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Effects of ambient and elevated CO2 on growth, chlorophyll
fluorescence, photosynthetic pigments, antioxidants,
and secondary metabolites of Catharanthus roseus (L.) G Don.
grown under three different soil N levels
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Abstract Catharanthus roseus L. plants were grown under
ambient (375±30 ppm) and elevated (560±25 ppm) concen-
trations of atmospheric CO2 at different rates of N supply
(without supplemental N, 0 kg N ha−1; recommended N,
50 kg N ha−1; and double recommended N, 100 kg N ha−1)
in open top chambers under field condition. Elevated CO2

significantly increased photosynthetic pigments, photosyn-
thetic efficiency, and organic carbon content in leaves at
recommended (RN) and double recommended N (DRN),
while significantly decreased total nitrogen content in without
supplemental N (WSN). Activities of superoxide dismutase,
catalase, and ascorbate peroxidase were declined, while glu-
tathione reductase, peroxidase, and phenylalanine-ammonia
lyase were stimulated under elevated CO2. However, the
responses of the above enzymes were modified with different
rates of N supply. Elevated CO2 significantly reduced
superoxide production rate, hydrogen peroxide, and
malondialdehyde contents in RN and DRN. Compared
with ambient, total alkaloids content increased maximal-
ly at recommended level of N, while total phenolics in
WSN under elevated CO2. Elevated CO2 stimulated
growth of plants by increasing plant height and numbers
of branches and leaves, and the magnitude of increment
were maximum in DRN. The study suggests that ele-
vated CO2 has positively affected plants by increasing
growth and alkaloids production and reducing the level
of oxidative stress. However, the positive effects of

elevated CO2 were comparatively lesser in plants grown
under limited N availability than in moderate and higher
N availability. Furthermore, the excess N supply in
DRN has stimulated the growth but not the alkaloids
production under elevated CO2.
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Introduction

As a result of anthropogenic activities, such as combustion of
fossil fuels and biomass and deforestation, the atmospheric
carbon dioxide (CO2) concentration has increased from 280 to
398 ppm since the industrial revolution (NOAA 2013) and is
expected to continue in the future by the end of this century
(IPCC 2013). The level of CO2 in the atmosphere has in-
creased by 40 % compared with the level in 1750 (IPCC
2013). Elevated CO2 stimulates net photosynthetic rate,
growth, and development (Ainsworth and Long 2005;
Ghannoum et al. 2010) and reduces photorespiration and
oxidative stress (Vurro et al. 2009).

Nitrogen (N) is another important limiting resource and a
major part of Rubisco and light reaction components involved
in photosynthesis (Tissue et al. 1993). Previous studies with
tree plants have shown that responses of plants to elevated
CO2 can be modified by N availability (Manderscheid et al.
2010; Zhang et al. 2011). Higher supply of N has been shown
to increase plant growth, leaf N, net photosynthetic rate, and
photosynthetic water use efficiency in Eucalyptus species
grown under 760 ppm concentration of CO2 in growth cham-
bers (Novriyanti et al. 2012). However, Zhao et al. (2010)
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reported a decrease in leaf chlorophyll and photosynthetic rate
in sorghum plants at elevated CO2 grown in N-deficient soil.

Elevated CO2 reduced N content in plants due to dilution of
N by increasing photosynthetic assimilation of carbon
(Kumari et al. 2013). Nitrogen limitation stimulates formation
of reactive oxygen species (ROS) such as H2O2,

.O2− and OH
−

in cellular compartments (Polle et al. 1997), which react with
membrane lipids to generate lipid peroxides and other toxic
reactive oxygen intermediates (Mittler 2002). Plant cells in-
volve complex antioxidant defence mechanisms (enzymatic
and nonenzymatic) against oxidative stress generated under
challenging stress conditions (Matsuura and Fett-Neto 2013).
Enzymatic antioxidant mechanisms include superoxide dis-
mutase (SOD), catalase (CAT), and enzymes of ascorbate-
glutathione cycle, such as ascorbate peroxidase (APX) and
glutathione reductase (GR).

Elevated CO2 increases the ratio of CO2/O2 at the site of
photo-reduction because a greater amount of CO2 diffuses
inside the leaf (Robredo et al. 2007). Therefore, elevated
CO2 stimulates photosynthesis rate and inhibit the rate of
photorespiration and ROS production, leading to downreg-
ulation of ROS-scavenging enzymes (Halliwell and
Gutteridge 1989). Plentiful supply of N also reduces risk
of damage caused by ROS, such as H2O2 and .O2− (Nakaji
et al. 2001).

Secondary metabolites are a group of compounds synthe-
sized in plants having antioxidant property against oxy radi-
cals. Alkaloids, also a secondary metabolite exhibit biological
activity, such as antitumoral, analgesic, antimicrobial, and
insecticide. Other than improving the antioxidative capacity
of plants, elevated CO2 also enhances the production of alka-
loids in medicinal plants (Ziska et al. 2008; Oliveira et al.
2010). It has been demonstrated that supply of N also en-
hances the synthesis of total alkaloids in Catharanthus roseus
(Gholamhosseinpour et al. 2011) and in Ilex vomitoria
(Palumbo et al. 2007). However, only limited studies are
available on the combined effects of elevated CO2 and nitro-
gen supply on oxidative stress, antioxidants status, growth,
and secondary metabolism of medicinal plants. Polle et al.
(1997) reported that elevated CO2 with moderate nitrogen
decreased the malondialdehyde content and SOD activity,
leading to a reduction in oxidative stress. Matros et al.
(2006) studied the accumulation of the secondary metabolites
coumarins in tobacco plants at different CO2 and N treatments
in controlled environmental conditions. Higher concentrations
of scopolin and scopoletin were observed in tobacco leaves
grown at elevated level of CO2 with higher N concentration.
Plant growth as well as essential oil yield in lemon balm was
increased under high CO2 with additional supply of N (Shoor
et al. 2012). Based on the above information, we hypothesized
that with supply of N, elevated CO2 would become more
beneficial for plant growth, physiological performance, anti-
oxidants, and alkaloids production. The present study was

conducted to determine the responses of elevated CO2 and N
supply on photosynthetic pigments, chlorophyll fluorescence,
oxidative stress, antioxidants, and secondary metabolites sta-
tus in a medicinal plant, C. roseus (L.) G. Don, which is an
important source of chemotherapeutic agents used in the
treatment of several kinds of cancer.

Materials and methods

Experimental site and design

A field experiment was conducted in open top chambers
(OTCs) during April to August 2011 in the Botanical garden
of Banaras Hindu University, Varanasi, Uttar Pradesh (25° 18′
N latitude, 82° 01′ E longitude, and 76.19 m above sea level)
situated in eastern Gangetic plains of India. During the exper-
imental period, mean maximum temperature ranged from 32
to 40 °C, while minimum temperature varied from 20 to
25 °C. Mean relative humidity varied from 52.1 to 89.3 %,
and total rainfall was recorded (763 mm) maximum
during August. The experiment was designed as a split
plot with CO2 as main plot and nitrogen as subplot.
There were two CO2 treatments, i.e., ambient at 375±
30 ppm and elevated at 560±25 ppm. The elevated CO2

concentration of 560 ppm was selected on the basis of
IPCC (2007), which suggested that CO2 will reach
between 535 and 700 ppm by the end of this century.
Three nitrogen concentrations were used for each CO2

treatment viz. without supplemental nitrogen (WSN; no
N was added above the residual N in the soil), recom-
mended dose of nitrogen (RN), and double recommend-
ed dose of nitrogen (DRN); N was given as urea in the
soil. Recommended and double recommended nitrogen
doses were 50 and 100 kg ha−1, respectively.

Open top chambers

OTCs of 1.9 m height and 2.05 m diameter were installed at
the experimental site following the design reported by Kumari
et al. (2013). Each chamber was attached with a high-speed
blower for the continuous supply of air at the rate of three air
changes per minute. Elevated CO2 was supplied to OTCs via
CO2 cylinders connected with blowers and was maintained
through a solenoid valve attached to a CO2 analyzer.
Measurements of microclimatic parameters (temperature, hu-
midity, and light) were done within and outside OTCs during
the experimental period. Mean temperature and relative hu-
midity were 0.1–0.3 °C and 2–6%, respectively, higher within
the chambers than outside. Light intensity was 4–5 % less
inside the chambers than outside.
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Raising of test plants

Periwinkle (C. roseus (L.) G Don.), a perennial plant of the
family Apocyanaceae was selected as test plant. The field was
prepared by adding farmyard manure and ploughing up to
20 cm depth in the first week of April 2011. Eighteen OTCs
were installed at the experimental site. There were three
replicate chambers for each treatment. Soil from each exper-
imental plot was collected for measurement of N content
before transplantation of plantlets. Then, the deficit amount
of N was added to the soil to attain the RN and DRN concen-
trations in two splits (Table 1). One third dose of nitrogen was
given as basal dressing before transplantation, and two third
dose was given as top dressing at 30 days after transplantation
(DAT). Seeds of periwinkle were sown in a plot (2.5×2.5 m2)
without any N amendment in the last week of March 2011.
Plantlets of 15 days were transplanted in rows in OTCs at
20 cm distance; there were a total of 15 plants in each cham-
ber. Similar soil moisture at field capacity was maintained in
each chamber through drip irrigation.

CO2 monitoring

CO2 monitoring was done inside and outside the OTCs using
CO2 analyzer (LI-820, LI-COR Biosciences, Lincoln, USA),
and variations in diurnal concentration of CO2 were recorded.
Mean ambient concentration of CO2 was recorded as 375±
30 ppm, and the elevated CO2 concentration was 560±
25 ppm.

Plant sampling and analyses

Chlorophyll fluorescence

Chlorophyll fluorescence was determined between 10:30 and
11:30 hours using portable plant efficiency analyzer (Model,

MK2, 9414, Hansatech Instrument Ltd., UK) on the third fully
expanded mature leaf from the top of each plant. Leaf clips for
dark adaptation were placed on the adaxial leaves for 30 min
before measurement at an excitation irradiance of
3000 μmol m−2 s−1. Minimum side of the fluorescence (F0)
and maximum fluorescence (Fm) were measured, from which
variable fluorescence (Fv=Fm−F0) and ratio of variable and
maximum fluorescence (Fv/Fm) were calculated.

Biochemical parameters

Biochemical parameters were analyzed in leaves at 60 DAT.
Malondialdehyde (MDA) content was measured following
the protocol given by Heath and Packer (1968). Superoxide
radical (·O2

−) production rate was determined by monitoring
the rate of nitrite formation from hydroxylamine in the pres-
ence of superoxide radicals (Elstner and Heupel 1976).
Hydrogen peroxide content was measured after reacting with
KI according to Alexieva et al. (2001). Total chlorophyll and
carotenoids were estimated following Maclachlan and Zalik
(1963) and Duxbury and Yentsch (1956), respectively.
Estimation of ascorbic acid (AA) was done using the method
of Keller and Schwager (1977). Total phenolics were extract-
ed in 70 % acetone and then determined by adding folin
ciocalteau reagent (Bray and Thorpe 1954).

For extraction of SOD enzyme (EC 1.15.1.1), 500 mg
of fresh leaf sample was homogenized with 5 ml of
extraction buffer (0.1 M phosphate buffer containing
0.5 mM ethylenediaminetetraacetic acid at pH 7.5) in a
prechilled mortar and pestle. The homogenate was centri-
fuged at 15,000 rpm for 20 min. SOD activity was
measured as percentage reduction of nitrobluetetrazolium
(NBT) following the method of Fridovich (1974). APX
(EC 1.11.1.11) activity was estimated by the method of
Nakano and Asada (1987). Fresh leaf tissue (0.1 g) was
homogenized with 5 ml of cold potassium phosphate
buffer (0.05 M, pH 7.8) containing polyvinyl pyrolidone
(1 %), ascorbic acid (1 mM), and phenylmethylsulfonyl
fluoride (1 mM). The homogenate was centrifuged at
12,000 rpm for 15 min, and the extract was used for the
determination of APX enzyme activity. For assay of GR
(EC 1.6.4.2) enzyme, 200 mg fresh leaf sample was
homogenized using chilled mortar and pestle in 5 ml of
50 mM Tris–HCl buffer (pH=7.6). The homogenate was
centrifuged at 22,000×g for 30 min at 4 °C, and the
supernatant was used for assay of GR activity by record-
ing the decrease in absorbance of NADPH at 340 nm
(Schaedle and Bassham 1977). Peroxidase (POX; EC
1.11.1.7) activity was determined by using the method of
Britton and Mehley (1955). For extraction of enzyme,
100 mg fresh leaf sample was homogenized with 10 ml
of 0.1 M cold phosphate buffer containing 5 mM cystein

Table 1 Recommended, deficit, and actual amount of N added for
attaining required amount of N in the soil

WSN kg N ha−1 RN kg N ha−1 DRN kg N ha−1

Recommended amount

ACO2 – 50 100

ECO2 – 50 100

Deficit amount added

ACO2 – 26.7 75.8

ECO2 – 25.3 75.4

Actual N concentration

ACO2 25.78 49.70 99.3

ECO2 25.21 49.53 98.9

ACO2 ambient CO2, ECO2 elevated CO2,WSN without supplemental N,
RN recommended N, DRN double recommended N
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at pH 6.8 in a prechilled mortar and pestle. The homog-
enate was centrifuged at 10,000×g for 10 min at 0 °C,
and supernatant was used for estimating enzyme activity.
Phenylalanine-ammonia lyase (PAL; EC 4.3.1.5), enzyme
is extracted by homogenizing 1 g of leaf tissue in 0.2 M
sodium borate buffer (pH 8.7) conta in ing 2-
mercaptoethanol. Estimation of enzyme activity as
μmol t-cinnamic acid ml−1 was done by using phenyl
alanine at 280 nm (Rao and Tower 1970).

Organic carbon and total nitrogen

Dried and sieved foliar samples were used for organic carbon
content by wet digestion following the modified method of
Walkley and Black (1934) and total foliar nitrogen was mea-
sured through Gerhardt automatic N analyzer (Model KB8S,
Germany).

Extraction of alkaloids

Alkaloids were extracted from air dried and powdered
leaf samples of C. roseus with three different organic
solvents in separating funnel (Singh et al. 2000).
Powdered sample (5 g) was extracted with 90 % (30×
3 ml, 12 h each) ethanol, and then extract was evapo-
rated using an incubator till 10 ml of volume remains.
Then, 10 ml of 3 % HCL and 10 ml of double distilled
water were added. The solution was again extracted
with ethyl acetate (30×3 ml, 12 h each). Then, pH of
extract was made alkaline (8.5) by adding ammonia
solution. Finally, it was extracted with chloroform
(30×3 ml, 12 h each). Extract was collected and chlo-
roform was evaporated to dryness and then weighed to
obtain total alkaloids content.

Morphological parameters

Three plants were tagged randomly from each chamber
for the measurement of morphological parameters. Stem
height, number of branches, number of leaves, and
number of flowers and fruits were measured in intact
plants at 60 DAT.

Statistical analysis

Multivariate analysis of variance (ANOVA) tests were
done for all the analyzed parameters with the factors
CO2, N, and their interactions. Significantly, different
means between ambient and elevated CO2 were calcu-
lated using “Student’s t test.” The entire statistical anal-
yses were conducted by using SPSS software (SPSS
Inc., version 16.0).

Results

Chlorophyll fluorescence and photosynthetic pigments

Elevated CO2 significantly increased F0 in WSN, while Fm,
Fv, and Fv/Fm ratio in RN and DRN (Table 2). Total chloro-
phyll and carotenoid contents were significantly increased in
RN and DRN under elevated CO2 compared with ambient
(Fig. 1). In WSN, photosynthetic pigments were reduced
under elevated CO2, but reduction was not significant for
chlorophyll (Fig. 1). Results of two-way ANOVA test showed
that Fv/Fm ratio, total chlorophyll, and carotenoids varied due
to N, CO2, and their interaction (Table 4).

Total nitrogen and organic carbon contents

Total N content was lowered under elevated CO2 compared
with ambient in WSN (Fig. 1). A significant increase in
organic carbon under elevated CO2 was observed in RN and
DRN (Fig. 1). Total N varied significantly only due to N and
CO2 while organic carbon showed significant effects of N,
CO2, and N×CO2 (Table 4).

Super oxide radical (·O2
−) production rate, H2O2, and MDA

contents

Elevated CO2 significantly reduced the rate of
·O2

− production
in DRN by 43.2 % (Fig. 2). H2O2 content was also reduced
significantly in RN (35.4 %) and DRN (49.3 %) under elevat-
ed CO2 (Fig. 2). As compared with ambient CO2, plants
grown under elevated CO2 showed reduced level of MDA
content in WSN (25.1 %), RN (41.7 %), and DRN (32.2 %)
(Fig. 2). Significant effects of N, CO2, and N×CO2 on

·O2
−

and H2O2, however, MDA content did not show a significant
interaction effect (Table 4).

Antioxidants and metabolites

Elevated CO2 caused significant reductions in the activities of
SOD and CAT in RN and DRN; however, APX showed
significant reduction only in DRN (Fig. 3). Elevated CO2

significantly stimulated the activities of POX and PAL in
WSN and RN, while GR activity was significantly increased
in RN and DRN (Fig. 3). ANOVA results showed that SOD
activity had significant effects of N and CO2 individually.
CAT and POX varied only due to CO2, while APX varied
due to N and N×CO2 (Table 4). CO2 and N×CO2 had signif-
icant effects on GR, while PAL activity showed significant
effects of all the individual factors and their interaction
(Table 4).

Elevated CO2 significantly increased total phenolics con-
tent in all N levels (Fig. 4). As compared with ambient, total
alkaloids content was significantly higher in WSN and RN

Environ Sci Pollut Res (2015) 22:3936–3946 3939



under elevated CO2; however, no significant change was
observed in DRN (Fig. 4). Ascorbic acid content was signif-
icantly lower under elevated CO2 in WSN (Fig. 4). Total

phenolics and ascorbic acid showed significant effects of N
and CO2, while total alkaloids varied due to N, CO2, and N×
CO2 (Table 4).

Fig. 1 Total chlorophyll,
carotenoids, total nitrogen, and
organic carbon contents in
C. roseus at different CO2 and N
treatments. Bars represent mean±
SE. Levels of significance
between ambient and elevated
CO2 at a particular N; NS not
significant, *p<0.05; **p<0.01;
***p<0.001, as determined by
Student’s t test. WSN without
supplemental N, RN
recommended N, DRN double
recommended N

Table 2 Initial fluorescence (F0),
maximum fluorescence (Fm),
variable fluorescence (Fv) and Fv/
Fm ratio of C. roseus under dif-
ferent CO2 and N treatments

Values are mean±SE

ACO2 ambient CO2, ECO2 ele-
vated CO2, WSN without supple-
mental N, RN recommended N,
DRN double recommended N,
NS not significant

* p < 0 . 0 5 ; * * p < 0 . 0 1 ;
***p<0.001—levels of signifi-
cance between ambient and ele-
vated CO2 at a particular N
treatment

Treatments Parameters

F0 Fm Fv Fv/Fm

WSN

ACO2 256±6.5 1151.7±48 895.7±16 0.777±0.005

ECO2 265±5.7* 1185±8.6 NS 920±6.1 NS 0.776±0.004 NS

RN

ACO2 260.3±2.0 1129±14 868.3±7.6 0.769±0.004

ECO2 243.6±6.4 NS 1293.6±51* 1056.0±53* 0.811±0.004*

DRN

ACO2 265.7±4.3 1147±9.2 881±11 0.768±0.004

ECO2 249±2.3 NS 1311±11** 1061±16** 0.810±0.005*

Results of two-way ANOVA

N

F 1.52 2.16 2.58 5.43

P 0.25 NS 0.16 NS 0.117 NS 0.021*

CO2

F 4.07 24.28 28.01 57.53

P 0.07 NS 0.0* 0.0* 0.0*

N×CO2

F 4.53 3.14 4.55 15.08

P 0.034* 0.08 NS 0.034* 0.001***
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Growth

Plant height, number of leaves, and number of branches were
significantly increased under elevated CO2 in WSN, RN, and
DRN (Table 3). Plants grown in RN and DRN produced
significantly higher number of flowers under elevated CO2

(Table 3), but the number of fruits was significantly higher in
DRN (Table 3). ANOVA test showed significant effects of all
the treatments and their combination on all the measured
growth parameters except for the number of fruits (Table 4).

Discussion

The present study showed that elevated CO2 had significant
positive effects on growth and metabolism of C. roseus with
increase in supply of nitrogen. Since carbon and nitrogen are
the major components of photosynthetic pigments, elevated
CO2 increased chlorophyll and carotenoids contents in RN
and DRN. Higher chlorophyll content is suggested to be an
adaptation of the plants under elevated CO2 to increase the
photosynthetic activity (Bhatt et al. 2010). Li and Gupta
(1993) reported an increase in chlorophyll content under
elevated CO2, with and without N supply. In the present study,
photosynthetic pigments were reduced under limited supply
of nitrogen (WSN), which may be ascribed to reduced uptake
of N and increased photosynthetic activity due to elevated
CO2. Shangguan et al. (2000) also reported reduction in total
chlorophyll content due to nitrogen deficiency.

Light energy absorbed by chlorophyll molecules present in
photosystems and reaction centers can be converted into
chemical energy via photosynthesis or dissipated as heat or
re-emitted as chlorophyll fluorescence (Baker 2008). The
efficiency and stability of PS II, a major component of the
photosynthetic apparatus, have been widely monitored
through the measurement of fluorescence of PS II (Fv/Fm) in
dark-adapted leaves. In the present study, increase in F0 indi-
cates a lower re-absorption rate of the emitted fluorescence
light, which might be due to a decrease in chlorophyll content
(Barber 1998) under limited supply of N, though the reduction
in chlorophyll content was insignificant. Furthermore, de-
crease in F0 and significant increments in Fm and Fv under
elevated CO2 in RN and DRN suggests an increase in the rate
constant of energy trapped by light harvesting complex
(Havaux et al. 1991). In the present study, increase in Fv/Fm
ratio under elevated CO2 with additional N supply indicates
increased efficiency of PS II and also reduced risk of damage
caused to PSII by oxidative stress. This suggests that high soil-
nitrogen supply enhanced not only the absorption rate of leaf
due to increased chlorophyll content affecting F0 but also the
energy cycling between the reaction center and the
chlorophyll pool, thus affecting Fm. Zhao et al. (2010) also
reported an increase in Fv/Fm ratio in Betula platyphylla
exposed to 700 ppm CO2 at higher N.

Incomplete utilization of light energy absorbed by photo-
synthetic machinery leads to generation of ROS at the accep-
tor side of photosystem (Asada 1999). ROS such as ·O2

− and
H2O2 are highly sensitive and responsible for photo-inhibition
through direct oxidative damage to photosystem. In the

Fig. 2 Superoxide radical
production rate, H2O2 and MDA
contents in C. roseus at different
CO2 and N treatments. Bars
represent mean±SE. Levels of
significance between ambient and
elevated CO2 at a particular N;
*p<0.05; **p<0.01;
***p<0.001, as determined by
Student’s t test. WSN without
supplemental N, RN
recommended N, DRN double
recommended N
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present study, significant reductions in .O2
− and H2O2 con-

tents were observed under elevated CO2 with higher N supply
(RN and DRN). It indicates that elevated CO2 and N supply
reduces ROS generation by increasing pCO2/pO2 at the site of
photo-reduction (Salazar-Parra et al. 2012) and increased the
utilization of energy in photosystems leading to reduced avail-
ability of free electrons. Mishra et al. (2013) also reported that
H2O2 content reduced by 41.6 % in wheat at 700 ppm CO2. It
seems that N limitation in WSN did not allow the positive
effects of elevated CO2 in reducing the oxidative stress and
hence Fv/Fm ratio did not differ significantly inWSN between
ambient and elevated CO2 as mentioned earlier. Grossman
and Takahashi (2001) reported accumulation of ROS in cells
of photosynthetic organisms under nutrient limitation.

ROS interact with all biological molecules and cause cel-
lular damage, such as lipid peroxidation, measured as MDA
content during the present study. MDA and other peroxides

formed during lipid peroxidation increase hydrophobicity of
the inner side of the membrane (Frankel 1991), which ham-
pers transport mechanism in cells leading to osmotic imbal-
ance. Reduction in MDA content under elevated CO2 may be
due to reduced levels of H2O2 and

·O2
− production rate during

the present experiment. Higher reduction in MDA content
under elevated CO2 in RN and DRN further demonstrated
that higher N availability protected the plants more against
oxidative stress compared with WSN.

Plants possess a complex antioxidative defence system
consisting of enzymatic and nonenzymatic components to
scavenge ROS. SOD enzyme catalyzes dismutation of ·O2

−

into H2O2, which is further detoxified by CAT, APX, and
POX. Reduced SOD and CAT activities under elevated CO2

in RN and DRNmay be directly correlated to a decrease in the
production of ·O2

− and H2O2 during the present study. A
significant drop in SOD activity was reported under elevated

Fig. 3 Superoxide dismutase
(SOD), catalase (CAT), ascorbate
peroxidises (APX) and
glutathione reductase (GR),
peroxidase (POX), and
phenylalanine-ammonia lyase
(PAL) activities in C. roseus at
different CO2 and N treatments.
Bars represent mean±SE. Levels
of significance between ambient
and elevated CO2 at a particular
N; *p<0.05; **p<0.01;
***p<0.001, as determined by
Student’s t test. WSN without
supplemental N, RN
recommended N, DRN double
recommended N
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CO2 (700 ppm) with an intermediate N supply (Schwanz and
Polle 1998). Similarly, APX activity also reduced in DRN
under elevated CO2. Results of the present study suggest a
downregulation of ROS-scavenging enzymes under elevated

CO2 at higher N supply. However, activities of GR, POX, and
PAL enzymes were significantly upregulated under elevated
CO2. As GR is utilized in the regeneration of reduced gluta-
thione for ascorbate-glutathione redox reactions, an increase

Fig. 4 Total phenolics, ascorbic
acid, and total alkaloids contents
in C. roseus at different CO2 and
N treatments. Bars represent
mean±SE. Levels of significance
between ambient and elevated
CO2 at a particular N; NS not
significant, *p<0.05; **p<0.01;
***p<0.001, as determined by
Student’s t test. WSN without
supplemental N, RN
recommended N, DRN double
recommended N

Table 3 Plant height, numbers of
branches and leaves, and numbers
of flowers and fruits in C. roseus
under different CO2 and N
treatments

Values are mean±1 SE

ACO2 ambient CO2, ECO2 ele-
vated CO2, WSN without supple-
mental N, RN recommended N,
DRN double recommended N,
NS not significant

* p < 0 . 0 5 ; * * p < 0 . 0 1 ;
***p<0.001—levels of signifi-
cance between ambient and ele-
vated CO2 at a particular N
treatment

Treatments Parameters

Plant height
(cm)

Number
of branches

Number
of leaves

Number of
flowers

Number of
fruits

WSN

ACO2 22.0±1.5 2.0±0.32 26.4±1.33 2.0±0.32 0.4±0.24

ECO2 51.5±2.3** 3.8±0.2* 46.6±5.40* 4.6±0.93 NS 0.6±0.60 NS

RN

ACO2 35.4±2.0 2.0±0.32 28.4±2.44 2.4±0.24 1.4±0.98

ECO2 63.9±4.2** 4.6±0.81* 55.6±5.87* 7.4±1.03** 1.8±1.11 NS

DRN

ACO2 28.4±1.9 3.0±0.45 40.4±2.23 2.8±0.37 2.2±0.20

ECO2 72.9±4.8** 7.8±0.66*** 82.6±4.5*** 10.2±0.86** 4.6±0.40**

Results of two-way ANOVA

N

F 12.71 14.05 21.47 10.38 9.12

P 0.00*** 0.00*** 0.00*** 0.00*** 0.00***

CO2

F 183.50 54.96 83.23 76.01 3.19

P 0.00*** 0.00*** 0.00*** 0.00*** 0.09 NS

N×CO2

F 4.11 4.70 3.93 5.84 1.57

P 0.03* 0.02* 0.03* 0.01** 0.23 NS
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in its activity under elevated CO2 in higher N supply suggests
an enhanced antioxidant regenerating potential during the
present study. Increase in GR activity under elevated CO2

might also be attributed to the increase in synthesis of photo-
synthetic nicotinamide adenine dinucleotide phosphate under
increased pCO2/pO2 ratio (Vurro et al. 2009). POX enzyme
plays an important role in detoxification of H2O2 (Jaleel et al.
2008) as well as synthesis of alkaloids in C. roseus
(Sottomayor et al. 2004). As POX is also involved in second-
ary metabolism, increase in the availability of carbon assimi-
lated may have acted as a signal for upregulation of this
enzyme under elevated CO2.

Organic carbon content (mainly structural and nonstructur-
al carbohydrates) increased with supplemental N (RN and
DRN) under elevated CO2. This may be correlated with
increase in photosynthetic carbon uptake due to CO2 enrich-
ment under adequate supply of N (Ainsworth and Long 2005).
Kumari et al. (2013) also reported an increase in organic
carbon content in leaves of Beta vulgaris grown under
570 ppm CO2 concentration. In the present experiment, total
foliar N was significantly declined under elevated CO2 in
WSN. The decrease in foliar N under elevated CO2 is ascribed
to the dilution by carbohydrates (Gifford et al. 2000) and
reduced assimilation of nitrate into organic nitrogen com-
pounds (Bloom et al. 2010).

It is widely recognized that elevated CO2 with higher N
availability increases photosynthetic rate leading to enhanced

growth (Ainsworth and Long 2005). In the present experiment,
more number of leaves produced by plants grown under ele-
vated CO2 led to enhanced conversion efficiency, which ulti-
mately resulted in increased growth of other plant parts, with a
greater extent in DRN. Enhanced production of photosynthates
under elevated CO2 directly affects cell division by stimulating
cyclin-dependent protein kinase activity (Ranasinghe and
Taylor 1996) and provokes the enhanced morphogenetic de-
velopment (Morison and Lawlor 1999). During the present
study, elevated CO2 increased the numbers of leaves and
branches and stem height in RN and DRN treatments. Hence,
the present study proves the hypothesis that elevated CO2 with
higher N supply will lead to more growth enhancement com-
pared with no additional supply of N. Significant positive
effects of elevated CO2 and higher N on growth of
Eucalyptus plant were also reported by Novriyanti et al. (2012)

In the present study, phenolics content was significantly
higher under elevated CO2 in all N levels. This may be
correlated with the fact that elevated CO2 causes a stimulatory
effect on the activity of the key enzyme PAL of phenyl-
propanoid pathway resulting in increased synthesis of pheno-
lics (Mattson et al. 2005). The degree of increment in total
phenolics was reduced with increasing N supply. The increase
in N availability decreased the C/N ratio in plants resulting in
decreased level of carbon-based secondary metabolites as
resources allocated primarily toward growth due to more
availability of N. In the present study, the lowest PAL enzyme

Table 4 Results of two-way ANOVA test showing F and P values and levels of significance for biochemical parameters within and between N and CO2

treatments

Parameters N CO2 N×CO2

F P F P F P

Total chlorophyll 137.80 0.00*** 15.04 0.00*** 23.22 0.00***

Carotenoids 116.39 0.00*** 21.74 0.00*** 45.93 0.00***

Total phenolics 27.25 0.00*** 133.78 0.00*** 1.79 0.21 NS

Ascorbic acid 5.56 0.02* 47.68 0.00*** 0.08 0.92 NS

Total alkaloids 16.08 0.00*** 44.96 0.00*** 6.89 0.01**

Total nitrogen 69.81 0.00*** 12.54 0.00*** 3.45 0.07 NS

Organic carbon 12.29 0.00*** 23.52 0.00*** 3.96 0.05*

PAL 148.59 0.00*** 42.20 0.00*** 6.19 0.01***

APX 17.65 0.00*** 2.73 0.13 NS 11.79 0.00***

GR 2.78 0.10 NS 56.50 0.00*** 4.48 0.04**

SOD 19.08 0.00*** 20.32 0.00*** 3.28 0.07 NS

CAT 3.67 0.06 NS 11.88 0.01** 1.24 0.33 NS

POX 0.34 0.72 NS 15.60 0.00*** 0.42 0.67 NS

H2O2 28.08 0.00*** 32.21 0.00*** 5.54 0.02**

MDA 78.12 0.00*** 85.25 0.00*** 2.13 0.16 NS
.O−

2 20.40 0.00*** 21.30 0.00*** 8.10 0.01**

NS not significant

*p<0.05; **p<0.01; ***p<0.001—levels of significance
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activity was observed in plants grown in DRN under ambient
as well as elevated CO2 treatments.

Furthermore, elevated CO2 increased the total alkaloids
content and enhancement was greater in RN than in WSN
during the present study. Ziska et al. (2008) demonstrated that
alkaloids production in wild poppy was significantly in-
creased with increasing CO2 (from 300 to 400 ppm). During
the present study, total alkaloids content was lower in DRN
than RN and WSN, but the difference between ambient and
elevated CO2 treatments was insignificant in DRN. However,
growth enhancement was highest in plants grown in DRN
under elevated CO2. This result suggests that a greater pro-
portion of photosynthate was diverted toward biomass pro-
duction due to increase in sink strength under elevated CO2

with excess N supply in DRN, hence alkaloids production was
decreased. This observation did not approve the hypothesis
that increasing N supply will increase alkaloid production
under elevated CO2. The decrease in POX activity in DRN
compared with RN and WSN may be linked with decrease in
alkaloids content as POX is a key enzyme in the formation of
anticancer alkaloids in C. roseus.

Ascorbic acid, a secondary metabolite acts as a powerful
antioxidant because of its capacity to donate electrons in a
number of enzymatic and nonenzymatic reactions. In the
present study, under elevated CO2, ascorbic acid content was
decreased in WSN, while no significant variations were
observed in RN and DRN. By contrast, Wang et al. (2003)
reported an increase in ascorbic acid content in strawberries
grown at 600 ppm CO2. This indicates a trade-off between
secondary metabolite pool as other secondary metabolites
(phenolics and alkaloids) increased under elevated CO2 with
no additional N supply.

Conclusions

Growth and metabolism of C. roseus plant were affected
differently by elevated CO2 and availability of N. Elevated
CO2 increased the photosynthetic efficiency of plant with both
rates of supplemental N. Under elevated CO2 and additional N
supply, plants have developed different adaptive regulations in
antioxidants pool to halt the propagation of oxidative reaction
chain leading to a reduction in oxidative stress. Maximum
growth at DRN suggests that the continuous stimulation of
growth at elevated CO2 requires additional N to maximize C
assimilation in primary metabolites. However, N supply at
recommended level was more favorable for alkaloids produc-
tion than without supplemental N and double recommended
N. A direct correlation between N availability, POX activity,
and alkaloids production was found in the test medicinal plant.
The study clearly suggests that most of the positive effects of
elevated CO2 may be diminished if plants grow under nitro-
gen insufficiency. Furthermore, projected level of CO2 in the

near future will be beneficial for overall performance of plant
only with an adequate supply of N.
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