Turk J Bot

(2014) 38: 130-140

© TUBITAK
d0i:10.3906/bot-1212-32

Turkish Journal of Botany

http://journals.tubitak.gov.tr/botany/

Research Article

TUBITAK

Photosynthetic gas exchange, chlorophyll fluorescence, antioxidant enzymes,
and growth responses of Jatropha curcas during soil flooding

Krishan Kumar VERMA', Munna SINGH ™, Ramwant Kumar GUPTA”, Chhedi Lal VERMA’
'Department of Botany, University of Lucknow, Lucknow-226 007 (UP), India
*Division of Seed Science and Technology, Indian Agricultural Research Institute, PUSA Campus, New Delhi-110 012, India
*Central Soil Salinity Research Institute, Regional Research Station (CSSRI-RRS) Lucknow-226 005 (UP), India

Received: 16.12.2012 ®  Accepted: 10.09.2013 e  Published Online: 02.01.2014 Printed: 15.01.2014

Abstract: The response of chlorophyll fluorescence, photosynthetic CO, assimilation (PN), stomatal conductance (gs), electrolyte
leakage, and transpiration (E) was observed in Jatropha curcas seedlings subjected to soil flooding. A strong reduction in growth, leaf-
area expansion (64%), and stomatal conductance (45%) impaired photosynthetic CO, assimilation (66%), which eventually reduced
biomass yield. The ratio between variable-to-initial chlorophyll fluorescence (Fv/Fo) and the maximum quantum yield efficiency of the
photosystem IT (Fv/Fm) was used to explore damage associated with the functioning of the photosynthetic apparatus. A strong, non-
linear correlation between physiological parameters and soil flooding duration was found. Our study primarily revealed consequences
of epigenetics, i.e. stagnant soil flooding, which affected growth, development, and performance of Jatropha curcas significantly. The
activities of catalase (CAT), ascorbate peroxidase (APx), glutathione reductase (GR), and glutathione peroxidase (GPx) in leaves
increased, implying an integrated pathway involving CAT, APx, GR, and GPx for protection against the detrimental effects of reactive

oxygen species (ROS) during soil flooding.
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1. Introduction

Soilfloodingisamajorabioticstress thatimposesrestriction
in gaseous diffusion, i.e. oxygen and carbon dioxide in
plants. The slow rate of gas diffusion in water limits the
oxygen supply (Visser and Voesenek, 2004; Tan et al.,
2010; Balakhnina et al., 2012). Soil flooding due to excess
rains or seepage from large reservoirs may damage crops
completely as it causes a dramatic impact on biochemical
activities viz., aerobic respiration and photosynthesis in
stagnant or slow-moving water (Armstrong and Drew,
2002; Islam et al., 2008; Jackson, 2008; Else et al., 2009).
The soil is considered flooded if free-standing water on its
surface is ~20% higher than the field capacity (Aggarwal
et al., 2006). This leads to insufficient supplies of oxygen
to the root cells. Consequently, shoot cells and the
fundamental requirements of the plant’s life may become
injurious for cellular functioning. As soil flooding results
in major changes in the soil environment and physical
status of the soil, the breakdown of large aggregates into
smaller particles occurs (Pociecha et al., 2008), which
poses a severe threat to the survival of terrestrial plants.
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The most important consequences of flooding are
reduction in water and nutrient uptake and disturbance
of plant respiratory metabolism (Dat et al., 2004). As a
result, O, deprivation induces several physiological and
biochemical changes. Oxygen is an essential substrate
for respiratory metabolism, passes rapidly through
membranes to all compartments of the cell, and acts as
a substrate or cofactor in many biochemical reactions
in the primary and secondary metabolism of plants
(Holmberg et al, 1997). The adverse effects of soil
flooding are inhibition of leaf growth, reduction in shoot
and root growth and whole plant biomass (Pociecha et al.,
2008), changes in biomass partitioning, and promotion
of overall plant senescence followed by mortality. The
shoot growth is reduced because flooding affects leaf-
area expansion and induces premature leaf senescence
and abscission (Kozlowski, 1997; Mielke et al., 2003). The
chlorophyll fluorescence may become impaired along with
functioning of the photosynthetic apparatus in vivo by soil
flooding. The reduction in plant biomass becomes directly
correlated with net carbon assimilation regulated by the
stomatal and non-stomatal limitations of photosynthesis
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(Mielke et al., 2003; Pociecha et al., 2008). The shortage
of oxygen in the rhizosphere becomes detrimental for the
development of root systems, and the root may die (Drew,
1997). The roots are major sensory organs for detecting
stressful conditions in the soil. Root growth gets reduced
mainly due to lack of available O, for root respiration. The
soil phytotoxins also inhibit root formation and promote
root decay. Higher levels of antioxidant enzymes viz.,
catalase, peroxidase, glutathione reductase, and ascorbate
peroxidase were found to be important for survival under
oxidative stress in many plants (Tan et al., 2010; Baloglu et
al,, 2012; Saeidnejad et al., 2013).

Jatropha curcas L. is a multipurpose plant with many
potential attributes. It is a sub-tropical plant grown in low-
to-high-rainfall areas that can be used to reclaim lands and
also as a commercial crop to provide employment in rural
areas. The plant produces useful products viz., seeds, from
which oil can be extracted (~35%). It has similar properties
to palm oil and can be used as a substitute for kerosene and
diesel. By 2008, Jatropha curcas had already been planted
over an estimated 900,000 ha globally; an overwhelming
85% of plantations are in Asia, 13% in Africa, and the
remaining 2% in Latin America. It is expected that by
2015 Jatropha curcas may be planted on 12.8 million ha
worldwide (Kant and Wu, 2011) in order to blend fossil
diesel with biofuel across the world under the climate
change campaign to mitigate greenhouse gases (GHGs).
Generally, flowering season, number of flowering events,
and male-to-female flower ratio in Jatropha curcas depend
upon soil fertility, available moisture, and temperature to
affect the production of seeds. In drier zones, it exhibits
one major flowering flush, while it acquires flowers
episodically in humid areas. This logic has promoted
Jatropha curcas cultivation on a large scale in the Tarai
regions of Uttar Pradesh (India), which often experiences
soil flooding during the rainy season (July-September).
Apart from this, understanding the response of Jatropha
curcas to soil flooding is also required for designing growth
models. Therefore, our study aims to reveal the influence
of this epigenetic factor on phenotypic, physiological, and
biochemical characteristics in order to correlate plant
performance.

2. Materials and methods

2.1. Plant material and growth conditions

The 45-day-old seedlings of Jatropha curcas were raised
from stem cuttings (~18-20 cm length) in earthen pots
(~30 cm diameter and 40 cm depth) filled with fertile
soil in an open area at the College of Basic Sciences and
Humanities, G.B. Pant University of Agriculture and
Technology, Pantnagar (Uttarakhand), India. These
seedlings were subjected to soil flooding. A standing water
level ~5 cm in height was maintained from the soil surface

throughout the experimental period, while the control
seedlings were raised by irrigating exactly up to field
capacity. The environmental variables, i.e. temperature,
relative humidity, and sunshine, at the experimental site
are shown in Figure 1.

2.2. Leaf gas exchange measurements

The photosynthetic CO, assimilation (P,), stomatal
conductance (gs), and transpiration (E) were measured
by an open infrared gas analyzer (CIRAS-1 IRGA, PP
System, England) under natural PPFDs (~1500 umol
m~ s') in the morning (0900-1000) to avoid the high
temperature and low humidity effects of the afternoon. All
measurements were taken on mature and fully expanded
leaves (6th position). Leaf-chlorophyll content or soil
plant analysis development (SPAD) value was measured
(Tan et al., 2008) by using a chlorophyll meter (SPAD-
502, Minolta, Japan). Transient chlorophyll fluorescence
indicated primary reactions of photosynthesis as a
useful tool for reading photosynthetic efficiency of PS II
(Krause and Weis, 1991), because changes in chlorophyll
fluorescence (Kautsky transient) can reveal the status of
the photochemical activities of PS IT and the plastoquinone
pool (Liang et al.,, 2007). Chlorophyll fluorescence was
assessed by Handy plant efficiency analyzer (Handy, PEA,
Hansatech Instruments Ltd., King’s Lynn, Norfolk, UK).
The initial (Fo), maximum (Fm), and variable (Fv = Fm
- Fo) fluorescence; Fv/Fo ratio; and maximum quantum
efficiency of the PS II (Fv/Fm) were measured by using
dark-adapted (30 min) leaves.

2.3. Electrolyte leakage

Membrane injury, a measure of cell membrane leakage,
was determined (Crane and Davis, 1987). The leaf and
root pieces (1 g each) were placed in test tubes (15 mL of
deionized water), capped tightly, and stirred (3 h, 25-30
°C) to monitor conductivity (EC)) using a conductivity
meter (Hanna Instruments Inc., Woonsocket, RI, USA).
Afterwards, the samples were frozen (-20 °C, 12 h), boiled
(1 h), cooled to room temperature to re-monitor their
conductivity (EC,) and calculate electrolyte leakage (EC),
as stated below:

electrolyte leakage (%) = (EC,/EC,) x 100.

2.4. Enzyme extract preparation

Plant leaves were freshly harvested after specific treatment
intervals. They were cut into pieces, ground to powder
using liquid nitrogen, lyophilized, and kept in a freezer -20
°C) for enzymatic activities. Lyophilized leaf powder (0.5
g) was added to a test tube containing ice-cold extraction
buffer (5 mL) (100 mM potassium phosphate, pH 7.0; 0.1
mM EDTA), filtered, and centrifuged (16,000 x g, 15 min,
4 °C). The supernatant fraction was used as crude extract
for the assay of enzymatic activities. All operations were
carried out at 0-4 °C.
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2.5. Antioxidant enzymatic activities assays

The catalase (CAT) activity was measured with minor
modifications (Beers and Sizer, 1952). The reaction mixture
(1.5 mL) consisted of phosphate buffer (100 mM, pH
7.0), EDTA (0.1 uM), H,0, (20 mM), and crude enzyme
extract (50 pL). The enzyme activity was monitored
spectrophotometrically (A,, ), quantified by its molar
extraction coefficient (36 M™! cm™), and the results were
expressed as umol H O, min™' g™' FM.

The reaction mixture (1.5 mL) for ascorbate peroxidase
(APx) enzyme activity contained phosphate buffer (50 mM,
pH 6.0), EDTA (0.1 uM), ascorbate (0.5 mM), H,O, (1
mM), and crude enzyme extract (50 uL). The reaction was
started by adding H,O,, ascorbate oxidation was measured
spectrophotometrically (A, ) for 2 min, quantified by
using the molar extinction coefficient for ascorbate (2.8
mM™' cm™), and the result was expressed in pumol H,O, min™
g FM (Nakano and Asada, 1981). Glutathione peroxidase
(GPx) reaction mixture (2 mL) contained phosphate buffer
(100 mM, pH 7.0), EDTA (0.1 uM), guaiacol (5 mM), H,O,
(15 mM), and crude enzyme extract (50 pL). The addition
of enzyme extract started the reaction. An increase in
absorbance (A, ) was recorded for 2 min. Enzyme activity
was quantified by the amount of tetraguaiacol formed using its
molar extinction coefficient (26.6 mM™ cm™) and expressed
as umol H,0, min™' g' FM (Urbanek etal., 1981). Glutathione
reductase (GR) activity was measured as described by Foyer
and Halliwell (1976), with minor modifications. The reaction
mixture (1 mL) consisted of phosphate buffer (100 mM, pH
7.8), EDTA (0.1 uM), NADPH (0.05 mM), GSSG (3 mM),
and crude enzyme extract (50 pL). The reaction was started
by adding GSSG and NADPH and oxidation was monitored
(A,,,,.,) for 2 min and expressed as pmol NADPH min™' mg™
FM by using the molar extinction coefficient for NADPH
(6.2mM*cm™).

2.6. Growth parameters

Growth parameters were recorded during the 8 weeks of
the study, i.e. 4 weeks each for soil flooding and recovery.
All observations related to soil flooding and recovery
were recorded weekly. The soil flooding treatment was
terminated after 4 weeks. Subsequently, the recovery was
allowed (4 weeks) by draining out the excess water from
the pots. During recovery, careful irrigation exactly up
to field capacity was maintained, similar to the control
seedling treatment. Plant height and stem diameter were
measured (~15 cm above the soil surface) by caliper. The
leaf area was estimated by Leaf-Area Meter (CI-202, CID
Inc., USA). The biomass yield was assessed by harvesting,
washing, and oven drying plants (70 £ 2 °C, 48 h) to
achieve constant dry weight.

2.7. Equation-model description
Apart from the major aim of our study, we also calculated
growth responses to develop a mathematical equation
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associated with any value of time. As field and laboratory
experiences show, under soil flooding stress physiological
responses were adversely affected, and once the stress
was over the impaired responses showed recovery. It
is hypothesized that the rate of change (% loss or gain)
of physiological response is directly proportional to
the escalating time period and mathematically may be
expressed as:

d—R «T (1)
dT
where
R = photosynthetic response and
T = time under stress or after stress.
To generalize Eq. (1) an escalation constant should be
introduced. Accordingly, Eq. (1) takes the following form:

a x(T+A) (2)
dar

where

A = escalation constant and

T + A = escalation time.

By replacing the proportionality sign by introducing
another constant one can write the above equation as:

dr = o(T+A) (3)
daT

where « is the proportionality constant. Separating the
variables of Eq. (3) it may be expressed as:

dR = a(T+N)dT (4)

Integrating Eq. (4), one will obtain the solutions as:

R =% T+ a AT+ 5)

t
where f is the integration constant. This can be evaluated

by substituting the initial conditions in Eq. (5),i.e. T =0,
R =R;

a
RO:—2x0+an0+/3 = B=R, (6)

Eq. (5) can now be written as:

t

a
R:2—T2+oc)LT+R0 (7)

where R is initial photosynthetic response. Eq. (7) is a
quadratic equation and is non-linear in nature.
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For validation of the above hypothesis or equation,
the data of physiological responses viz., photosynthesis,
transpiration, and stomatal conductance were fitted to Eq.
(7).

2.8. Statistical analysis
The experimental design was completely randomized.
Photosynthetic and growth parameters were analyzed
independently for each observation using t-test and
standard error of means.

3. Results

The epigenetic variables were recorded throughout the
experimentation period (Figure 1). The 4-week soil
flooding treatment duration drastically reduced plant
height (21%), stem diameter (25%), and root length (67%),
while the long-term recovery process (28 days) could
restore these losses only ~3%, 7%, and 8% (Figure 2A-C).
The soil flooding also impaired leaf number (58%), leaf-
area expansion (64%), and leaf mass per unit (38%), and a
subsequent recovery of 4 weeks could recover these losses
~8%, 20%, and 36%, respectively (Figure 2D-F).

The short-term soil flooding (7 days) reduced P
(27%), E (38%), and gs (24%), and further loss in these
values continued with the continuation of soil flooding
(4 weeks), nearly 66%, 67%, and 45% (Figure 3A-C).
Afterwards, the 4-week recovery process partially restored
the reduced values of P, E, and gs by ~14%, 13%, and 10%.
The values of chlorophyll fluorescence, i.e. Fv/Fm and Fv/
Fo, decreased ~17% and 42% due to flooding (Figure 3D,
E). These losses recovered about 4% and 19% upon removal
of soil flooding, i.e. after the 28 day recovery process. The
data of P, E, and gs fit well within the derived equation,
and their respective values of R were 1.000, 0.998, and

100
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Figure 1. Variation in temperature (°C), relative humidity (%),
and sunshine hours (h) at experimental site.

1.000 for soil flooding and 0.990, 0.999, and 0.974 for
recovery (Table 1). The plant height, stem diameter, root
length, leaf number, leaf-area expansion, and specific leaf
weight also fit well in the derived equation with R? values
ranging from 0.981 to 0.999 for soil flooding and 0.953 to
0.999 for recovery (data not shown).

The soil flooding (28 days) raised electrolyte leakage
(EC) values about 66% and 23% higher in Jatropha
curcas seedlings as compared to control for root and leaf
tissues (Figure 4A, B). Upon removal of soil flooding, the
impaired values recovered nearly to the level of control
plants, which took about 4 weeks. The SPAD values and
photosynthetic pigments (chl a + b) declined ~18% and
48%, while a 4-week recovery process allowed restoration
of these impaired values to 12% and 9% (Figure 4C, D).

The stress-inducible enzyme activities were higher for
ascorbate peroxidase (55%), glutathione peroxidase (20%),
catalase (15%), and glutathione reductase (51%) and were
correlated well with soil flooding stress (Figure 5A-D).
Upon recovery, these up-regulated enzymatic activities
decreased nearly 40%, 15%, 13%, and 40%, respectively.

Plant biomass characteristics viz., root dry mass
(Rdm), stem dry mass (Sdm), leaf dry mass (Ldm), and
total dry biomass (Tdm) were significantly affected by 4
weeks of soil flooding treatment, showing impaired root-
to-shoot mass ratio and harvest index (Table 2). Thus, the
overall loss in these values was ~65%, 36%, 45%, 46%,
41%, and 10%, respectively, as influenced by flooding.
The subsequent recovery process of 4 weeks triggered
restoration for Rdm, Sdm, Ldm, Tdm, root-to-shoot mass
ratio, and harvest index by nearly 20%, 16%, 24%, 18%, 6%,
and 5%, while the values shown in the parentheses indicate
the remaining unrecovered status of these characteristics,
respectively (Table 2). Hence, these plants showed a
tendency to recover gradually, but could not reach the
level of normal plants.

4. Discussion

The 4-week soil flooding treatment negatively influenced
vegetative growth, development, and biomass in Jatropha
curcas (Figure 2, Table 2). Consequently, impaired plant
height (21%), stem diameter (25%), leaf number (58%),
leaf-area expansion (64%), specific leaf weight (38%), and
root length (67%) were found after soil flooding of up
to 4 weeks. Similar trends have been reported in several
crop plants (Shi et al., 2007; Pociecha et al., 2008; Bai et
al., 2010). The loss in root growth occurred due to soil
flooding which created anaerobic conditions in the soil,
i.e.,, hypoxia followed by anoxia (Armstrong and Drew,
2002). Soil flooding also enhances the CO,, ethylene, Mn**,
Fe?*, §*, and carboxylic acids (McKee and McKevlin, 1993;
Greenway et al., 2006) associated with loss in growth and
development because of growth regulators due to increase
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Figure 2. Influence of soil flooding and its withdraw on growth responses in Jatropha curcas. PH- plant height (A),
SD- stem diameter (B), RL- root length (C), LN- leaf number (D), LA- leaf-area expansion (E), and SLW- specific
leaf weight (F) during soil flooding and recovery. The soil flooding was maintained ~5 cm above the soil surface
throughout; afterwards, soil flooding was withdrawn to allow recovery process by maintaining soil water content up
to field capacity. Values are means (+SE) of at least 7-10 independent observations.
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Figure 3. Influence of soil flooding and its withdraw on physiological responses in Jatropha curcas. P, - photosynthetic CO, assimilation
(A), E- transpiration (B), gs- stomatal conductance (C), Fv/Fm- chlorophyll fluorescence variable per maximum yield PS II (D), and Fv/
Fo- variable to initial chlorophyll fluorescence (E) during soil flooding and recovery. The soil flooding was maintained ~5 cm above the
soil surface throughout; afterwards, soil flooding was withdrawn to allow recovery process by maintaining soil water content up to field
capacity. Values are means (+SE) of at least 7-10 independent observations.
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Table 1. Regression analysis of photosynthetic CO, assimilation rate (P, ), transpiration rate (E), and stomatal conductance (gs) during
soil flooding and recovery.

Soil flooding Recovery
P t R? R?
arameters (4 weeks) (4 weeks)
P, -0.0322T% + 2.4666T + 22.755 1.000 -0.0379T% - 3.1332T + 66.176 0.990
E -0.0053T* + 1.5814T + 26.200 0.998 0.0149T*- 2.5048T + 82.470 0.999
gs 0.0146T* + 0.4529T +19.903 1.000 -0.0107T2- 1.6429T + 56.568 0.974
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Figure 4. Influence of soil flooding and its withdraw on physiological responses in Jatropha curcas. EC- leaf and root
electrolyte leakage (A,B), SPAD values (C), and total chlorophyll (D) during soil flooding and recovery. The soil flooding
was maintained ~5 cm above the soil surface throughout; afterwards, soil flooding was withdrawn to allow recovery
process by maintaining soil water content up to field capacity. Values are means (+SE) of at least 7-10 independent
observations.

136



VERMA et al. / Turk ] Bot

25
A
55%
2y t v
I
50
~
2 40%
jan
= 15 F
g
=
x
&
<
10 |
soil flooding recovery
5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
25 1
15%
+ C
13%
S 2t
29}
'en
N
Q
[\
e
E 15 |
= —o— Control
g —@— Soil flooding
1 -
soil flooding recovery
0.5 1 1 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8
Weeks after treatment

100
| B
92
S i 20%
Z 80 | i
\w B +
~ 15%
Q\l 70 -
jan)
°
£ L
=
Z 60
-9 L
&}
50
soil flooding l recovery
40 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
25
D
207 40%
'TDD
jan)
[=9}
[a)
<
Z 15
°
g_ —6— Control
%/ —&— Soil flooding
1 -
soil flooding recovery
05 L v v v b

0 1 2 3 4 5 6 7 8
Weeks after treatment

Figure 5. Influence of soil flooding and its withdraw on biochemical responses in Jatropha curcas. APx- ascorbate peroxidase (A),
GPx- glutathione peroxidase (B), CAT- catalase (C), and GR- glutathione reductase (D) during soil flooding and recovery. The soil
flooding was maintained ~5 cm above the soil surface throughout; afterwards, soil flooding was withdrawn to allow recovery process by
maintaining soil water content up to field capacity. Values are means (+SE) of at least 3-5 independent observations.

in ethylene, which cause the onset the programmed
cell death, affecting older leaves significantly. Thus, the
reduction in leaf number and leaf-area expansion occurred
as a result of flooding acclimation strategy (Pociecha et al.,
2008). The loss in biomass and limited leaf-area expansion
appeared to be related to slow metabolic activities of roots
experiencing hypoxia (Mielke et al., 2003; Yiu et al., 2011)
and impaired photosynthetic CO, assimilation regulated
by the source-sink phenomenon linked to xylem and
phloem (Bai et al., 2010).

The 4-week soil flooding also reduced photosynthetic
CO, assimilation (66%), maximum quantum yield
efficiency of the PSII (17%), stomatal conductance (45%),
and transpiration (67%), as shown in Figure 3. The loss
in stomatal dynamics during flooding causes imbalanced
gaseous exchange. Thus, soil flooding influences loss
in cellular oxygen, intercellular CO, availability, and
photosynthetic CO, assimilation (Pociecha et al., 2008),
which triggers internal CO, deficiency along with loss
in transpiration (de Souza et al., 2011; Verma et al,
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Table 2. Effect of soil flooding on growth and biomass, i.e., root dry mass (Rdm), stem dry mass (Sdm), leaf dry mass (Ldm), total dry mass
(Tdm), root mass ratio (R:S ratio), and harvest index (HI) in Jatropha curcas. The soil flooding was maintained ~5 cm above the soil surface
throughout; afterwards, soil flooding was withdrawn to allow recovery process by maintaining soil water content up to field capacity.
Values are means (+SE) of at least 7-10 independent observations. Values within the parentheses indicate specific unrecovered status.

Characteristics Control ?jig:;s ?ing (L(;; ;S Ze;?ev:krs}; Recovered (%)
Rdm (g) 8.10+0.33 2.90+£0.18 65.2 4.18 £0.23 20.0 (44.2)
Sdm (g) 13.80 £ 0.35 8.87 £ 0.41 35.8 10.69 + 0.30 15.8 (20.0)
Ldm (g) 11.50 £ 0.63 6.28 £ 0.40 45.4 7.62 £ 0.56 24.1 (21.3)
Tdm (g) 33.40 £ 0.98 18.05 = 0.48 459 23.01 £0.39 18.4 (27.5)
R:S ratio 0.32 £ 0.05 0.19 £0.02 40.6 0.26 £ 0.004 5.8 (34.8)

HI 0.92 + 0.007 0.83 £ 0.005 9.8 0.87 + 0.005 5.4 (4.4)

2012). Apart from this, impaired stomatal conductance
is correlated with the decrease in root permeability
and root hydraulic conductivity (Mielke et al., 2003),
which promotes rapid stomatal closure as a flooding
tolerance mechanism (Pociecha et al., 2008). Chlorophyll
fluorescence is an efficient tool for detecting changes in
functioning of the photosynthetic apparatus during soil
flooding (Mielke et al., 2003; Pociecha et al., 2008). Fv/
Fo has a high power of discernment under the influence
of any stress. A decrease in the Fv/Fm and Fv/Fo ratios
suggests loss in photosynthesis due to damage to the
photosynthetic apparatus (Tan et al., 2008), while 4-week
soil flooding up-regulated leakage of bio-membranes in
leaves (23%) and roots (66%) with down-regulation of
soil plant analysis development (18%) and photosynthetic
pigments (48%) (Figures 4A-D). Thus, while soil flooding
drastically affected leaf as well as root membranes, the roots
were more severely damaged than the leaves (Anilsulthian
et al., 2003). The degradation of chlorophyll proceeded
intensively through chlorosis in the leaves (Figures
4C,D), specifically those located near the flooded roots,
as a measure of flooding tolerance (Pociecha et al., 2008).

An over-expression of stress-associated enzymes Viz.,
ascorbate peroxidase, glutathione peroxidase, catalase, and
glutathione reductase was found throughout the 4-week
soil flooding treatment (Figure 5). Consequently, enzymes,
i.e. APx, GPx, CAT, and GR, enhanced their levels up to
55%, 20%, 15%, and 51%, respectively, similar to Bai et al.
(2010) and Sairam et al. (2011). In contrast to our findings,
inhibition of GR, APx, CAT, and SOD activities occurred
in corn leaves under prolonged soil flooding (Yan et al.,
1996). The involvement of oxidative stress in soil flooding
induces damage, and antioxidant response is an indicator
of flooding tolerance or sensitivity (Arbona et al., 2008).

138

The enhanced stress induces activities of these enzymes in
seedlings subjected to soil flooding to protect them from
the stress (Liu et al., 2006; Arbona et al., 2008; Bailey-
Serres and Voesenek, 2008). Several enzymes (superoxide
dismutase, catalase, peroxidase, and glutathione
peroxidase) scavenging ROS and low molecular mass
antioxidants (ascorbate, glutathione, phenolics, and
tocopherols) extend tolerance against stress (Noctor and
Foyer, 1998; Blokhina et al., 2003). The 4-week restoration
process could induce expression of desired proteins
inadequately involved in regulating various physiological
and biochemical metabolic activities. Hence, the flood-
treated Jatropha curcas plants could not reach normalcy, as
shown by the control plants, i.e. plants grown by irrigating
up to field capacity.

The coeflicients of determination (R?) for each set
of data, i.e. photosynthesis, transpiration, and stomatal
conductance with or without soil flooding stress were in the
range 0f 0.974-1.000 (Table 1). This means that the derived
equation model explains the variation in physiological
responses under both conditions almost 100%. Our
hypothesis explains the rate of change in either loss or gain
(%) of physiological responses upon subjecting Jatropha
curcas to soil flooding and after soil flooding, i.e. during
the recovery process. This may be directly proportional to
the escalating time period for predicting the losses or gains
in other plants or crops in similar situations, which can
also be verified. In conclusion, photosynthetic responses
of Jatropha curcas during soil flooding may be useful
for evaluating the level of flood tolerance. An integrated
pathway implying CAT, APx, GPx, and GR activities
extended protection against the detrimental effects of ROS
during flood stress.



VERMA et al. / Turk ] Bot

Acknowledgements

We are thankful to Prof. BRK Gupta, then the Dean,
the College of Basic Sciences and Humanities (CBSH),
G.B. Pant University of Agriculture and Technology,
Pantnagar (Uttarakhand) for providing the experimental

References

Aggarwal PK, Kalra N, Chander S, Pathak H (2006). Info crop: a
dynamic simulation model for the assessment of crop yields,
losses due to pests, and environmental impact of agro-
ecosystems in tropical environments. I. Model description.
Agric Sys 89: 1-25.

Anilsulthian M, Mac Donald SE, Zwiazek JJ (2003). Responses of
black spruce (Picea mariana) and tamarack (Larix laricina) to
flooding and ethylene. Tree Physiol 23: 545-552.

Arbona V, Hossain Z, Lopez-Climent MF, Perez-Clemente RM,
Gomez-Cadenas A (2008). Antioxidant enzymatic activity is
linked to waterlogging stress tolerance in citrus. Physiol Plant
132: 452-466.

Armstrong W, Drew MC (2002). Root growth and metabolism under
oxygen deficiency. In: Waisel Y, Eshel A, Kafkafi U, editors.
Plant Roots: The Hidden Half, 3rd Ed. New York and Basel:
Marcel Dekker, pp. 729-761.

Bai T, Li C, Ma F, Feng E, Shu H (2010). Responses of growth and
antioxidant system to root-zone hypoxia stress in two Malus
species. Plant Soil 327: 95-105.

Bailey-Serres J, Voesenek LACJ (2008). Flooding stress: acclimations
and genetic diversity. Annu Rev Plant Biol 59: 313-339.

Balakhnina T, Bennicelli R, Stepniewska Z, Stepniewski W,
Borkowska A, Fomina I (2012). Stress responses of spring rape
plants to soil flooding. Int Agrophys 26: 347-353.

Baloglu MC, Kavas M, Aydin G, Oktem HA, Yiicel AM (2012).
Antioxidative and physiological responses of two sunflower
(Helianthus annuus) cultivars under PEG-mediated drought
stress. Turk ] Bot 36: 707-714.

Beers Jr RE, Sizer IW (1952). A spectrophotometric method for
measuring the breakdown of hydrogen peroxide by catalase. ]
Biol Chem 195: 133-140.

Blokhina O, Virolainen E, Fagerstedt KV (2003). Antioxidants,
oxidative damage and oxygen deprivation stress: a review. Ann
Bot (Lond) 91: 179-194.

Crane JH, Davis FS (1987). Flooding hydraulic conductivity and root
electrolyte leakage of rabbiteye blueberry plants. Hort Sci 22:
1249-1252.

Dat JE Capelli N, Folzer H, Bourgeade P, Badot PM (2004). Sensing
and signalling during plant flooding. Plant Physiol Biochem
42:273-282.

de Souza TC, Magalhaes PC, Pereira FJ, de Castro EM, Parentoni
SN (2011). Morpho-physiology and maize grain yield under
periodic soil flooding in successive selection cycles. Acta
Physiol Plant 33(5): 1877-1885.

facilities. Thanks are also due to UGC, New Delhi for
financial support [f. no. 37-438/2009(SR)]. We gratefully
acknowledge Prof PK Tandon, UGC-BSR Fellow; Prof AK
Jouhary, LU; and Prof AK Bhatnagar, DU for their kind
help.

Drew MC (1997). Oxygen deficiency and root metabolism: Injury
and acclimation under hypoxia and anoxia. Annu Rev Plant
Physiol Plant Mol Biol 48: 223-250.

Else MA, Janowiak E, Atkinson CJ, Jackson MB (2009). Root signals
and stomatal closure in relation to photosynthesis, chlorophyll
a fluorescence and adventitious rooting of flooded tomato
plants. Ann Bot 103: 313-323.

Foyer CH, Halliwell B (1976). The presence of glutathione and
glutathione reductase in chloroplasts; a proposed role in
ascorbic acid metabolism. Planta 133: 21-25.

Greenway H, Armstrong W, Colmer TD (2006). Conditions leading
to high CO, (>5kPa) in waterlogged-flooded soils and possible
effects on root growth and metabolism. Ann Bot 98: 9-32.

Holmberg N, Lilius G, Bailey JE, Bulow L (1997). Transgenic tobacco
expressing Vitreoscilla haemoglobin exhibits enhanced growth
and altered metabolite production. Nat Biotech 15: 244-247.

Islam MR, Hamid A, Karim MA, Haque MM, Khaliq QA, Ahmed
JU (2008). Gas exchanges and yield responses of mungbean
(Vigna radiata L. Wilczek) genotypes differing in flooding
tolerance. Acta Physiol Plant 30: 697-707.

Jackson MB (2008). Ethylene-promoted elongation: an adaptation to
submergence stress. Ann Bot 101: 229-248.

Kant P, Wu S (2011). The extraordinary collapse of Jartopha as a
global biofuel. Environ Sci Tech 45: 7114-7115.

Kozlowski TT (1997). Responses of woody plants to flooding and
salinity. Tree Physiol (Man) 1: 1-29.

Krause GH, Weis E (1991). Chlorophyll fluorescence and
photosynthesis: the basics. Annu Rev Plant Physiol Plant Mol
Biol 42: 313-349.

Liang Y, Chen H, Tang M]J, Yang PE, Shen SH (2007). Responses of
Jatropha curcas seedlings to cold stress: photosynthesis-related
proteins and chlorophyll fluorescence characteristics. Physiol
Plant 131: 508-517.

Liu Q, Zhu Y, Tao H, Wang N, Wang Y (2006). Damage of PSII during
senescence of Spirodela polyrrhiza long-day conditions and its
prevention by 6-benzyladenine. J Plant Res 119: 145-152.

McKee WH, McKevlin MR (1993). Geochemical processes and
nutrient-uptake by plants in hydric soils. Environ Toxicol
Chem 12: 2197-2207.

Mielke MS, De Ameida AAE, Gomes FP, Aguilar MAG, Mangabeira
PAO (2003). Leaf gas exchange, chlorophyll fluorescence
and growth responses of Genipa americana seedlings to soil
flooding. Environ Exp Bot 50: 221-231.

139


http://dx.doi.org/10.1016/j.agsy.2005.08.001
http://dx.doi.org/10.1016/j.agsy.2005.08.001
http://dx.doi.org/10.1016/j.agsy.2005.08.001
http://dx.doi.org/10.1016/j.agsy.2005.08.001
http://dx.doi.org/10.1016/j.agsy.2005.08.001
http://dx.doi.org/10.1111/j.1399-3054.2007.01029.x
http://dx.doi.org/10.1111/j.1399-3054.2007.01029.x
http://dx.doi.org/10.1111/j.1399-3054.2007.01029.x
http://dx.doi.org/10.1111/j.1399-3054.2007.01029.x
http://dx.doi.org/10.1007/s11104-009-0034-x
http://dx.doi.org/10.1007/s11104-009-0034-x
http://dx.doi.org/10.1007/s11104-009-0034-x
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092752
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092752
journals.tubitak.gov.tr/botany/issues/bot-12-36-6/bot-36-6-11-1111-20.pdf
journals.tubitak.gov.tr/botany/issues/bot-12-36-6/bot-36-6-11-1111-20.pdf
journals.tubitak.gov.tr/botany/issues/bot-12-36-6/bot-36-6-11-1111-20.pdf
journals.tubitak.gov.tr/botany/issues/bot-12-36-6/bot-36-6-11-1111-20.pdf
http://dx.doi.org/10.1093/aob/mcf118
http://dx.doi.org/10.1093/aob/mcf118
http://dx.doi.org/10.1093/aob/mcf118
http://dx.doi.org/10.1016/j.plaphy.2004.02.003
http://dx.doi.org/10.1016/j.plaphy.2004.02.003
http://dx.doi.org/10.1016/j.plaphy.2004.02.003
http://dx.doi.org/10.1146/annurev.arplant.48.1.223
http://dx.doi.org/10.1146/annurev.arplant.48.1.223
http://dx.doi.org/10.1146/annurev.arplant.48.1.223
http://dx.doi.org/10.1093/aob/mcn208
http://dx.doi.org/10.1093/aob/mcn208
http://dx.doi.org/10.1093/aob/mcn208
http://dx.doi.org/10.1093/aob/mcn208
http://dx.doi.org/10.1007/BF00386001
http://dx.doi.org/10.1007/BF00386001
http://dx.doi.org/10.1007/BF00386001
http://dx.doi.org/10.1093/aob/mcl076
http://dx.doi.org/10.1093/aob/mcl076
http://dx.doi.org/10.1093/aob/mcl076
http://dx.doi.org/10.1038/nbt0397-244
http://dx.doi.org/10.1038/nbt0397-244
http://dx.doi.org/10.1038/nbt0397-244
http://dx.doi.org/10.1007/s11738-008-0168-0
http://dx.doi.org/10.1007/s11738-008-0168-0
http://dx.doi.org/10.1007/s11738-008-0168-0
http://dx.doi.org/10.1007/s11738-008-0168-0
http://dx.doi.org/10.1093/aob/mcm237
http://dx.doi.org/10.1093/aob/mcm237
http://dx.doi.org/10.1021/es201943v
http://dx.doi.org/10.1021/es201943v
http://dx.doi.org/10.1146/annurev.pp.42.060191.001525
http://dx.doi.org/10.1146/annurev.pp.42.060191.001525
http://dx.doi.org/10.1146/annurev.pp.42.060191.001525
http://dx.doi.org/10.1111/j.1399-3054.2007.00974.x
http://dx.doi.org/10.1111/j.1399-3054.2007.00974.x
http://dx.doi.org/10.1111/j.1399-3054.2007.00974.x
http://dx.doi.org/10.1111/j.1399-3054.2007.00974.x
http://dx.doi.org/10.1007/s10265-006-0259-1
http://dx.doi.org/10.1007/s10265-006-0259-1
http://dx.doi.org/10.1007/s10265-006-0259-1
http://dx.doi.org/10.1002/etc.5620121204
http://dx.doi.org/10.1002/etc.5620121204
http://dx.doi.org/10.1002/etc.5620121204
http://dx.doi.org/10.1016/S0098-8472(03)00036-4
http://dx.doi.org/10.1016/S0098-8472(03)00036-4
http://dx.doi.org/10.1016/S0098-8472(03)00036-4
http://dx.doi.org/10.1016/S0098-8472(03)00036-4

VERMA et al. / Turk ] Bot

Nakano Y, Asada K (1981). Hydrogen peroxide is scavenged by
ascorbate-specific peroxidases in spinach chloroplasts. Plant
Cell Physiol 22: 867-880.

Noctor G, Foyer CH (1998). Ascorbate and glutathione: keeping ac-
tive oxygen under control. Annu Rev Plant Physiol Plant Mol
Biol 49: 249-279.

Pociecha E, Koscielniak J, Filek W (2008). Effects of root flooding
and stage of development on the growth and photosynthe-
sis of field bean (Vicia faba L. minor). Acta Physiol Plant 30:
529-535.

Saeidnejad AH, Kafi M, Khazaei HR, Pessarakli M (2013). Effects of
drought stress on qualitative yield and antioxidative activity of
Bunium persicum. Turk ] Bot 37: 930-939.

Sairam RK, Dharmar K, Lekshmy S, Chinnusamy V (2011).
Expression of antioxidant defense genes in mung bean (Vigna
radiata L.) roots under water-logging is associated with
hypoxia tolerance. Acta Physiol Plant 33: 735-744.

Shi K, Hu W, Dong D, Zhou Y, Yu ] (2007). Low o, supply is
involved in the poor growth in root-restricted plants of tomato

(Lycopersicon esculentum Mill.). Environ Exp Bot 61: 181-189.

Tan S, Zhu M, Zhang Q (2010). Physiological responses of
bermudagrass (Cynodon dactylon) to submergence. Acta
Physiol Plant 32: 133-140.

140

Tan W, Liu ], Dai T, Jing Q, Cao W, Jiang D (2008). Alterations in
photosynthesis and antioxidant enzyme activity in winter wheat
subjected to post-anthesis waterlogging. Photosynthetica 46:
21-27.

Urbanek H, Kuzniak-Gebarowska E, Herka K (1981). Elicitation
of defense responses in bean leaves by Botrytis cinerea
polygalacturonase. Acta Physiol Plant 13: 43-50.

Verma KK, Singh M, Verma CL (2012). Developing a mathematical
model for variation of physiological responses of Jatropha
curcas leaves depending on leaf positions under soil flooding.
Acta Physiol Plant 34: 1435-1443.

Visser EJW, Voesenek LAC]J (2004). Acclimation to soil flooding—
sensing and signal- transduction. Plant Soil 254: 197-214.
Yan B, Dai QJ, Leu XZ, Huang SB, Wang ZX (1996). Flooding in-

duced membrane damage lipid oxidation and active oxygen
generation in corn leaves. Plant Soil 179: 261-268.

Yiu JC, Tseng MJ, Liu CW (2011). Exogenous catechin increases
antioxidant enzyme activity and promotes flooding tolerance
in tomato (Solanum lycopersicum L.). Plant Soil 344: 213-225.


http://dx.doi.org/10.1146/annurev.arplant.49.1.249
http://dx.doi.org/10.1146/annurev.arplant.49.1.249
http://dx.doi.org/10.1146/annurev.arplant.49.1.249
http://dx.doi.org/10.1007/s11738-008-0151-9
http://dx.doi.org/10.1007/s11738-008-0151-9
http://dx.doi.org/10.1007/s11738-008-0151-9
http://dx.doi.org/10.1007/s11738-008-0151-9
http://dx.doi.org/10.3906/bot-1301-2
http://dx.doi.org/10.3906/bot-1301-2
http://dx.doi.org/10.3906/bot-1301-2
http://dx.doi.org/10.1007/s11738-010-0598-3
http://dx.doi.org/10.1007/s11738-010-0598-3
http://dx.doi.org/10.1007/s11738-010-0598-3
http://dx.doi.org/10.1007/s11738-010-0598-3
http://dx.doi.org/10.1016/j.envexpbot.2007.05.010
http://dx.doi.org/10.1016/j.envexpbot.2007.05.010
http://dx.doi.org/10.1016/j.envexpbot.2007.05.010
http://dx.doi.org/10.1007/s11738-009-0388-y
http://dx.doi.org/10.1007/s11738-009-0388-y
http://dx.doi.org/10.1007/s11738-009-0388-y
http://dx.doi.org/10.1007/s11099-008-0005-0
http://dx.doi.org/10.1007/s11099-008-0005-0
http://dx.doi.org/10.1007/s11099-008-0005-0
http://dx.doi.org/10.1007/s11099-008-0005-0
http://dx.doi.org/10.1007/s11738-012-0941-y
http://dx.doi.org/10.1007/s11738-012-0941-y
http://dx.doi.org/10.1007/s11738-012-0941-y
http://dx.doi.org/10.1007/s11738-012-0941-y
http://dx.doi.org/10.1007/BF00009336
http://dx.doi.org/10.1007/BF00009336
http://dx.doi.org/10.1007/BF00009336
http://dx.doi.org/10.1007/s11104-011-0741-y
http://dx.doi.org/10.1007/s11104-011-0741-y
http://dx.doi.org/10.1007/s11104-011-0741-y

