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Abstract Field experiments were conducted in open
top chamber during rabi seasons of 2009-10 and
2010-11 at the research farm of the Indian
Agricultural Research Institute, New Delhi to study the
effect of tropospheric ozone (Os3) and carbon dioxide
(CO,) interaction on yield and nutritional quality of
Indian mustard (Brassica juncea (L.) Czern.). Mustard
plants were grown from emergence to maturity under
different treatments: charcoal-filtered air (CF, 80-85 %
less O3 than ambient O; and ambient CO,), nonfiltered
air (NF, 5-10 % less O than ambient O3 and ambient
CO, ), nonfiltered air with elevated carbon dioxide (NF
+CO,, NF air and 550+50 ppm CO,), elevated ozone
(EO, NF air and 25-35 ppb elevated O3), elevated ozone
along with elevated carbon dioxide (EO+CO,, NF air,
25-35 ppb O; and 550450 ppm CO,), and ambient
chamber less control (AC, ambient O3 and CO,).
Elevated O; exposure led to reduced photosynthesis
and leaf area index resulting in decreased seed yield of
mustard. Elevated ozone significantly decreased the oil
and micronutrient content in mustard. Thirteen to
17 ppm hour O; exposure (accumulated over threshold
of 40 ppm, AOT 40) reduced the oil content by 18—
20 %. Elevated CO, (500+50 ppm) along with EO was
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able to counter the decline in oil content in the seed, and
it increased by 11 to 13 % over EO alone. Elevated CO,,
however, decreased protein, calcium, zinc, iron, magne-
sium, and sulfur content in seed as compared to the
nonfiltered control, whereas removal of O3 from air in
the charcoal-filtered treatment resulted in a significant
increase in the same.
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Introduction

Since the industrial revolution, anthropogenic activity
has increased the concentration of tropospheric ozone
(0O3), which is an air pollutant and a greenhouse gas.
During the past three decades, the Oz concentration in
the Northern hemisphere has increased by 0.5-2 % per
year (Vingarzan 2004) and nearly one quarter of the
Earth’s surface is currently at risk from mean tropo-
spheric ozone in excess of 60 ppbV during midsum-
mer with even greater local concentrations occurring
(Morgan et al. 2006). The IPCC Fourth Assessment
Report projects an increase in tropospheric O3 across
the globe of 20-25 % by 2050 (Jaggard et al. 2010).
Plants are often more sensitive to ambient air pollu-
tants than other organisms as they are stationary and
are always exposed to the natural environment (Wahid
et al. 2012). Adverse impacts of air pollutants on
plants around industrial sources have been reported
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from many parts in India, with concentrations between
10 to 273 ppb being recorded in Delhi (Varshney and
Agrawal 1992). Elevated levels of tropospheric O3
may cause foliar injury in susceptible plants, acceler-
ated leaf senescence, reduction in photosynthesis, and
stomatal conductance in leaves, leading to reduced dry
matter production and productivity in crops (Wahid
2006; Feng et al. 2010). The impact of O3 is known to
vary between species and cultivars (Black et al. 2007;
Biswas et al. 2008; Rai et al. 2010) and to be influ-
enced by both climatic factors (Heath et al. 2009) and
cultural practices (Singh et al. 2009).

Estimated reductions of global yields ranged from
2.2-5.5 % for maize to 3.9—15 and 8.5-14 % for wheat
and soybean, respectively (Avnery et al. 2011).
Ambient O; concentrations (varying between 35 and
75 ppb growing season mean) have been reported to
result in yield losses of 5-48 % in wheat, 3—47 % in
rice, and 10-65 % in legumes respectively in the
Asian region (Emberson et al. 2009). Wahid et al.
(2012) have reported yield losses up to 45 % in sesame
(Sesamum indicum L.) due to air pollutants. In a recent
meta-analysis of 30 experiments representing nine
countries in North America, Europe, and Asia, and
spanning 18 wheat genotypes, average wheat yield
improvement by removing ozone from the air entering
open top chambers in the field was 9 % (Pleijel and
Uddling 2011). According to Singh et al. (2010), there
may also be tremendous crop yields losses in India due
to rising O3 concentration in the troposphere.

Ozone enters the plants through their stomata, which
is also the site of carbon dioxide (CO,) uptake. Both
elevated CO, and Oj alter plant function but in opposite
ways. In general, photosynthetic capacity, growth, and
yield are positively affected by elevated CO, but nega-
tively affected by elevated O; (Eastburn et al. 2010).
The atmospheric carbon dioxide (CO,) concentrations
(385 ppm) have increased by at least 35 %, since the
start of the industrial revolution (IPCC 2007) and are
predicted to reach 540-970 ppm by the year 2100 (IPCC
2007). Elevated CO, concentrations tend to counteract
O; effects on plant growth, biomass, and yield (Booker
et al. 2009; Ainsworth and McGrath 2010). This protec-
tive effect of CO, is due to increased photosynthetic
rate, dry matter production, and more allocation of car-
bohydrate to the grain (Pleijel and Uddling 2011). The
nature of the interaction depends on the sensitivity of the
crop, the gas concentrations, and the influences of other
biotic and environmental factors.
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India is the second largest rapeseed-mustard grow-
ing country after China in the world. Rape seed-
mustard (Brassica species) group of crop is the third
most important oil seed crop contributing nearly 20—
25 % of the total oilseed production in India (Hegde
2005). Elevated CO, affected the Brassica species and
increased its oil content (Uprety et al. 2010). However,
higher ozone concentrations had an opposite impact
on its growth and yield. Singh et al.(2009) in a study
growing Brassica campesteris L. var. Kranti under
ambient O3 levels ranging from 42 to 54 ppb at a rural
site in Varanasi, India observed reductions in photo-
synthetic rate, yield, and protein, oil, and nutrient
contents of mustard seeds over charcoal-filtered air.
Singh et al. (2012) also studied the possibility of
alleviating the ozone-induced losses in yield by in-
creasing the nutrient levels in two mustard (B. cam-
pesteris L. var. Vardan and Aashirwad) varieties.
Earlier, Black et al. (2007) observed that O3 exposure
affected gas exchange, growth, and reproductive de-
velopment of B. campesteris cv. Wisconsin Fast Plants
upon 10-day exposure to 70 ppb O during vegetative
phase. De Bock et al. (2011) reported significant re-
duction in seed yield and oil percentage in Brassica
napus cv. Ability in response to high ozone concen-
tration (ambient+20—40 ppb O3). However, there are
no many studies on how the presence of elevated
levels of ozone alone and in combination with CO,
will affect the yield and nutritional quality of crops in
the tropical region. Since mustard is one of the most
important tropical oilseed crops, the present study was
conducted with the objective to assess the effect of
different O5 treatments alone and in combination with
elevated CO, concentration on the yield and nutrition-
al quality of Indian mustard seed.

Materials and methods
Location, climate, and soil characteristics

Field experiments were conducted during rabi
(winter) season of 2009—10 and 2010-11 at research
farm of Indian Agricultural Research Institute, New
Delhi, situated at a latitude of 28°40’ N and longitude
of 77°12" E, altitude of 228.6 m above the mean sea
level (Arabian sea). The mean annual rainfall of Delhi
is 650 mm, and more than 80 % generally occurs
during the south-west monsoon season (July—
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September) with mean annual evaporation 850 mm.
The climate of Delhi is continental, sub-tropical, and
semi-arid type with hot, dry summer, and cold winter
and falls under the agro-climatic zone “Trans-
Gangatic plains.” January is the coldest month of the
year with a minimum temperature ranging from 5 to
7 °C. The soils of experimental field was sandy clay
loam and slightly alkaline (pH8.26) with low electri-
cal conductivity values (0.29-0.31 dSm™"). Soil was
medium in organic carbon (0.46—0.53 %) content and
low in available nitrogen (172-260 kgha '), medium
in available potassium (189—-198 kghafl), and avail-
able phosphorous (15.23-18.78 kgha ).

Treatments and crop management

Mustard crop was grown in open—top chambers (OTCs)
of 3 m in diameter and 2.5 m in height consisting of a
circular aluminum frame covered with transparent film.
The experiment was carried out with six treatments
arranged in completely randomized design with three
replications. The treatments were nonfiltered air (NF:
5-10 % less than ambient Os), charcoal-filtered air
(CF: 80-85 % less than ambient Os), elevated ozone
(EO: NF+25-35 ppb O3), elevated ozone with elevated
carbon dioxide (EO+CO,: NF+(25-35 ppb O;+500+
50 ppm CO,), nonfiltered air with elevated carbon diox-
ide (NF+CO,: NF+( 500+50 ppm CO,), and chamber
less ambient air control (AC) and are listed in Table 1.
The OTCs were fitted with an inert PVC pipe of 10 cm in
diameter (adjustable height) with many small holes
which released either charcoal-filtered air (CF), nonfil-
tered air (NF), or elevated ozone along with nonfiltered
air (EO) at the crop canopy level. Air was blown into the
OTCs through a fan that provided uniform air speeds.
The ventilation rates were kept at three air changes per

Table 1 Treatments for the experiment

Treatment Ozone concentration (ppb)

1. Nonfiltered air (NF) 5-10 % less than ambient O3

2. Charcoal-filtered air (CF) 80-85 % less than ambient O3

3. Elevated ozone (EO) NF+25-35 ppb O3

4. Elevated ozonet+elevated CO, NF+(25-35 ppb O3+
500+50 ppm CO,)

5. Nonfiltered air+elevated NF+(500£50 ppm CO,)

CO, (NF+COy)

6. Ambient control (AC) Ambient O3 and CO,

minute to keep the leaf boundary layer resistances down
and the chamber temperature close to ambient. O3 and
CO, were applied for 7 hday ' (09.30-16.30 h) in the
elevated O3 and elevated CO, chambers. Additional O3
was generated from oxygen with the help of reaction
with UV radiation < 200 nm using ozone generators
(Systocom, Varanasi, India). Air was sampled from the
middle of each OTC at the crop canopy level and fed to
an O3 analyzer (model APOA-370, Horiba, Germany)
for measuring the ozone concentrations daily from 9.30
to 16.30 h. Charcoal filters adsorbed ozone from ambient
air blown inside the OTCs and lowered the ozone con-
centrations by 80-85 % of the ambient air. The non-
filtered (NF) treatment was the open top chamber control
treatment, and a 5-10 % decrease in concentration than
the ambient ozone levels was observed in this treatment.
Pusa Tarak (EJ-13) variety of Indian mustard
(Brassica juncea) was sown at 4 kgha ' in rows at
40 cm distance, keeping 15 cm plant to plant spacing
in open top chambers. All the cultural practices like
sowing, thinning, weed management, irrigation, crop
pest control, and harvesting were carried out as per
standard procedures in both the year of experimentation.
Inorganic fertilizers were applied at 60:40:40, N/P,Os/
K,O kgha ' through urea and di-ammonaical phosphate
and muriate of potash, respectively. Nitrogen was ap-
plied in two splits—one half as basal before sowing with
full dose of P and K, the rest at 40 days after sowing.
Sulfur at 20 kgha ' was applied through gypsum.

Carbon dioxide generation and monitoring

The enhanced CO, concentrations were maintained in-
side the OTCs using high pressurized cylinders contain-
ing CO, with the help of dual stage regulators and gas
flow meter. CO, was supplied from the cylinders to the
OTCs through 6-mm polyurethane tubing and mixed
with the ambient air at the outlet of the air blowers and
subsequently distributed evenly inside the OTCs. CO,
levels inside the chambers were monitored using a CO,
gas monitor, Industrial Scientific, USA (CDU-440).

Measurement of photosynthetic rate

Single-leaf net photosynthetic rates were measured
with portable photosynthesis systems (LI-6400-40
Portable Photosynthesis System) at 45, 75, and
105 days after sowing (DAS) during crop growth
period. The measurements were made on the third
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fully expanded mature leaf from the top of each plant
on cloud free days between 10:00 and 11:00 A.M.
local time on three randomly selected plants in each
chamber.

Measurement of yield parameters

After harvesting, threshing, cleaning, and drying, the
seed yield was recorded at 14 % moisture. Data on
yield attributes, viz., number of siliqua per plant, num-
ber of seeds per siliqua, 1,000-seed weight, seed yield,
biological yield, and harvest index, were recorded.
The value of harvest index (HI) was calculated by
using the following relationship. Harvest index (%)=
Economic yield (gm ?)/Biological yield (gm *)x 100,
where economic yield=seed yield.

Measurement of nutritional quality parameters

The oil content in mustard seed was estimated by
pulse nuclear magnetic resonance (PNMR) technique
(Tiwari et al. 1974), the weighing and drying method.
The PNMR (Oxford Instruments, MQC, UK) using
liquid signal for seed oil determination is a rapid and
nondestructive method for determining the oil content
in oilseeds using the principle of free induction decay
(FID) of low-field NMR. Seeds were oven dried for
overnight at 105 °C to remove moisture completely.
Thereafter, the dried seeds were allowed to cool inside
desiccators. The weight of the seed up to the 2.5 cm in
height of the sample NMR tube was measured. The
NMR signal of the sample was recorded.
Measurements of the FID amplitude following a 90°
pulse were made at a resonant frequency of 23 MHz, a
pulse length of 2.5 ps, and a pulse repetition rate of
1 s. The decay of oil signal after 90° pulse is indepen-
dent of sample to sample variation in spin—spin relax-
ation time (T2). FID signal was sampled at a delay of
250 us. The FID amplitude, following a 90" pulse,
was proportional to the total number of resonant nuclei
in the seed sample, and the FID amplitude was pro-
portional to the hydrogen content of the oil. The oil
content was determined from calibration curve con-
structed by recording the NMR signal of known in-
creasing quantity of pure oil seeds of mustard. The
quantity of oil in an unknown seed sample was read
against its NMR signal from the calibration curve.
Protein content (percent) in seed was calculated by
multiplying the nitrogen percent in seed by the factor
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6.25 (AOAC 1960). For estimation of nitrogen con-
centration, 0.5 g sample was taken and N concentra-
tion was determined by macro Kjeldahl method
(Jackson 1973).

For nutrient other than N, 0.5 g of seed was digested
in a diacid by using a 9:4 mixture of HNOs/ HCIO,.
After the digestion, sulfur concentration in the digested
sample was determined by turbidimetric method
(Chesnin and Yien 1950) with Spectrophotometer
(GS-5702, Electronics Corporation of India, Ltd.).
Other macro- (Ca, Mg, and S) and micronutrients (Fe
and Zn) were determined with the help of atomic ab-
sorption spectrophotometer (Jackson 1973).

Statistical analysis

Analysis of variance and significance of a completely
randomized design was tested by “F”’ test (Gomez and
Gomez 1984). Standard error of means (SEM) and
critical difference (CD) at 5 % level of significance
were worked out for each parameter.

Results and discussion
Ozone levels in different treatments

The daily average ozone concentrations measured dur-
ing the experiment period, i.e., from the month of
October to March, are shown in Fig. 1. O3 exposure
began in November when the mustard was in the three-
leaf stage and ended in March when it was ripe. The
average ozone concentration during the entire crop
growth period in ambient air was 28 ppb in 2009-10
and 33 ppb in 2010-11. Critical levels for ozone were
calculated as a cumulative exposure over a threshold of
40 ppbv; the resulting index of AOT40 (accumulated
exposure over a threshold of 40 ppbv during the crop
growth season) were 12.74 and 16.96 ppm hour in
2009-10 and 2010-11, respectively, in the elevated
ozone treatment. Higher concentration of ambient ozone
was observed during February to March in 2010-11.
Ozone concentration ranged from 31 to 92 ppb inside
the OTC in elevated ozone treatment.

Impact of different treatments on photosynthetic rate

As photosynthesis is the primary physiological pro-
cess by which sensitive plants respond to changes in
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Fig. 1 Mean daily ambient
ozone concentrations during
crop growth period in 2009—
10 and 2010-11
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Fig. 2 Photosynthetic rate
at different growth stages in
a 2009-10 and b 2010-11
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DAS in first and second year, respectively. There was a
reduction observed in 2009—-10 in photosynthetic rate by
19, 25.4, and 27.8 % in EO over NF, and it decreased by
17.6, 23.6, and 28 % in 2010-11 at 45, 75, and 105
DAS, respectively. Singh et al. (2009) reported a decline
in photosynthetic rate under higher ozone levels in non-
filtered air in Brassica campestris L. var. Kranti at a
rural site in India. Feng et al. (2008) observed that high
concentrations of ozone caused damage to leaves and
decreased plant growth and caused a decline in photo-
synthesis. The decrease in stomatal conductance (result
not shown here) might have led to lower internal leaf
CO; levels, thus reducing the photosynthetic rates under
higher ozone levels. However the presence of elevated
CO, significantly increased the photosynthetic rate. The
photosynthetic rate increased in EO+CO, as compared
to EO alone by 10-12 %, whereas it increased by 16—
21 % in NF+CO, over NF alone. In a meta-analysis
carried out by Feng et al. (2008), elevated CO, substan-
tially decreased the negative effects of high ozone on
photosynthesis, growth, and seed yield in both soybeans
and rice. When elevated CO, and elevated O; were
combined, the decrease attributed to O3 was smaller
than in elevated O at ambient CO,. These results con-
firm that elevated CO, provides some protection to a
crop against the damaging effects of O3 on photosyn-
thetic activity (Ainsworth and Rogers 2007).

Wahid (2006) observed a significant reduction in
photosynthetic rate (20-22 %) in three wheat cultivars
under higher ozone concentration. Cao et al. (2009) also
observed a significant decrease of photosynthetic rate in
wheat cultivars under O; treatment. Ariyaphanphitak et
al. (2005) reported that decline of photosynthesis was a

result of the direct effect of O3 on stomata and also due
to the oxygen radicals generated by O; altered the
photosynthetic electron transport and enzymatic activi-
ties. Vandermeiren et al. (2005) reported a significant
increase (40 %) in photosynthetic rate under elevated
CO, concentration and 16 % reduction under elevated
05 in potato plant.

Impact of different treatments on yield attributes

The seed yield parameters were recorded after final
harvest of the plant. The plants under EO treatment
took significantly more time to attain 50 % flowering
(4 more days) and for siliqua formation (5 more days)
as compared to others treatments. The crop matured 7
to 8 days earlier under EO treatment as compared to
NF and CF treatments. The seed yield of Indian mus-
tard was significantly affected by the different treat-
ments (Table 2). The CF, NF+CO,, EO, and EO+CO,
treatments were significantly different from NF in
both the years. The highest number of seeds per sili-
qua was obtained in CF followed by NF+CO,, NF,
EO+CO,, and EO; however, there were significant
differences only among CF and EO over the NF treat-
ment. Among all the treatments, the number of siliqua
per plant was the lowest under the EO treatment. It
decreased by 8 % under EO as compared to NF and
increased by 4 % in EO+CO, treatment over EO
alone. In a meta-analysis of 128 studies, Leisner and
Ainsworth (2012) observed that elevated O; had a
negative effect on most reproductive yield parameters
when compared to plants grown in charcoal-filtered
air. Relative to ambient air, fumigation with O;

Table 2 Effect of different ozone and carbon dioxide treatments on yield of Indian mustard

Treatment 2009-10 2010-11
No. of siliqua 1,000-seed Seed yield (gm?)  No. of siliqua 1,000-seed Seed yield (gm %)
per plant weight (g) per plant weight (g)
Nonfiltered air 250 4.76 188.75 262 4.88 192.63
Charcoal-filtered air 267 4.85 218.79 276 4.99 229.49
Elevated ozone 232 4.63 139.39 246 4.74 148.82
Elevated ozone+CO, 240 4.69 157.67 252 4.79 168.10
Nonfiltered+CO, 261 4.81 209.71 269 4.93 216.34
Ambient air 248 4.75 187.27 259 4.86 191.47
SEM 1.83 0.013 4.54 2.22 0.023 6.89
CD (P=0.05) 5.69 0.04 14.15 6.93 0.073 21.49
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between 70 and 100 ppb decreased yield by 27 % and
individual seed weight by 18 %. The number of siliqua
per plant increased by 7 % in charcoal-filtered treat-
ment as compared to nonfiltered control. Singh et al.
(2010) observed a 19.4 and 29.5 %, increase in num-
ber of seeds per plant and per pod, respectively, in B.
campesteris L. var. Kranti under CF air as compared to
ambient O3 levels of 42 to 54 ppb. The presence of
higher ozone levels also affected the 1,000-seed
weight, which was the lowest in EO treatment and
the highest in CF air.

The presence of CO, in the NF+CO, treatment
increased the number of siliqua per plant by 4.4 %
over the NF treatment. A significant decrease in
1,000-seed weight was observed under EO as com-
pared to NF. Similar decrease in 1,000-seed weight
was observed by Vandermeiren et al. (2012) in B.
napus L. Significant increase in 1,000-seed weight
was observed due to elevated CO, in both EO+CO,
and NF+CO, over EO and NF alone, respectively. No
significant difference was observed in the ambient air
control (AC) and NF treatments with respect to any of
these parameters.

Seed yield of mustard was significantly affected by
elevated ozone concentration in both years. Minimum
seed yield was observed in EO (139.39 and 148.82 g
m ?) treatment followed by EO+ CO, (157.67 and
168.10 gm ?) in 2009-10 and 201011, respectively.
There was a 22.7 to 26.2 % decrease in seed yield of
EO treatment over the NF. Black et al. (2007) ob-
served that O; exposure reduced the yield of B. cam-
pesteris cv. Wisconsin Fast Plants after 10-day
exposure of 70 ppb O; by reducing bud formation
and flowering. Wang et al. (2008) observed a reduc-
tion in yield of B. napus cv. Hoyou 19 due to reduction
in siliqua number. Seed yield was negatively correlat-
ed with ozone dose in B. napus cv. Ability (De Bock et
al. 2011). Maximum seed yield in our experiment was
observed in CF (218.79 and 229.49 gm 2) followed
by NF+CO, (209.71 and 216.34 gm ?) in 2009-10
and 2010-11, respectively, which had the highest
number of siliqua per plant. Elevated CO, (ambient+
173 umolmol ") increased yield parameters by 7 to
17 % in peanut (Arachis hypogaea L.) grown in CF air
and restored yield in NF air and elevated O; treatments
to control levels. Bhatia et al. (2011) observed the
presence of higher ozone led to 11 to 12 % decrease
in rice yield and charcoal filtration of air increased rice
yield by 17 to 22 %. According to Leisner and

Ainsworth (2012), ambient O; significantly decreased
seed number by (16 %), as compared to charcoal-
filtered air. Chronic exposure to O3 leads to reduced
biomass production and reproductive output in crops.
Ozone-induced yield losses have often been attributed
to reductions in photosynthetic activity and assimilate
supply to support reproductive development and seed
growth (Feng et al. 2010). In our study, elevated ozone
levels averaging 58 ppb led to a 26 % decrease in seed
yield of mustard as compared to nonfiltered control,
whereas a 15 % increase in seed yield was observed in
CF treatment as compared to NF. Singh et al. (2012)
observed that pod weight per plant and number of
seeds per pod decreased by 6.1 and 30.6 %, respec-
tively, in B. campesteris L. var Aashirwad in NF air as
compared to CF leading to a decline in seed yield and
its nutritional quality. In other crops, too similar reduc-
tions in yields have been observed under elevated
levels of ozone in ambient air. Reductions in grain
yields ranging from 5-42 % (Wahid 2006; Feng et
al. 2010; Zhu et al. 2011; Avnery et al. 2011) have
been observed due to higher ozone concentrations in
rice and wheat cereal crops grown in open top cham-
ber and fully open air O;-enriched conditions.

The average concentrations of ozone in ambient air
were higher during the cropping period in 2010-11 as
compared to 2009-10. In 2009-10, the O; concentra-
tions were higher during the vegetative phase of the
crop, whereas higher concentrations were observed
during the reproductive phase of the crop in 2010—
11. Ambient ozone averaging more than 45 ppb was
observed during the month of February 2011. The
seed yields were marginally higher during the second
year as compared to first year of the study. Thus,
higher ozone levels during the vegetative phase of
the crop in 2009 might have affected the carbon as-
similation (Leisner and Ainsworth 2012), leading to a
lower seed yields under elevated ozone levels in the
first year of the study. De Bock et al. (2011) also
observed highest correlation between the reduction
of oilseed rape yield and ozone uptake during the
vegetative growth stage. There was an increase in all
the yield parameters under EO+CO, treatment as
compared to elevated ozone treatment. In EO+CO,
treatment, seed yield increased by 13 % over EO
alone. There was an increase in the photosynthetic
activity under EO+CO, treatment which led to an
increase in photosynthates. The protective effect of
CO, was due to increased photosynthetic rate, dry
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matter production, and more allocation of carbohy-
drate to the seed. The presence of elevated CO, along
with EO thus countered the negative effect of O; to a
certain extent, thereby increasing the yield and yield
parameters. Piikki et al. (2008) also observed an in-
crease in grain yield due to increasing grain number
per unit ground area due to the presence of elevated
CO, along with elevated O3 in an open top chamber
experiments study, conducted in three European
countries with four cultivars of wheat. The yield of
wheat, rice, and soybean decreased under elevated
ozone and increased under elevated CO, (Ainsworth
et al. 2008; Feng et al. 2008; Long et al. 2006).

The biological yield (seed+straw) was significantly
impacted under different ozone concentrations, but no
significant difference was observed between the am-
bient air control (AC) and NF treatments. It was the
highest in CF treatment (864 and 873 gm 2) in 2009—
10 and 201011, respectively, and increased by 12—
13.5 % in CF over NF. In CF treatment, there was
appreciable improvement in vegetative growth as was
evidenced by significantly taller plants and more num-
ber of branches which ultimately resulted in higher dry
matter production. Higher production due to favorable
condition at the different growth stages increased the
photosynthetic assimilation resulting in enhanced bio-
logical yield. In EO treatment, biological yield was the
lowest (620 and 654 gm %) and decreased by 15.1—
19.2 % over the NF control treatment. The biological
yield in EO+CO, treatment increased by 8.17-11.4 %
over the EO alone treatment. Piikki et al. (2008) ob-
served that elevated Oz decreased biological yield by
decreasing grain and straw yield, while elevated CO,
increased both the parameters. There was a 9 % in-
crease in biological yield in NF+CO, over the NF air.
This protective effect of CO, was due to increased
photosynthetic rate, dry matter production, and more
allocation of carbohydrate to the grain (Pleijel and
Uddling 2011). Bhatia et al. (2011) observed highest

biological yield under charcoal filtration and lowest
under EO concentrations in rice. As HI is dependent
on grain yield and biological yield, it was the lowest in
EO and highest in CF air. It was the highest in CF
treatment (25.33 and 26.36) and lowest in EO (22.49
and 22.79) in both the years. There was 9 % decrease
in harvest index in EO over NF (24.59 and 25.01), and
the presence of elevated CO, increased the HI to 22.81
and 22.78 (EO+CO,) and to 25.18 and 25.83 (NF+
CO,) in 2009 and 2010, respectively. Kharel and
Amgain (2010) reported that ambient ozone (29.3 to
39.1 ppb) reduced harvest index (6.25 %) in mung
bean over ethylenediurea (ozone protectant) treated
plants at Rampur in Nepal.

Impact of different treatments on oil content
of mustard seed

The oil contents in seeds of B. juncea were influenced
by O; and CO, levels and are presented in (Table 3).
In addition to reductions in seed yield, our study
indicated that there was economically important im-
pact of elevated O; on nutritional quality of mustard.
The oil content ranged from 31.98 to 43.01 % in
2009-10 and 33.19 to 44.40 % in 2010—11 in different
treatments in mustard seed. During both the years,
highest oil content was observed in CF treatment,
whereas it decreased under EO. The sub-ambient
ozone levels in CF air significantly increased oil con-
tent, in both years. There was 8.7-9 % increase in seed
oil content in CF over the NF control in both years.
We observed minimum oil content in EO (31.98
and 33.19 %) treatment followed by EO+CO, (35.39
and 37.33 %) in 2009—-10 and 2010-11, respectively.
There was 18-20 % decrease in oil content under EO
over the NF control. Enhanced senescence and lower
uptake of nutrients may have led to a reduction in oil
content in EO treatment. Oil content decreased by 5 to
6 % under elevated Oz in B. napus (Kollner and

Table 3 Effect of different ozone and carbon dioxide treatments on oil and protein content of Indian mustard seed

Year Treatments Nonfiltered Charcoal  Elevated Elevated Nonfiltered Ambient SEM CD (P=0.05)
air filtered air ozone ozone+CO, air+CO,
2009-10 Oil content (%) 39.45 43.01 31.98 35.39 42.15 39.93 0.85 2.64
Protein content (%) 22.50 25.52 20.70 18.62 21.25 22.02 0.64 2.00
2010-11 Oil content (%) 40.82 44.40 33.19 37.33 43.43 40.12 0.81 2.53
Protein content (%) 23.53 27.07 21.80 20.53 22.18 23.06 0.79 2.48
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Krause 2003). De Bock et al. (2011) observed a 30 %
decrease in oil content of B. napus L. upon exposure
to ambient+40 ppb Oj; for the entire growing season.
In peanut, elevated Oz (1.5 times ambient O3) de-
creased oil concentrations by about 10 % as compared
to the nonfiltered air in open top chambers (Burkey et
al. 2007).

In EO+CO, treatment, oil content increased by 10—
12 % over EO alone, but it was 8.5-10 % lower than NF
control. These results confirm that elevated CO, was
able to counter the negative effect of EO on oil content
to a certain extent. The presence of elevated CO, in NF
+CO, treatment increased the oil content by 6 % over
the NF alone. Under elevated CO,, more oil content was
probably due to more accumulation of carbohydrate in
the seed (Uprety et al. 2010). However, carbohydrate
requirement for the conversion to oil was greater as
compared to that for protein. Heagle et al. (1998) also
observed a positive, significant effect of CO, enrich-
ment on soybean seed oil content, and seeds exposed to
elevated ozone (1.5 times ambient O3) concentrations
showed decline in oil content with lowering in the oleic
acid content of the seed. Elevated CO, affected the oil
content in Brassica species due to greater acetyl CoA
enzyme activity (Uprety et al. 2010). Acetyl CoA is an
important enzyme for fatty acid biosynthesis (De Bock
etal. 2011). In our study, the oil content increased under
elevated CO,, probably due to larger accumulation of
carbohydrates.

Impact of different treatments on protein content
of mustard seed

The protein content ranged from 18.62 to 25.52 % in
2009-10 and 20.53 to 27.07 % in 201011 (Table 3) in
mustard seed. We observed minimum protein content in
EO+CO, treatment (18.62 and 20.53 %) followed by
EO (20.70 and 21.80 %) in 2009-10 and 2010-11,
respectively. In EO treatment, protein content decreased
by 7-8 % over the NF control. Elevated ozone causes
advanced senescence in leaves, and accelerated catalysis
leads to the rapid loss of protein (Grandjean and Fuhrer
1989). Our results however differ from Vandermeiren et
al. (2012) who reported a significant increase in protein
concentration of B. napus cv. Ability seeds in response
to elevated O3 levels of 20 and 40 ppb during the entire
growing season. Agrawal et al. (2000) also observed
significant reduction in protein content in seeds of mung
bean plants exposed to high O; concentration due to

lesser translocation of assimilates to the growing seed.
There was 13 to 15 % increase in seed protein content in
CF over the NF control in our study. In CF treatment,
favorable growth conditions led to a higher uptake of
nitrogen, which was utilized for carbon assimilation,
and at the stage of seed filling, this nitrogen was redis-
tributed to seed (Pleijel et al. 1999), thereby increasing
the protein content.

Protein content decreased by 5.5 % in NF+CO,
treatment as compared to NF alone. The presence of
elevated CO, along with EO further decreased the
protein content of seed. There was 12—17 % decrease
in protein content in EO+CO, treatment over the NF
control. Reduction in plant nitrogen under elevated
CO, was probably due to increase in concentration
of carbohydrates and changes in distribution of protein
or other nitrogen-containing compounds due to higher
photosynthetic rates and probably caused by a dilution
effect induced by great increment of carbohydrate in
seed (Uprety et al. 2010; Pleijel and Uddling 2011).
Uptake of nitrogen may also be reduced at high CO,
due to lower transpiration rates, resulting in lower
percentage of protein under elevated CO,. Leaf nitro-
gen concentrations in plant tissues typically decrease
under elevated CO,, with nitrogen per unit leaf mass
decreasing on average by 13 % (Ainsworth and Long
2005) due to dilution of nitrogen from increased car-
bohydrate concentrations.

Impact of different treatments on macro-
and micronutrients in mustard seed

Seed of Indian mustard (B. juncea) is known to con-
tain 2.6-5.2 mgg ' calcium, 2.9-3.7 mgg ' magne-
sium, 3.5-5.5 mgg ' sulfur, 48-60 mgkg ' zinc, and
79-99 mgkg ' iron. The macro- and micronutrient
content of mustard seed was significantly affected by
the different ozone and carbon dioxide treatments.
There was reduction in the calcium (Ca), zinc (Zn),
iron (Fe), magnesium (Mg), and sulfur (S) content
under EO treatment (Table 4). However, the presence
of elevated CO, led to a further decline in the nutri-
tional quality of the mustard seed.

We observed minimum Ca content in EO+CO,
treatment (2.9 and 3.1 mgg ') followed by EO treat-
ment (3.2 and 3.4 mgg ). In EO treatment, Ca content
decreased by 16-21 % over the NF control. High
ozone has been shown to affect the rate and duration
of photosynthesis and the translocation of assimilates
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Table 4 Effect of different

ozone and carbon dioxide treat- Treatments Ca Mg S Zn Fe

ments on macronutrient (milli-

grams per gram) and 2009-10

micronutrient content (milli- Nonfiltered air 4.1 3.3 4.4 47.9 84.6

grams per kilogram) of Indian Charcoal-filtered air 47 37 49 542 97

mustard seed
Elevated ozone 32 3.0 4.1 41.4 77.6
Elevated ozone+CO, 2.9 2.6 3.7 37.7 68.5
Nonfiltered+CO, 3.6 3.1 4.1 422 78.1
Ambient 4.0 34 43 46.8 85.4
SEM 0.11 0.1 0.13 1.96 1.05
CD (P=0.05) 0.33 0.31 0.4 6.10 3.29
2010-11
Nonfiltered air 4.1 3.5 4.7 49.6 86.4
Charcoal-filtered air 4.8 4.0 53 55.1 98.8
Elevated ozone 34 3.1 4.2 43.8 79.5
Elevated ozone+CO, 3.1 2.9 39 40.1 71.7
Nonfiltered+CO, 39 32 43 45.8 80.5
Ambient 4.2 3.4 4.7 49.3 86.1
SEM 0.09 0.14 0.09 1.57 1.06
CD (P=0.05) 0.28 0.45 0.27 4.90 3.28

from the source to the sink; ozone exposure probably
caused a reduced assimilate supply to the growing
seed and thus reduced the nutrient levels in seed
(Agrawal et al. 2006). There was 24-28 % decrease
in Ca content of EO+CO, treatment over the NF
control. CO, enrichment caused alterations in the con-
centrations of macro- and microelements decreasing
N, P, K, Ca, Zn, Fe, Mg, and S in mature grains
(Uprety et al. 2010) probably due to the dilution effect,
induced by increased concentration of carbohydrates
in the seed. In NF+CO, treatment, Ca content de-
creased by 12 % over the NF alone.

Similar results were obtained for Zn, Fe, Mg, and S
under the different treatments of the experiment in
both the years. Significantly higher Zn concentration
in seed, viz., 54.2 and 55.1 mgkg ', was observed
under CF treatment (Table 4) in 2009 and 2010, re-
spectively. There was 11 to 13 % increase in Zn
content in CF over the NF control in both the years.
In EO treatment, Zn content decreased by 11.5-13.5 %
over the NF control. There was 19-21 % decrease in
Zn content under EO+COQO, treatment over the NF
control. The filtration of air (CF) significantly in-
creased the Fe content of mustard seed. There was
13 to 14.5 % increase in seed Fe content in CF over
the NF control. In EO treatment, Fe content decreased
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by 8 % over the NF control. There was 17-19 %
decrease in Fe content under EO+CO, treatment over
the NF control in both seasons. Fe content decreased
by 7 % in NF+CO, treatment as compared to NF
alone. There was 13 % increase in seed Mg content
in CF over the NF control. Maximum S content in
seed was observed in the CF treatment. We observed
minimum S content in EO+CO, treatment (3.7 and
3.9 mgg ") followed by EO (4.1 and 4.2 mgg ') in
2009-10 and 2010-11, respectively. There was 15—
17 % decrease in S content under EO+CO, treatment
over the NF control in both years. Most of the
nutrients in seed originate from redistribution from
vegetative pools during seed filling. Piikki et al.
(2008) observed reduction in macroelements (Ca,
Mg, and S) and microelements (Fe and Zn) under
elevated CO, and ozone. High ozone concentration
in the atmosphere reduced the carbohydrate formation
and uptake of important minerals, e.g., nitrogen, phos-
phorus, potassium, and sulfur (Karberg et al. 2005),
which led to a decrease in the green leaf area and net
CO, assimilation resulting in a lower production of
carbohydrates and reduced source strength. Uprety et
al. (2010) observed that elevated CO, significantly
decrease the concentration of macro- and microele-
ments in grain of wheat and rice. Hogy and
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Fangmeier (2008) observed that elevated CO, signif-
icantly reduced the concentration of macroelements
ranging from 7-19.5 % and microelements, and Fe
and Zn by 18.3 and 13.1 %, respectively, in wheat
grains due to the dilution effect, induced by increased
concentration of carbohydrates in grains.

Conclusions

Comparison of responses of mustard plants grown in
environments with filtered and nonfiltered air showed
that the current ambient levels of ozone may be sig-
nificantly affecting the oil content and nutritional qual-
ity of Indian mustard. The present study clearly
suggests that elevated O; levels (ambient+25-30 ppb
;) are potentially capable of significantly decreasing
the seed yield of mustard and also cause a decline in
its oil and protein content. Reduction in the protein,
calcium, zinc, iron, magnesium, and sulfur content
under elevated ozone indeed may degrade the nutri-
tional quality of mustard seed. The presence of elevat-
ed levels of CO, may, however, overcome some of the
yield losses (up to 12 %) due to elevated ozone, but a
reduction in protein and micro- and macronutrient
content of mustard suggest a greater threat to quality
maintenance which cannot even be countered by the
presence of elevated CO, in the atmosphere.
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