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Summary

Recombinant DNA technology and tracer technique are being
widely used for different purposes. Plant genetic transformation
is a common practice for increasing crop tolerance to biotic and
abiotic stresses and stable isotopes is a good tool to track the effects
of environmental stresses on crop productivity. In this research, the
effect of water stress on plant carbon isotopic composition (8'3C)
and water use efficiency (WUE), as indicators of physiological
processes and environmental factors, were evaluated for transgenic
strawberry (Fragaria x ananassa) plants continuously expressing a
chitinase gene and non-transgenic plants. To implement water stress,
strawberry plants were grown in pots and were assigned to three
different soil water contents (SWC) of well-watered, moderately-
watered and water-stressed. Treatments were implemented for two
months, in a growth chamber. At the final stage of the experiment,
leaves were randomly collected from each experimental unit.
After oven-drying and powdering, subsamples of 4 to 5 mg of
plant materials were combusted under vacuum, using Vycor tubes
containing cupric oxide and silver wire. Combustion took place
at 520 °C for 5 hrs to produce carbon dioxide. Carbon isotope
composition (8'3C) was measured relative to Vienna Pee Dee
Belmnite (VPDB). Both SWC and the expression of chitinase gene
in transgenic strawberry plants significantly affected 8'3C and WUE
(p < 0.001). Highly significant (p < 0.01), but negative correlations
were found between 8'3C and plant dry matter components, such as
lead dry matter (r = -0.92; p = 0.009) and total dry matter (r = -0.92;
p=0.008). High correlations were found between 8'3C and water use
per plant (r = -0.93; p = 0.006), and between 5'*C and leaf area per
plant (r = -0.93; p = 0.006).

Introduction

Plant growth and productivity are based on capturing carbon
dioxide molecules, which occurs through stomata. As a result, high
crop production requires high stomatal conductance over time.
Stomatal conductance (g) to CO, and water vapour are markedly
influenced by environmental factors. Therefore, any change on
stomatal conductance affects CO, capture and fixation, and water
loss. A key factor which represents plant productivity under stressful
conditions is the ratio of assimilated CO, to transpired water through
stomata, which is termed water-use efficiency (WUE). This value
(WUE) increases by environmental stresses, such as water stress and
drought (RAEINI-SARJAZ et al., 1998; RAEINI-SARJAZ and CHALAVI,
2008; MONNEVEUX et al., 2006), salt stress (SHAHEEN and HooD-
NOwWOTNY, 2005; MCCREE and RICHARDSON, 1987), and elevated
CO, (MywARA and BOTHA, 1997). Consequently, under stress
conditions, either biotic or abiotic, the ratio of assimilated CO, to
transpired H,O increases.

Water-use efficiency could be measured in different ways. The
traditional and tedious way is based on measurements of total dry
matter and transpired water for whole crop life cycle, which is time
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consuming, and due to water evaporation from soil and neglecting
root dry matter in WUE calculation, can be misleading (FISCHER
and TURNER, 1978). The second method is based on instantaneous
leaf gas exchange (WUE;), which does not extend to the whole plant
life cycle. The third method, plant tissue carbon stable isotopes
ratio, is used as an indirect indicator for WUE and is derived from
measurement of carbon stable composition (§3C), which is an
integration of instantaneous water-use efficiency for the whole plant
life cycle (ZHANG et al., 2009). It has been demonstrated (BRUGNOLI
and FARQUHAR, 2000) that plant carbon isotope composition
(8BC) or carbon isotope discrimination (A*C) (JONES, 2004) is
a consistent marker of water-use efficiency in C; plants. A strong
positive correlation between 883C and WUE (WRIGHT et al,, 1988;
SARANGA et al., 1999), and a strong negative correlation between
ABC and WUE (RAEINI-SARJAZ et al., 1998) has been reported.

The mechanism of stable isotope technique is based on fractionation
against heavy carbon dioxide molecule ('3CO,) during photosynthesis
process. The chemical properties of '2CO, and *CO, are identical,
but as the latter is 2.3% heavier, C; plants discriminate more against
1BCO,. The average abundance of the two naturally occurring carbon
dioxide stable isotopes, '2CO, and '*CO,, in the atmosphere is 98.9
and 1.1 percent, respectively (FARQUHAR et al., 1989), while, the
abundance of C in plant tissues is always less than that of the
atmosphere (RUNDLE et al., 1989). These differences in abundance
between source (air) and sink (plant tissues) carbon isotope ratios
are due to slower diffusion of '*CO, through leaf boundary layer
and stomata, and the activity of ribulose bisphosphate carboxylase
(Rubisco) enzyme, which favours '2CO, during carbon fixation
(FARQUHAR et al., 1989; RAIABI et al., 2009).

The range of discrimination against heavier molecule varies within
plant kingdom. It is a function of photosynthetic pathway, plant
genetic potential and environmental factors (FARQUHAR et al., 1989;
PyANKOV et al., 2000; EL-SHARKAWY and DE TAFUR, 2007; RAEINI-
SARJAZ et al., 1998). Plant response to environmental stresses
includes an array of physiological and biochemical changes. Almost
all of these changes are the result of alteration of gene expression
in plants, including induction of a large number of genes. Many
plant species express a similar set of genes and produce common
proteins in response to environmental stresses. Therefore, plants
produce novel proteins or accelerate the accumulation of some
already existing proteins. The precise function of most of these
proteins is generaily unknown. There is an array of such proteins
in almost all plant species. Chitinases are proteins of 25-35 KDs
molecular weight and their expression are induced in higher plants
by environmental and biological stresses. Low levels of chitinases
present in healthy plants and their expression during hypocotyl,
leaves, roots and seed development may indicate that these proteins
play some roles in plant normal growth and development (ROBINSON
et al., 1997). Chitinases are also assumed to be involved in drought
tolerance (YU et al., 1997), in freezing tolerance (YEH et al., 2000;
HILOVAARA et al., 1999), and as a defence mechanism against fungi
(KARASUDA et al., 2003).

In the present study, we hypothesized that transgenic strawberry
plants constitutively expressing a drought induced chitinase gene
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may have improved tolerance to water stress. Therefore, the aims
of this study were to evaluate the effects of soil water contents and a
transgenic strawberry line producing a chitinase protein at high level
on carbon isotope composition of strawberry leaves.

Materials and methods

To detect the effect of water stress on transgenic strawberry plants,
carbon isotope composition (8'3C) of strawberry leaves were
measured under three soil water contents (SWC). Strawberry plants
(cv. Joliette) were grown in pots under three SWC. Well-water plants
were initially watered to 100% field capacity (FC) and re-watered
when SWC dropped to 80%, moderately-watered and water-stressed
plants were initially watered to 80 and 50% FC, respectively, and
re-watered when SWCs dropped to 60 and 30% FC, respectively.
During the experiment plants were uniformly fertilized by a 20-20-
20 NPK fertilizer each week. A completely randomized design with
four replications was employed for each treatment.

Individual potted plants leaf area (LA), leaf dry matter (LDM),
petiole dry matter (PDM), root dry matter (RDM), total dry matter
(TDM) and water used per plant (WU) were measured. Water-
use efficiency (WUE) was calculated as total dry matter to total
transpired water (WU). Leaves of different water treatments of
strawberry plants were oven dried for 72 hrs at 60 °C. A Wiley mill
was used to ground coarse samples to a fine powder. From each
sample, 4 to 5 mg subsamples were combusted under vacuum using
Vycor tubes containing silver wire and cupric oxide. To release CO,,
combustion was carried out for 5 hrs at 520 °C.

Liquid N was used to cryogenically purify and collect carbon
dioxide under vacuum. Purified CO, was injected to a ratio mass
spectrometer (VG T50 GAS 903D Device, Middlewich, UK) and
carbon isotope composition (8'°C) was measured relative to VPDB
(Vienna Pee Dee Belmnite), a fossil belemnite Pee Dee (Ehleringer
and Osmond, 1989). Pearson correlation coefficient was employed
to calculate the relation between pooled data of §'3C and total dry
matter components of different water treatments. Proc GLM of SAS
software was used to analyse the data, and Tukey post-hoc test was

used to compare treatment means.

Results

The effect of soil water contents on 8'3C of strawberry leaves were
highly significant (p < 0.001). Water stressed and moderately water
stressed treatments caused 1.318%o and 0.965%o increase in 8'*C
strawberry leaves compared to well-watered plants (Tab. 1). The
mean leaf 8'*C of transgenic strawberry, along different SWC
treatments, was significantly lower than that of non-transgenic
strawberry (Tab. 1) and decreased by 0.564%.

The effects of soil water content and transgenic strawberry on WUE
were highly significant (p = 0.001) (Tab. 1). Soil water content

reduction caused WUE increase by 30 and 48 percent for moderate
and stressed water treatments, respectively, relative to well-watered
treatment. Transgenic strawberry also caused on average 24 percent
increase in WUE relative to non-transgenic one. The trend of
stressed, moderately water stressed and well water treatments,
relative to corresponding treatments for non-transgenic strawberry
were 28.2, 24.4 and 14.9 percent, respectively, and not linear.

For strawberry pooled data, along different SWC treatments, highly
significant (p < 0.01), but negative correlations were found between
81C and plant dry matter components, such as LDM (r = -0.92; p =
0.009), PDM (r = -0.93; p = 0.006), RDM (r = -0.88; p = 0.02) and
TDM (r = -0.92; p = 0.008) (Fig. 1), and between §'*C and leaf area
per plant (LA) (r = -0.93; p = 0.006), and between 8'*C and water
use per plant (WU) (r = -0.93; p = 0.006) (Fig. 2). No significant
correlations were found between §'3C strawberry pooled data
(r = 0.56; p = 0.24) and WUE, but when correlations were made
for transgenic and non-transgenic data separately, highly significant
correlations were found between §'°C and WUE (r = 0.98) for
transgenic plants; and the same relations between 8'°C and WUE
(r = 0.99) for non-transgenic plants (Fig. 3).
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Fig. 1: Regression lines between strawberry dry matter components (TDM,

LDM, RDM and PDM) and carbon isotope composition.

Discussion

The values of carbon isotope composition for leaves of 44 C, species
from 43 genera and 23 botanical families of herb species reported an
average value of around -28%o for §'*C (MARCHESE et al., 2006). A
typical range of 8'*C for C; plants is between -25 to -29%o, which

Tab. 1: Mean water-use efficiency (WUE) (g/kg) and carbon isotope compositions (8'*C x %o) as a function of soil water content for strawberry plants.

Water-use efficiency

Carbon isotope composition

Water gkg' (8C, %o)
treatments Transgenic Non-transgenic Mean* Transgenic Non-transgenic Mean*
Well 3.62+0.11 3.15+0.15 3.795¢ -34.703 -34.090 -34.396°
Moderate 5.28+0.11 4.24+0.20 4.950° -33.578 -33.283 -33.4312
Stress 6.00+0.43 4.68+0.24 5.630° -33.401 -32.755 -33.078*

Mean** 4.98+0.51* 4.02+0.36° -33.895° -33.311°

* Means that carry different letters in each column are significantly different at 5% level. ** Last row shows mean WUE and §'*C of transgenic and non-

transgenic strawberries across different water treatments.
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Fig. 2: Regression lines between strawberry leaf area (circle and dotted line)
and water use (triangle and continuous line) with carbon isotope
composition.
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Fig. 3: Relations between transgenic and non-transgenic strawberry water-
use efficiency and carbon isotope composition.

indicate co-limitation by carboxylation and diffusion processes
(O’LEARY, 1993). The mean 8"*C value for this study is much
lower than the above values. The higher the stomatal conductance
the lower the 8'3C values (LAMBERS et al., 2008), therefore it seems
lower 8'3C for strawberry, even for stress treatment, reveals higher
limitation by carboxylation process in fixing '*CO, or more resistant
to 3CO; diffusion by leaf boundary layer and stomata, due to leaf
morphology (LI et al., 2006) or leaf anatomy (MARCHESE et al.,
2005; CARELLI et al., 2003; JURIK et al., 1982) and stomatal cavity
morphology (KoGAMI et al., 2001). It is speculated that the more
negative values for §'C in transgenic strawberry could be a result of
consecutive expression of chitinase gene.

Carbon isotope discrimination has been reported as an indirect
indicator for soil water availability between different sites or
time periods (STEWART et al., 1995; WANG, 2003; TSIALTAS and
MASLARIS, 2006). It has been shown that §'3C is an indicator
of both integrated physiological processes and environmental
properties, and also reveals how different species could adjust their
gas exchange metabolisms in relation to their habitats (DAWSON
et al., 2002; CHEN et al., 2007). The less negative 8'*C value, as a
surrogate of integrated whole plant life WUE, for water-stressed
strawberry plants is in agreement with reported WUE data for this
species under water stress conditions (CHALAVI and RAEINI-SARJAZ,

2010) and other plants (RAEINI-SARJAZ and CHALAVI, 2008; RAJABI
et al., 2009).

The mean leaf 8"°C of transgenic strawberry was significantly
lower than that of non-transgenic plants (Tab. 1), which reveals a
higher long term integrated biochemical and stomatal conductance
to CO, for transgenic plants relative to control ones. It has been
reported that chitinase, a drought induced gene, was involved in
promoting vigorous growth (CHALAVI and RAEINI-SARJAZ, 2010),
and enhancing fungal resistance in transgenic strawberries (ASAO
et al., 2003; CHALAVI et al.,, 2003), by constitutive activation of
gene responsible in enhancing tolerance. In agreement with our
finding other researchers have reported genetic variation in carbon
isotope composition for a variety of species (PENNINGTON et al.,
1999; EL-SHARKAWY and DE TAFUR, 2007; JOHNSON et al. 2009).
Therefore, not only chitinase was involved in resistance to water
stress and enhancement of WUE, but also it caused vigorous
growth in strawberry (CHALAVI and RAEINI-SARIAZ; 2010) and
protection against gray mold (RICARDO et al., 2006). Arabidopsis
as a model plant was employed to analyse the molecular bases of
genetic variations in WUE. The results demonstrated significant
genetic variations between Arabidopsis ecotypes in carbon isotope
discrimination (MALSE et al., 1999), which was linearly correlated
to pi/pa, the ratio of intercellular to ambient partial pressure of
CO,. Genetic differences for carbon isotope discrimination have
et al., 2009), as well as strawberry cultivars (JOHNSON et al., 2009).
Consequently, it could be speculated that less 1*C enriched leaves of
transgenic strawberry plants, as a partial function of chitinase gene
constitutive expression, might have had more long term integrated
stomatal conductance, which was translated to vigorous growth
for chitinase-transgenic strawberry (CHALAVI and RAEINI-SARJAZ,
2010).

Positive correlations between 83C and WUE were found for
individual transgenic and non-transgenic plants along different
SWCs, in agreement with reports for other plants (RAEINI-SARJAZ
and CHALAVI, 2008; RAEINI-SARJIAZ et al., 1998). The slopes of
regression lines for 8'*C and WUE for transgenic and control plants
were similar, but had different intersections. Therefore, failure of
significant correlations between 8'3C and WUE for pooled data of
strawberry plants indicates that '3CO, fixation process by transgenic
and non-transgenic plants had different thresholds. Therefore,
some parameters, such as downstream fractionations associated
with metabolism (CONDON et al.,, 2002), and genetic capacity,
especially chitinase consecutive expression, could have caused these
differences. JOHNSON et al. (2009) also reported that carbon isotope
composition of leaves, fruits and crowns showed an increase in WUE
in water-limited strawberry plants, with a significant difference
between cultivars.

Positive correlations have been reported between yield and carbon
isotope discrimination for both rainfed and full-irrigated wheat
(MIsra et al., 2010; MIRSA et al., 2006; MONNEVEUX et al., 2006),
and bean lines (ZACHARISEN et al., 1999). Therefore low *C enrich-
ment could be an indicator of high productivity, which is in
agreement with our findings of high correlations between strawberry
leaf 8'*C and yield components. These findings indicate that the
higher the stomatal conductance the higher could be dry matter
production, and 8'*C could be used as an indirect indicator for crop
dry matter components and yield.

High and negative correlations between §'3C and cumulative plant
water use, and between 8'*C and plant total leaf area make known
that 83C could be an excellent indicator of both plant water use and
leaf area. There are reports on high linear correlations between water
use and total biomass yield (QUARRIE et al., 1999), and between
water use and leaf area (RADERSMA et al., 2006), which indirectly
supports our findings.
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