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ABSTRACT

In the present investigation, changes of photosynthetic parameters including net photosynthetic rate (Py); stomatal conductance (gs), transpiration
rate (E), and water-use efficiency (WUE) were studied in Jatropha (Jatropha curcas cv. DARL-2) under different concentrations of cobalt (Co) (0,
100, 200, 400, 600, 800, and 1000 mg kg™") toxicity. The Py, gs, and E trends were shown in increasing trends up to 200 mg kg™ Co in comparison
to controlled plants. However, trends of WUE and photosynthetic pigments [chlorophyll g, b, (a+b), and carotenoids] were found in decreasing
order in all concentrations of cobalt stress as compared to controlled plants. The Py value was ~1.33, and ~2.44 fold higher in 100 and 200 mg
kg™ but decreased ~2.61, ~6.86, and ~15.40 fold in 400, 600, and 800 mg kg™ cobalt treatment, respectively. Similarly, the gs rate was ~1.33,
and ~1.69 fold higher in 100 and 200 mg kg™ but decreased ~1.89, ~3.38, and ~8.71 fold in 400, 600, and 800 mg kg™' cobalt treatment. The E
was significantly ~1.44, ~2.74, and ~1.35 fold higher in 100, 200, and 400 mg kg™’ decreased ~1.03 and ~1.43 fold in 600 and 800 mg kg™'. The
WUE was ~0.93, ~0.89, ~3.50, ~6.51, and ~10.76 fold decreased in all Co treated plants. In addition, the content of photosynthetic pigments
[chlorophyll g, b, (a+b), and carotenoids] was varying in all Co treated plants. All studied plants were survived morphologically up to 800 mg
kg™ but seedlings were not survived due to severe cobalt toxicity stress in 1000 mg kg™'. Among studied plants, Jatropha seedlings showed
the best survival potential under 200 mg kg™ Co stress.
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INTRODUCTION

Autotrophs including photosynthetic bacteria conduct
photosynthesis (Taiz and Zeiger, 2010; Pan et al., 2012).
Combinations of different physiochemical processes manage
the plant growth among which photosynthesis is an important
biological interaction which play an essential role in global carbon
cycle. Organism conducting photosynthesis always occupies
premier trophic level in the food chain (Ashraf and Harris, 2013;
Croce and Amerongen, 2014). Photosynthetic activity of plants is
greatly affected by heavy metals as they affect in a multidirectional
manner Krupa et al., 1993).

Heavy metal toxicity alters the pathway of many biological
molecules by displacing the essential functional groups (Collins and
Stotzky, 1989). However, lower concentration of some heavy metals
like cobalt, zinc, nickel and chromium, and copper are reported
essential for growth but when their concentration level increases,
they adversely affect the plant growth and causes metal toxicity
but toxic at higher concentration levels (Garbisu and Alkorta, 2001).

Heavy metal toxicity can also effects plant growth indirectly
by altering the structure of chloroplast, decreasing the protein
and lipid composition of thylakoids damaging the photosynthetic
apparatus (Skorzynska-Polit and Baszynski, 1997). These toxic
metals affect two distinct parameters which are crucial for both
photosynthetic activity and plant growth, i.e., water relations and
ionic relations. During the exposure to metals the water status
of leaves (water potential, transpiration rate, and relative water
content) is distorted, resulting in reduction of leaf expansion
(Poschenrieder and Barceld, 1999). Furthermore, disturbances in the
uptake of ions and in their tissue distribution can lead to premature
senescence of adult leaves, and in consequence to the reduction
of the total photosynthetic area (Krupa et al., 1993). Additionally,
changes of these parameters depend on the severity and duration
of metal stress and on plant species.
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Although the effects of different heavy metals on the separate
elements, such as the light or dark phase of photosynthesis,
chlorophyll (Chl) content, or water relations, were intensively
examined in the past, but there is still lack of complex and
parallel analysis of cobalt stress on those parameters. Therefore,
we simultaneously examined net photosynthetic rate, stomatal
conductance, transpiration rate, and water use efficiency under
different concentrations of cobalt stress on Jatropha curcas L.
Additionally, the photosynthetic pigment synthesis as chlorophyll
a, chlorophyll b, chlorophyll a & b, and carotenoids of Jatropha
curcas L. after cobalt treatment was measured to estimate whether
the negative action of heavy metals on photosynthetic apparatus
was the main reason for plant growth reduction.
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MATERIALS AND METHODS

Plant material and Co concentrations

The Jatropha curcas L. plants were cultivated at open fields (Fig. 1)
at Defence Institute of Bio-Energy Research, Haldwani (29.22°N and
79.52°E; 424 m asl). Seeds of Jatropha strain DARL-2 were cleaned by
washing with tap water for multiple times, and soaked overnight
in a solution (0.1 %, w/v) of carbendazim based broad spectrum
systemic fungicide. Seeds were then allowed to dry in shed for
24 h. The dried seeds were then established on moistened filter
paper placed in glass plates (Fig. 2) for possible germination at
room temperature. After germination, seedlings of uniform size
were selected and transplanted into pots containing autoclaved
mixture of sand and soil in 1:1 ratio. Cobalt as CoCl,.6H,0 (Himedia)
solution was added in the pots to obtain the cobalt concentrations
of 0 (control), 100, 200, 400, 600, 800, and 1000 mg kg™ soil (Fig. 3).
Experiment was conducted with ten replicates of each treatment
and all replication pot had three seedlings. Both control and
treated pots were watered with deionized water at regularinterval.
All experimental pots were conducted under aseptic condition
equipped with cold fluorescent light (350 pmol m2s™") with adjusted
photoperiod of 12/12 h (day/night) at 500 mg I'' CO,and 70+2% RH.

Gas-exchange measurements

All Gas exchange measurements [Photosynthetic rate (Py),
transpiration rate (E), water use efficiency (WUE) and stomatal
conductance (gs)] were measured after 30 days adaptation of the

< £

Fig. 1: Open field Jatropha curcas L. (DARL-2) cultivation at the farm-
yard of Defence Institute of Bio-Energy Research, Haldwani.

moistened filter papers.
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plants under various cobalt concentration stress, separately, by
using a portable leaf chamber analyser (LCA-4, ADC Bio Scientific Ltd.,
Hoddesdon, UK). Py, E, and gs were measured on uppermost, fully
expanded, terminal leaflets (abaxial surface) at 11:00 h. Water-use
efficiency (WUE) was calculated as ratio between photosynthetic
rate (Py) and transpiration rate (E) (A/E, mol CO,/mol H,0).

Estimation of total chlorophyll and carotenoids
content

Chlorophyll (g, b and total a+b) and total carotenoids (Car) contents
were determined from fresh leaf samples (FM). Fresh leaf discs were
placed in a test tube containing 10 ml of N, N-dimethyl formamide
(N-DMF) and stored for 24 h at 4°C. The absorbance of the coloured
supernatant was read at 480, 647 and 666 nm in a monochromator
base multimode detector (BioTek, Snergy 2, USA) with DMF as a
blank. The contents of chlorophyll g, b and total chlorophyll (a+b)
were calculated according to the method of Moran and Porath
(1980).

Statistical analysis

All physiological measurements were carried out in triplicates
by using three independent plants for each treatment. CropStat
program developed at IRRI, Philippines was used for analysis of
variance (ANOVA) of experiments. The treatment means were
compared by least significant difference (LSD) test at a significance
level of P£0.05.

REsuLTs

As aresult of increasing human activities for the fulfillment of their
own necessity, toxic metal pollution has become one of the most
serious environmental problems today. However, some metals like
cobaltis considered a beneficial element for higher plantsin spite of
the absence of evidence for direct role in their metabolism (Young,
1979). But, after a permissible limit, toxic metals can actin a harmful
manner by disturbing essential functional groups, displacing other
metalions, or modifying the active pathway of biological molecules
(Collins and Stotzky, 1989).

Reports revealed that each plant species has its unique
balanced nutrition requirements; thus, an optimum limit of nutrition
or metal for one plant species is might be stressful for another one.
In general, photosynthesis can active smoothly without any harm
under a permissible metal limit (Ashraf and Harris, 2013).

Therefore, effect of different concentrations of cobalt stress
was performed with leaves of Jatropha growing at 0 (control),
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Fig. 3: Showing effect of different concentration [0 (control, 100, 200,
400, 600, 800, and 1000 mg kg soil] of cobalt stress on Jatropha
curcas L. strain DARL-2.
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100, 200, 400, 600, 800, and 1000 mg kg™ soil of cobalt. In the case
of net photosynthetic rate (Py), stomatal conductance (gs), and
transpiration rate (E), trends were shown in an upgrade manner up
to 200 mg kg™ soil cobalt treatment in comparison to controlled
plants (Fig. 4A-C). However, trends of water use efficiency (WUE)
and photosynthetic pigments as Chl a, Chl b, and carotenoids were
found in decreasing order in all concentrations of cobalt stress as
compared to controlled plants (Table 1, Fig. 4D).

In our case, all studied plants were survived morphologically
up to 800 mg kg™ soil of cobalt, but when the cobalt concentration
was increased up to 1000 mg kg™ soil of cobalt, seedling were not
survived due to severe cobalt toxicity stress (Fig. 2). Among studied
plants, cobalt treatment with 200 mg kg™ soil showed the best
survival potential (Fig. 2).

Effect of cobalt stress on gas-exchange measurements
Under Co stress, Py increased significantly up to 200 mg kg™ soil
in comparisons to controlled plants (Fig. 4A). It was suddenly
decreased from 400 to 800 mg kg™ in comparison to controlled
plants (Fig. 4A). Among all studied cobalt treatments, 200 mg kg™
showed maximum Py of 10.21 umol (CO,) ms™ followed by 100, 0,
400,600, and 800 mg kg™ with Py value of 5.55,4.19, 1.60, 0.60, and
0.27 umol (CO,) m™s™, respectively (Fig. 4A). The Py value was ~1.33,
and ~2.44 fold higher in 100 and 200 mg kg™ cobalt treatment,
respectively whereas, it was decreased ~2.61, ~6.86, and ~15.40
fold in 400, 600, and 800 mg kg™ cobalt treatment, respectively,
as compared to controlled plants (Fig. 4A). It was maximum in 200
mg kg™ and minimum in 800 mg kg™ of cobalt treatment with Py
value of 10.21 and 0.27 umol (CO,) m™s™, respectively, as compared
to other studied plants (Fig. 4A).

The gs was also strongly increased up to 200 mg kg™ soil in
comparison to controlled plants (Fig. 4B). It was again decreased
drastically from 400 mg kg™ to 800 mg kg™ in comparison to
controlled plants (Fig. 4B). Among all studied cobalt treatments, the
plants which treated with 200 mg kg™ showed maximum stomatal
conductance rate of 0.114 mol (H,0) m™s™ followed by 100, 0, 400,
600, and 800 mg kg™ with stomatal conductance value of 0.09, 0.07,
0.04, 0.02 and 0.27 mol (H,0) m™s™, respectively (Fig. 4B). The gs
rate was ~1.33, and ~1.69 fold higher in 100 and 200 mg kg™ cobalt
treatment, respectively, whereas, it was decreased ~1.89, ~3.38,
and ~8.71 fold in 400, 600, and 800 mg kg™ cobalt treatment as
compared to controlled plants.

Efor control plants was about 0.26 mmol (H,0) m™s™, whereas,
itwas ~0.38, ~0.71,~0.35,~0.25,0.18 mmol (H,0) m?s™ in the cobalt
treatment of 100, 200, 400, 600, and 800 mg kg™ soil, respectively
(Fig. 4C). Evalue was maximum in 200 mg kg™ and minimum in 800
mg kg™ cobalt treatment. It was significantly ~1.44, ~2.74,and ~1.35
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Fig. 4A-D: Measurement of gas exchange parameters [A.
Photosynthetic rate (Py), B. Stomatal conductance (gs), C.
Transpiration rate (E), and D. Water use efficiency (WUE) under
different cobalt concentrations in Jatropha curcas L. strain DARL-2

fold higher in 100, 200, and 400 mg kg™ cobalt treatment but after
400 mg kg™, Evalue was ~1.03 and ~1.43 fold decreased in 600 and
800 mg kg™ treatment as compared to controlled plants (Fig. 4C).

WUE was continuously decreased in all plants of cobalt
treatment due to higher Eas compared to controlled plants (Fig. 4D).
The value of WUE was ~16.10, ~14.96, ~14.31, ~4.60, ~2.47 and 1.50
mol(CO,)mol(H,0)" in 0, 100, 200, 400,600, and 800 mg kg™ treated
plants, respectively. It was ~0.93, ~0.89, ~3.50, ~6.51,and ~10.76 fold
decreased as compared to controlled plants, respectively (Fig. 4D).

Effect of cobalt stress on photosynthetic pigments

The bio-synthesis of photosynthetic pigments [Chl g, b, and total Chl
(a+b)] and carotenoids content in all plants was affected by different
concentrations of cobalt stress (Table 1). The Chl a value was found

Table 1: Effect of different concentration of Cobalt stress (100, 200, 400, 600, and 800 mg kg™ soil ) on alteration of photosynthetic pigments
in Jatropha curcas L. Different letters in each column indicate significant differences at P < 0.05, as determined using least significant difference
(LSD) test. Standard errors of the two treatment means for each parameter are given in the last row.

Cobalt Chla Chlb Total chlorophyll (a+b) Carotenoids
mg kg’ Soil (mg g’ fw) (mg g’ fw) (mg g’ fw) (mg g’ fw)
Control 36.148 37.512 73.658 0.299

100 32.108 28.514 60.621 0.234

200 29.538 32.820 62.357 0.212

400 27.671 35.024 62.694 0.155

600 24.288 26.225 50.542 0.155

800 18.366 13.153 31.518 0.048

SE (M) 1.251 2.826 24270 0.039

LSD 3.773 8.519 7.3160 0.119
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~36.15, ~32.11, ~29.54, ~27.67, ~24.29, and ~18.37 mg g™ FM in 0,
100, 200, 400, 600, and 800 mg kg™ cobalt treatment, respectively
(Table 1). It was reduced ~1.13, ~1.22, ~1.30, ~1.49, and ~1.97 fold
in 100, 200, 400, 600, and 800 mg kg™ treated plants, respectively,
as compared to controlled plants (Table 1). Also, Chl b value was
found in decreasing pattern. It was observed ~37.51, ~28.51, ~32.82,
~35.02,and ~26.22 mg g FM in 0, 100, 200, 400, 600, and 800 mg
kg™ cobalt treatment, respectively (Table 1). The Chl b accumulation
was found ~1.31, ~1.14, ~1.07, ~1.43, and ~2.85 fold decrease in 100,
200, 400, 600, and 800 mg kg™ cobalt treated plants, respectively,
as compared to controlled plants (Table 1). Similarly, total Chl (a & b)
content was also found in decreasing trend (Table 1). It was ~73.66,
~60.62, 62.35,62.69, 50.54, and 31.52 mg g™ FM in 0, 100, 200, 400,
600, and 800 mg kg™ cobalt treatment, respectively (Table 1). It was
decreased ~1.21, ~1.18, ~1.17, ~1.45, and ~2.34 fold in 100, 200, 400,
600, and 800 mg kg™ treated plants, respectively, as compared to
controlled plants (Table 1).

Total carotenoids content was not much disturbed by cobalt
stress. It was found ~0.30, ~0.23, 0.21, ~0.15, ~0.16, and 0.05 mg
g” FM in 0, 100, 200, 400, 600, and 800 mg kg™ cobalt treatment,
respectively (Table 1). Total carotenoids content was not significantly
decreased in 100 and 200 mg kg™ treated plants as compared to
controlled plants. It was decreased ~1.28 and ~1.41 fold in 100 and
200 mg kg™ treated plants as compared to controlled plants but
carotenoids content was significantly decreased ~1.92, ~1.93, and
~6.23 fold in 400,600, and 800 mg kg™ treated plants as compared
to controlled plants (Table 1).

Discussion

Heavy metal affects plants in two ways. Firstly, it alters reaction
rates and influences the kinetic properties of enzymes leading to
changes in plant metabolism. Secondly, excessive heavy metals
lead to oxidative stress (Almodovar et al., 2014). It is known that
excessive heavy metal exposure may increase the generation of
reactive oxygen species (ROS) in plants, and oxidative stresses arise
if the balance between ROS generation and removal is broken.
The toxicity of heavy metals may arises a result of the generation
of ROS that may cause wide ranging damage to proteins, nucleic
acids, and lipids, eventually leading to cell death (Mittler, 2002). The
ability of Jatropha curcas L. to cope with heavy metal stress depends
on oxidative stress defence mechanisms (Gao et al., 2008, 2009).

It has been established that Co like other pollutant elements
are relatively toxic to plants when given in supranormal doses
(Chatterjee and Chatterjee, 2000; Pandey and Sharma, 2002;
Gopal et al., 2003). According to Vrtoch et al. (2007), after 50 uM
Co treatment, tobacco showed interveinal chlorosis on young
leaves and significant suppression of growth. Similar toxic effect
of cobalt on tomato plants was described by Gopal et al. (2003).
Chlorosis is considered as indirect effect caused by alterationsin
the concentrations of essential mineral nutrients, a decrease in
net photosynthesis as a consequence of stomatal closure, reduced
intercellular spaces and by alterations within chloroplasts (Vazquez
etal., 1987; Chatterjee and Chatterjee, 2000). Also, cobalt and other
heavy metals affect photosynthesis and the activities of related
enzymes (Austerfeld, 1979; Blaylock et al., 1986).

However, present study showed that the value of all gas
exchange measurement parameters as Py, gs, and E was observed
in increasing pattern in Jatropha plants treated with 100 and 200
mg kg™'. Although, cobalt has been categorized as a beneficial
element for plants (Marschner, 2003; Pilon-Smits et al., 2009). Due
to the lack of the evidence for bioactive forms of cobalt, it is not
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easy to understand the mechanism for the beneficial effects of
cobalt on plants. Presumably cobalt exerts indirect effects on plant
metabolism at low concentrations. Evidence indicates that these
effects may result from the role of cobalt in cross-linked interactions
with other elements. The beneficial effects of cobalt on plants
are also attributed to its inhibition of the production of ethylene
production, which regulates such processes as germination, growth,
ripening, senescence, and stress resistance (Yu and Yang, 1979).

Similar beneficial effects of cobalt to other crops include
senescence retardation in lettuce (Tosh et al., 1979), germination
improvement in sunflower (Singh and Rao, 1993), tomato and
cucumber (Helmy et al., 1994), prolongation of the vase life of
cut flowers, maiden hair ferns (Fujino and Reid, 1983), marigold
(Chandraetal., 1981) and roses (Venkotarayappa et al., 1980), ozone
and drought tolerance (Young, 1979; Wenzel et al., 1995), and wilt
disease control in guava (Dwivedi, 1991) were also reported.

On molecular level, it was found that Co in supranormal
concentrations caused inhibition of catalase activity, decrease
of chlorophyll content connected with chlorosis (Chatterjee and
Chatterjee, 2000; Pandey and Sharma, 2002). Toxicity of cobalt at
C0 50 uM resulted in both decrease of tobacco transpiration rates
and cobalt uptake.

In present study, after a particular cobalt dose, cobalt treatment
showed toxic effects on Jatropha plants. All the selected parameters
of net gas exchange, Chl and carotenoids content under higher dose
of cobalt was in decreasing trend. Similar trends were reported with
plants treated with Cd?" were able to photosynthesize although not
to the extent that the control plants did, but those plants treated
with high Cd?* concentrations were unable to photosynthesize
showing the lowest P values of all treatments.

Higher dose of cobalt as from 400 to 800 mg kg™ treatment also
reduce the gas exchange parameters. Similar hazardous effects of
increasing cobalt level in the reductions of net photosynthesis was
alsoreported by Gad et al. (2011). Another toxic metal like cadmium
(Cd?*) also reduce the stomatal opening (reductions in stomatal
conductance), thereby reducing mesophyll CO, availability.
Alternatively, Cd?* could have induced a reduction in the synthesis
or activity of Calvin cycle enzymes reducing the demand for CO,
and, resulting in reductions in stomatal conductance (Krupa et al.,
1993; Dong et al., 2005). Similar results were found by Chaffei et al.
(2004) where Lycopersicum esculentum plants, exposed for one week
to Cd?*, showed a decrease in the rate of net photosynthesis due to
stomata closure, Rubisco inactivation and chlorophyll degradation
(Mendoza et al., 2007).

Photosynthesis is one of the important physiological processes
most susceptible to heavy metal toxicity. Metals toxicity affects
it at multiple levels such as pigment biosynthesis/degradation,
stomatal functioning, enzyme inhibition, alteration in chloroplast
membranes structure/function and photosystems (Mysliva-Kurdziel
etal., 2004). Heavy metal stress causes the activation of chlorophyll
degrading enzyme, chlorophyllase (Abdul-Basset et al., 1995) and
in particular Co inhibits those involved in chlorophyll biosynthesis,
such as 5- aminolevulenic acid (ALA) synthase, ALA dehydratase,
prophobilinogenase and unporphyrinogen Il decarboxylase
(Shalygo etal., 1999). Therefore, in present report, the concentration
of chlorophyll exhibited a decrease in response to Co stress (Table 1).

The Co also caused the decrease in stomatal conductance and
consequently the intercellular CO, concentration and carbonic
anhydrase (CA) activity (Aliet al., 2010). The Carbonic anhydrase (CA)
catalyzes the interconversion of CO, and HCO;', and its activity is
to a large extent regulated by CO,, besides zinc and light (Tiwari et
al., 2005). Thus, the decreased CO, concentration was accompanied
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with a concomitant decline in CA activity. The decreased
chlorophyll concentration, stomatal conductance, intercellular
CO, concentration and CA activity together with decreased Hill
reaction activity (Chatterjee et al., 2006) ultimately hampered the
net photosynthetic rate (Fig. 4A) which is also confirmed by positive
correlation between CA activity and net photosynthetic rate as well
as between chlorophyll and net photosynthetic rate.

The decrease in chlorophyll content and catalase activity might
be due toimpaired incorporation of iron for synthesis of chlorophyll
and protoporphyrin in excess cobalt conditions similar to some
earlierreports (Agarwala et al., 1977; Miller et al., 1982). Interference
of heavy metals including cobalt with iron in plant metabolism is
known to induce disturbances creating physiological iron deficiency
and decrease in chlorophyll synthesis (Samarkoon and Rauser, 1979).

In conclusion, the results presented here suggest that Co
at lower concentration (>200 mg kg™') favors the gas exchange
parameters and photosynthetic pigmentation in Jatropha. The
higher concentration (<200 mg kg™) generated oxidative stress,
which was noticed on the basis of decreasing trends in all studied
photosynthetic parameters. All studied plants of Jatropha were
survived morphologically up to 800 mg kg™ but seedlings were
not survived under 1000 mg kg™ due to severe cobalt toxicity
stress. Among studied plants, Jatropha seedlings showed the best
photosynthetic potential under 200 mg kg™ Co stress.
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