colletotrichum fragariae or Colletotrichum acutatum (fungal pathogens)34. It is well known
that abscisic acid (ABA) modulates gene expression
1664

under osmotic-related stresses such as freezing, drought
and high salt35, whereas salicylic acid (SA) serves as an
important signal molecule in the local response of the
plants to pathogens and also in the development of systemic acquired resistance (SAR)36. Zhang and Shih34 have
demonstrated that olp2 is regulated by the signal molecules ABA and SA on the transcriptional level and is
more prominently induced by SA than by ABA, thereby
demonstrating their comparative efficacy in pathogen
defence rather than abiotic stress. This may be the reason
that in spite of the presence of olps, strawberry has shown
both salt as well as drought sensitivity37.
CURRENT SCIENCE, VOL. 102, NO. 12, 25 JUNE 2012
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Table 1.

Comparison of proteins of osmotin (Nicotiana tabacum), olp, olp2 (Fragaria × ananassa) using ProtParam

Parameters
Number of amino acids
Molecular weight
Theoretical pI
Amino acid composition

Osmotin
243
26,368.7
8.13
Ala (A)
17
Arg (R)
13
Asn (N)
16
Asp (D)
10
Cys (C)
16
Gln (Q)
10
Glu (E)
6
Gly (G)
28
His (H)
2
Ile (I)
8
Leu (L)
14
Lys (K)
6
Met (M)
3
Phe (F)
16
Pro (P)
21
Ser (S)
11
Thr (T)
23
Trp (W)
5
Tyr (Y)
8
Val (V)
10
Asx (B)
0
Glx (Z)
0
Xaa (X)
0

olp

7.0%
5.3%
6.6%
4.1%
6.6%
4.1%
2.5%
11.5%
0.8%
3.3%
5.8%
2.5%
1.2%
6.6%
8.6%
4.5%
9.5%
2.1%
3.3%
4.1%
0.0%
0.0%
0.0%

olp2

226
24,237.3
8.58
Ala (A)
18
Arg (R)
11
Asn (N)
18
Asp (D)
12
Cys (C)
16
Gln (Q)
10
Glu (E)
1
Gly (G)
26
His (H)
1
Ile (I)
7
Leu (L)
13
Lys (K)
8
Met (M)
3
Phe (F)
11
Pro (P)
15
Ser (S)
12
Thr (T)
20
Trp (W)
3
Tyr (Y)
10
Val (V)
11
Asx (B)
0
Glx (Z)
0
Xaa (X)
0

8.0%
4.9%
8.0%
5.3%
7.1%
4.4%
0.4%
11.5%
0.4%
3.1%
5.8%
3.5%
1.3%
4.9%
6.6%
5.3%
8.8%
1.3%
4.4%
4.9%
0.0%
0.0%
0.0%

229
24,569.4
4.64
Ala (A)
16
Arg (R)
8
Asn (N)
16
Asp (D)
15
Cys (C)
17
Gln (Q)
10
Glu (E)
5
Gly (G)
23
His (H)
2
Ile (I)
9
Leu (L)
14
Lys (K)
5
Met (M)
2
Phe (F)
13
Pro (P)
17
Ser (S)
17
Thr (T)
17
Trp (W)
4
Tyr (Y)
7
Val (V)
12
Asx (B)
0
Glx (Z)
0
Xaa (X)
0

Total no. of negatively
charged residues (Asp + Glu)

16

13

20

Total no. of positively
charged residues (Arg + Lys)

19

19

13

7.0%
3.5%
7.0%
6.6%
7.4%
4.4%
2.2%
10.0%
0.9%
3.9%
6.1%
2.2%
0.9%
5.7%
7.4%
7.4%
7.4%
1.7%
3.1%
5.2%
0.0%
0.0%
0.0%

Atomic composition
Carbon
Hydrogen
Nitrogen
Oxygen
Sulphur

C
H
N
O
S

Formula

C1163H1749N323O344S19

C1052H1610N300O323S19

C1070H1614N292O337S19

Instability index (II)

38.28
This classifies the protein as stable.

31.09
This classifies the protein as stable.

32.77
This classifies the protein as stable.

Grand average of
hydropathicity (GRAVY)

1163
1749
323
344
19

–0.278

C
H
N
O
S

1052
1610
300
323
19

–0.288

C
H
N
O
S

1070
1614
292
337
19

–0.183

The similarities are highlighted in grey.

Monitoring growth and analysis using molecular
markers
An in vitro experiment was conducted in which shoots
(2.5 cm) of strawberry lines WT, Os1, Os5, Os7 and Os14
were cultured on shoot elongation cum rooting medium
(RM) [MS salts + B5 vitamins + 2% sucrose + 1% glucose + 1.0 mg l–1 kinetin] and monitored for 8 weeks
under culture room conditions [temperature, 25 ± 2°C;
light intensity, 44.85 μE m–2 s–1; photoperiod, 16/8 h
(day/night)]. The rate of growth of transgenics overexpressing osmotin was reported to be slower than the
transgenics with no osmotin expression and wild-type
CURRENT SCIENCE, VOL. 102, NO. 12, 25 JUNE 2012

plants10. Then these plants were transferred to pots containing a mixture of vermiculite, peatmoss and solirite
(1 : 1 : 1) for 8 weeks in a growth chamber [temperature,
27 ± 2°C; light intensity, 44.85 μE m–2 s–1; photoperiod,
16/8 h (day/night)]. The shoot length of transgenic lines
overexpressing osmotin was significantly lower than wildtype and transgenic lines showing no osmotin expression,
while the reverse was observed for root length. The biomass of transgenic lines overexpressing osmotin was lower
than the other lines (Figure 5). This may due to the signal
transduction pathway getting perturbed by the overexpression of osmotin under a constitutive promoter (CaMV
35S). Higher accumulation of osmolytes in transgenic
1665
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plants can cause impaired growth in the absence of any
stress, probably due to the adaptation strategy of the plant
to conserve water during acute stress38,39. Moreover, the
occurrence of osmotin in vacuoles and their induction by
abscisic acid has given rise to the hypothesis that these
are a type of storage proteins whose accumulation is
linked to reduced growth and stress adaption12,40.
To check if the difference in rate of growth was only
due to osmotin overexpression or due to cryptic genetic
defects arising via somaclonal variation, the plants were
screened for their genetic stability by RAPD fingerprinting. A set of ten decanucleotide primers were used for
RAPD analysis of two non-transgenic strawberry plants
growing in field (W1 and W2), two in vitro-developed
strawberry plantlets (WT1 and WT2) and ten transgenic
plantlets (Os1, Os4, Os5, Os6, Os7, Os8, Os10, Os12, Os14 and
Os15). Of these, only two primers 5′-GTTTCGGTCC-3′

(P1) and 5′-GTCGCCGTCA-3′ (P2) caused PCR amplification, and indicated genomic homogeneity among controls and minor genetic changes within the transgenic
lines. A total of 82 amplicons were generated with primer
P1, the size of the fragments ranging from 2 to 5 kb. Two
bands of size 0.25 kb were found absent in Os14 and Os15,
whereas they were present in all wild-type and transgenic
plants (Figure 6 a). With primer P2 the total number of
amplicons was 70, with size ranging from 2 to 4 kb. No
genetic variation was detected among wild-type and
transgenic plants (Figure 6 b). Since the transgenic plants
were derived from the wild-type parent plant material and
carried the same transgene (osmotin gene), these results
confirmed that the difference in the rate of growth is not
due to any major detectable somaclonal variation(s). Furthermore, the phenotype of all these plants was identical,
except the stunting in the growth of transgenics overexpressing osmotin10. Hence osmotin overexpression could
be the reason for stunted growth of transgenic lines Os5,
Os7 and Os14.
Since osmotin has been shown to impart tolerance to
abiotic (salt, drought and cold) as well as biotic (fungi)
stresses, designing an inducible system for its controlled
biosynthesis which responds to the wide range of external
stimuli (salinity, desiccation and temperature) is probably
quite complex and shall remain the main concern in
designing plants resilient to these stresses.

Salinity tolerance in hydroponics

Figure 5. Monitoring growth penalty in transgenic plants overexpressing osmotin under permissive conditions. Those marked (*) were
under in vitro conditions, i.e. shoots of 2.5 cm length were subcultured
on the medium: MS salts + B5 vitamin + glucose (2%) + kinetin
(1 mg l–1) and growth monitored in culture room at 26°C, while those
marked (#) were under ex vitro conditions in pots: vermiculite + peat
moss + solirite (1 : 1 : 1) and growth monitored in a growth chamber at
26°C.
1666

Since irrigation water may contain salts that can accumulate to toxic levels, an experiment was conducted in order
to assess salt stress tolerance under hydroponics. In vitrodeveloped 6-week-old plantlets of WT, Os1, Os5, Os7 and
Os14 (15 each) were incubated in MS half strength liquid
medium (without sucrose) containing NaCl (150 mM) or
autoclaved distilled water (control) and maintained under
culture room conditions [temperature, 25 ± 2°C; light
intensity, 44.85 μE m–2 s–1; photoperiod, 16/8 h (day/
night)] until senescence. The plantlets tended to capsize
and tilt unless held in an upright position by thermocol
cubes. The thermocol cubes were floated on the surface
of the liquid medium and these provided physical support
to the plants held between the gaps (Figure 7 a).
The hydroponic cultures were maintained for nearly
one month and it was observed that transgenic plantlets
overexpressing osmotin maintained healthy state for the
first 12–15 days and then yellowing of leaves was
observed, whereas control plantlets could survive only for
the first week. Chlorophyll and RWC were determined
from their leaves after 10 and 20 days, using the methods
described by Hiscox and Israelstam31, and Barr and
Weatherley33 respectively. All the three transgenic lines
(Os5, Os7 and Os14) maintained significantly higher chlorophyll, RWC and biomass, while showing delayed
CURRENT SCIENCE, VOL. 102, NO. 12, 25 JUNE 2012
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Figure 6. RAPD profile of strawberry plants showed genomic homogeneity among controls and minor genetic changes within
the transgenic population. a, Primer 1; b, Primer 2.

senescence compared to the wild-type plantlets and transgenic lines not expressing osmotin (Figure 7 b). An
earlier detailed study about salinity tolerance of osmotin
overexpressing transgenic plants conducted in vitro had
shown similar results10 (Figure 8 a).

Fungal inoculation
For better adaptation
Mycorrhization strongly affects growth and tolerance to
water deficiency of the plants41. Mycorrhizal fungi influence development of a superior root system, enhance
water-conducting capacity, increase uptake of macro,
micro and immobile nutrients, and result in higher photosynthetic rates due to better carbon dioxide assimilation42–44.
Currently, P. indica45 and S. vermifera46, living as
endophytes in a variety of hosts, have gained increasing
attention47. P. indica is a newly described, axenically cultivable, phytopromotional endosymbiont, which mimics
the capabilities of arbuscular mycorrhizal fungi (AMF)
and shows pronounced growth-promotional effects48,49. S.
vermifera Oberwinkler [Tremellaceae] was originally described as intrahymenial in Ulhatohasidiutn fusisportim
(Shroet.) Donk on rotten wood in Bavaria50. Warcup and
Talbot46 recorded the species as forming mycorrhizas
with several Australian terrestrial orchids of the genera
Caladenia, Glossodia and Microlis. In vitro and ex vitro
CURRENT SCIENCE, VOL. 102, NO. 12, 25 JUNE 2012

coculture systems verify that both P. indica and S.
vermifera possess pronounced plant growth-stimulating
capacity and induce plant secondary metabolite accumulation51,52. P. indica promotes the synthesis and expression of defence-related proteins and enzymes (isoflavonoid phytoalexins, isoflavonoid glyceollin coumestrol
and coumestin isosojagol) that provide protection and
result in higher plant survival53,54. In addition, P. indica
produces significant amounts of acid phosphatases for the
mobilization of a broad range of insoluble, condensed or
complex forms of phosphate, enabling the host plant the
accessibility of adequate phosphorus from immobilized
reserves in the soil53.
P. indica has a broad host spectrum like AMF. It colonizes the roots of host plants as diverse as Zea mays,
Nicotiana tabacum, Petroselinum crispum, Populus
tremula, Setaria italica, Oryza sativa, Sorghum vulgare,
Triticum sativum, Glycine max, Cicer arietinum, Solanum
melongena, Artemissia annua and Bacopa monniera48,49.
Strawberry is known to be vulnerable to drought
stress55 and its yield as well as quality are adversely
affected by drought stress, especially under greenhouse
condition56 (Figure 8 b). While some earlier reports have
successfully demonstrated the usefulness of a mixture of
Glomus sp.41, Penicillium pinophilum57 and Glomus
mosesseae58 for drought stress tolerance in strawberry,
these are no reports of P. indica or S. vermifera strains
being used in strawberry. Fungal cultures of P. indica and
S. vermifera were maintained on Kafer medium59 in
liquid cultures (Figure 8 c) and a pot experiment with
1667
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four treatments was designed. In vitro-regenerated, untransformed plantlets of strawberry were planted in plastic pots containing a mixture of vermiculite, peat moss
and solirite (1 : 1 : 1) and inoculated with 1 g fresh hyphae
cultured on liquid media. The pots were placed in a
growth chamber at 28°C ± 2°C, 16 h photoperiod and
white light of 66.50 μE m–2 s–1 intensity provided through
mercury lamps hanging from the roof, with adjustable
cords. After two weeks of acclimatization light intensity
was increased to 89.25 μE m–2 s–1 and plants subjected to
treatments that included routine water supply treatment
(WT), drought stress treatment without fungal inoculation

(DS), drought stress treatment of P. indica inoculated
plants (DS + Pi) and drought stress treatment of S. vermifera inoculated plants (DS + Sv). Drought stress was
imposed by withholding water supply for 7 days and then
their leaf samples were collected for analyses.
Strawberry plants inoculated with P. indica or S. vermifera showed higher survival percentage under drought
condition and increased contents of chlorophyll, TSP,
RWC and higher biomass (Table 2). P. indica-inoculated
plants showed markedly higher tolerance level than S.
vermifera-inoculated plants. The first signs of wilting for
non-inoculated plants appeared on the fifth day of
drought. These plants were fully wilted after 7 days of
drought and they did not recover turgor after rewatering.
At the same time, the fungal-inoculated plants were
slightly wilted and after restoring watering, they easily
recovered full vigour. These fungi can therefore improve
drought endurance of strawberry.

To compensate growth penalty

Figure 7. a, In vitro-developed plantlets under salinity stress in
hydroponic cultures. b, Response of wild-type and transgenic plantlets
when subjected to continued salt stress for one month in hydroponic
cultures [MS1/2 strength liquid medium (without sucrose) + NaCl (0,
150 mM)].
1668

A prerequisite for effective overexpression of osmolytes
is that the basal metabolism of the plant must be able to
sustain a high rate of synthesis of these compounds60. A
useful strategy to meet this demand would be to provide
adequate nutritional support that ensures a regular
unabated supply of minerals and nutrients, such that the
transgenic plants are able to sustain overexpression without adverse effect on growth, due to diversion of plant
metabolic resources. Inoculation of plantlets with AMF
during acclimatization has hitherto been recommended
for reducing the stress of acclimatization, resulting in
faster growth and better establishment of micropropagated plants61. However, in this part of the study in vitrodeveloped transgenic shoots were inoculated with plant
growth promoting fungi P. indica and S. vermifera under
in vitro conditions, with the aim of overcoming the
growth penalty imposed by overexpression of osmotin
(Figure 8 d)10. Since osmotin is known to possess antifungal activity62,63, the other important objective was to
assess the feasibility of such an approach in case of
transgenic plants overexpressing pathogenesis-related
proteins.
Colonization by fungi is, in many ways, comparable to
infection by pathogenic fungi, and it is interesting to
examine how these beneficial fungi are affected in plants
expressing pathogenesis-related proteins for enhanced
pathogen resistance. Vierheilig et al.64 reported that
transgenic plants overexpressing tobacco PR-2, a protein
with β-1,3-glucanase activity, may adversely affect beneficial symbiotic fungi. As such it was of interest to test
transgenic plants overexpressing osmotin in their root
systems with respect to their symbiotic abilities, and to
determine the ability of P. indica and S. vermifera fungi
to colonize such transgenic plants.
CURRENT SCIENCE, VOL. 102, NO. 12, 25 JUNE 2012
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Figure 8. a, Six-week-old WT on 0 and 50 mM NaCl (left and right respectively), and Os5 on 50 mM NaCl (middle),
showing slower growth rate of Os5, but tolerance to salinity stress. b, Heat and drought stress during flowering causing
deformation in fruit shape and deformed fruit. c, Liquid culture of Piriformospora indica. d, Eight-week-old plantlets of
WT , Os5 and Os1, showing stunted growth of Os5. e, Axenic cultures of P. indica (left) and Sebacina vermifera (right).
f, Shoots of Os5 inoculated with P. indica (Pi), S. vermifera (Sv) showing comparable growth with non-inoculated WT (C)
shoots, after 2 weeks of inoculation.

Fungal cultures of P. indica and S. vermifera were
maintained on Kafer medium59 in petri plates (Figure 8 e).
In vitro-developed wild-type (WT) and transgenic strawberry shoots (2.5 cm) of lines Os1, Os5, Os7 and Os14 were
cultured on medium RM, and maintained under culture
room conditions [temperature, 25 ± 2°C; light intensity,
44.85 μE m–2 s–1; photoperiod, 16/8 h (day/night)]. After
2 weeks, the medium was inoculated with fungus P.
indica or S. vermifera near the root zone, where the
shoot touched the medium. An earlier report describes
infection of strawberry (Fragaria × ananassa Duch.)
hairy roots with the Finnish isolate Glomus fistulosum V
128 on a medium developed by Bécard and Fortin65 for
the dual culture of transformed carrot roots and
Gigaspora margarita spores66. Similarly, the medium RM,
used in the present study, also proved to be suitable
for the dual culture of strawberry and P. indica and
S. vermifera.
CURRENT SCIENCE, VOL. 102, NO. 12, 25 JUNE 2012

The plantlets were monitored for further growth
response and evaluated for shoot length, root length and
biomass after 1, 2, 4 and 8 weeks interval (Figure 9). The
inoculated plantlets showed faster growth rate with
higher shoot length and biomass, compared to noninoculated ones (Figures 5 and 9), irrespective of the
strawberry line. This was markedly evident after 6–8
weeks of culturing in all the lines tested. Additionally,
the quantum of difference in shoot length and biomass
between lines overexpressing osmotin (Os5, Os7 and Os14)
and those lines with noexpression (WT and Os1) shrunk,
when these plants were inoculated with P. indica. The
growth penalty imposed by osmotin overexpression
diminished sharply with P. indica inoculation, and
moderately with S. vermifera-inoculation. While P. indica inoculated WT appeared stronger and taller than P.
indica-inoculated Os5, the noninoculated WT were weaker
than these Os5 plantlets (Figures 8 f and 9).
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Table 2.
Treatment
WT
DS
DS + Pi
DS + Sv
CD at 5%

Effect of fungal inoculation (Piriformospora indica and Sebacina vermifera) on drought tolerance in untransformed strawberry plants
Chlorophyll (mg g–1 fr. wt)
1.82 ± 0.47
0.42 ± 0.02
1.63 ± 0.47
1.30 ± 0.89
0.21

Total soluble protein (mg g–1 fr. wt)
2.12 ± 0.25
0.60 ± 0.54
1.92 ± 0.89
1.75 ± 0.25
0.14

RWC (%)

Biomass (mg plant–1)

Survival (%)

86.8 ± 0.58
58.5 ± 0.34
84.3 ± 0.50
80.0 ± 0.54
3.41

243.23 ± 20.03
175.54 ± 24.93
228.00 ± 38.54
214.75 ± 21.38
23.03

98.80 ± 1.5
23.24 ± 2.6
97.05 ± 3.2
90.39 ± 2.8
–

Each value is the mean ± standard error.

plays activity against the oomycete Phytophthora
infestans68. As in the case of N. sylvestris, expression of
these transgenes did not interfere with the establishment,
final level of colonization and the time courses of colonization of G. mosseae in transgenic plants.
These observations show that with the exception of the
transgenic plants expressing PR-2, most of the other
genes tested did not show any adverse affect on the colonization and symbiotic association between symbiotic
fungi and transgenic plants.

For hardening

Figure 9. Effect of P. indica and S. vermifera inoculation on growth
of wild-type and transgenic plants under in vitro conditions. Shoots of
2.5 cm length were subcultured on the medium: MS salts + B5 vitamins + 2% sucrose + 1% glucose + 1.0 mg l–1 kinetin and growth
monitored in culture room at 26°C. Each value is the mean ± standard
error.

Vierheilig et al.64 have shown that transgenic Nicotiana
sylvestris and Nicotiana tabacum plants constitutively
expressing different forms of chitinase and β-1,3glucanase are colonized to the same degree by vascular
arbuscular mycorrhizal fungus, Glomus mosseae as control plants lacking the chitinase transgene. They have further extended these observations to pathogenesis-related
proteins (PRs) in tobacco plants, viz. transgenic N. tabacum plants overexpressing PR-1a, shown to be effective in protecting transgenic plants against infection by
two pathogenic oomycetes, Peronospora tabacina and
Phytophthora parasitica67; or of PR-5, a homologue of
the sweet protein thaumatin and of osmotin which dis1670

In vitro-developed plants are usually devoid of microflora, both beneficial and pathogens. Absence of beneficial microorganisms provokes a negative acclimatization
process and poor physiological adaptation to natural conditions41. Inoculation of plantlets with AMF during acclimatization has been recommended for reducing the
stress of acclimatization, providing faster growth and better establishment of the micropropagated plants61.
In vitro-developed strawberry wild-type shoots
(2.5 cm) were cultured on RM as described earlier in the
article, inoculated with P. indica or S. vermifera after
2 weeks. The plantlets were then evaluated for root as
well as shoot fresh weight, dry weight and length after
4 weeks of fungal inoculation. The plantlets inoculated
with P. indica showed maximum shoot length, while the
control plantlets (uninoculated) recorded maximum root
length (Figure 10 a). P. indica inoculated plantlets were
stouter and greener in appearance followed by S. vermifera-inoculated plantlets (Figure 10 b). The former possessed higher root as well as shoot dry weight compared
to the latter, as well as control plantlets (Table 3). During
the acclimatization process in the pots containing a mixture of vermiculite, peat moss and solirite (1 : 1 : 1), the P.
indica-inoculated plantlets had a comparatively higher
survival of about 79%, closely followed by the plantlets
that had been inoculated with S. vermifera (73%),
whereas those that had been left untreated showed only
68% survival rate (Figure 10 c).
P. indica promises to be a strong candidate for biological hardening of micropropagated plantlets as the fungus
helped achieve more than 79% survival rate of strawberry
plantlets and 90% survival rate of N. tabacum L. and
CURRENT SCIENCE, VOL. 102, NO. 12, 25 JUNE 2012
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C

Os5
Figure 10. P. indica and S. vermifera inoculation for effective hardening. a, Plantlet (WT ) inoculated with P. indica (Pi) with short but stout
roots, and control (C) with long, thin roots. b, Plantlets (WT), inoculated with P. indica (Pi), S. vermifera (Sv) and non-inoculated (C) after 4 weeks
of inoculation. c, Plants of lines WT, Os5 and Os1 inoculated with P. indica (upper), non-inoculated (middle), S. vermifera (lower) after 2 weeks of
transfer to pots.

Table 3.

Effect of fungal inoculation (P. indica and S. vermifera) on rooting of 6-week-old strawberry shoots, after 4 weeks of the inoculation of
the fungus
Root

Shoot

Rooting medium

Initiation
(days)

Length
(cm)

Fresh weight
(mg/plant)

RM
RM + P. indica
RM + S. vermifera
CD at 5%

6.33 ± 0.47
6.33 ± 0.47
7.00 ± 0.02
1.249

3.62 ± 0.54
2.62 ± 0.89
1.75 ± 0.25
1.04

462.75 ± 24.93
463.75 ± 38.54
433.00 ± 21.38
NS

Dry weight
(mg/plant)
28.25 ± 8.73
42.75 ± 2.49
30.25 ± 7.76
11.55

Length
(cm)

Fresh weight
(mg/plant)

3.75 ± 0.56
4.50 ± 0.79
4.25 ± 0.25
0.97

617.00 ± 192.32
831.75 ± 65.55
642.00 ± 215.01
NS

Dry weight
(mg/plant)
113.50 ± 24.48
171.00 ± 27.48
132.00 ± 24.41
42.72

Each value is the mean ± standard error. NS, Non-significant.

B. monniera L. Wett53,54. In strawberry this procedure
can, therefore, be used to facilitate successful transfer of
shoots from the multiplication medium to soil conditions,
through a single intervening step involving culturing on
RM medium followed by inoculation with P. indica. This
can, therefore, obviate the need for any hardening regime.

Conclusion
Overexpression of osmotin under CaMV 35S promoter
conferred salinity and water stress tolerance to strawberry
transgenics, but caused stunting and slower growth in
these transgenic plants compared to wild-type plants.
Since osmotin imparts tolerance to abiotic (salt, drought
and cold) as well as biotic (fungi) stresses, the main concern would be to design an inducible system for its controlled biosynthesis, which responds to the wide range of
external stimuli (salinity, desiccation, temperature and
pathogenic fungi). As osmotin is known to possess antifungal activity, the feasibility of an approach employing
growth-promoting fungi with transgenic plants overexpressing pathogenesis-related proteins showed interesting
results. Besides easing the hardening process, the growth
penalty imposed on these transgenic plants diminished
sharply by the use of fungal mycorrhization with P.
indica and moderately with S. vermifera. This showed
CURRENT SCIENCE, VOL. 102, NO. 12, 25 JUNE 2012

that transgenic plants overexpressing osmotin did not
show any adverse affect on the colonization and symbiotic association between symbiotic fungi (P. indica and S.
vermifera) and transgenic plants. This is perhaps a positive outcome which needs to be studied further, keeping
in view the considerable interest in using transgenic
plants with enhanced resistance against plant pathogens
in agriculture.
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