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Abstract 
 

Tomato meets the dietary nutrient and antioxidant requirements of diverse populations. Being a C3 crop and an important 
vegetable, it is likely to be influenced by increased CO2 concentrations under climate change situation. This study was 
conducted to investigate the effects of elevated CO2 on overall physiology, water relations, growth, yield, and fruit 
quality of tomato (Lycopersicon esculentum Mill) cv. Arka Ashish. Plants were grown at elevated CO2 [550 (EC550) and 
700 (EC700) ppm of CO2] in open top chambers. Increased assimilation rate, decreased stomatal conductance and 
transpiration rate were observed at elevated CO2 (EC) concentrations. Reduced leaf osmotic potential and increased 
water potential were observed at EC compared with the control (380 ppm of CO2) in flowering and fruiting stages. 
Lower total chlorophyll content was recorded at EC700. Plant height was significantly higher at EC550 compared with 
EC700. Higher number of branches was observed at EC700 as compared with plants grown at EC550 and the control. Leaf 
area was lower at EC700 compared with EC550 but specific leaf mass was higher at EC700. Due to higher leaf dry mass and 
root dry mass, the plants grown at EC700 exhibited higher total dry mass compared to EC550 and the control. Increased 
number of flowers and fruits together with higher fruit set led to higher fruit yield at both EC concentrations. The highest 
yield increase was observed at EC700. The fruits showed a lower content of phenols, flavonoids, ferric reducing 
antioxidant potential, total soluble solids, and titratable acidity in plants grown at EC as compared with the control. The 
ascorbic acid content was high at both EC700 and EC550. Carotenoids and lycopene content was low at EC700 compared to 
higher content observed at EC550 and the control. 
 
Additional key words: gas exchange; growth characteristics; leaf water status; pigments; yield characteristics. 
 
Introduction 
 

Carbon dioxide released through various human activities 
is the main greenhouse gas causing global warming. Its 
concentration in the atmosphere rose from the pre‐
industrial level of 280 ppm (IPCC 2007) to the present 
level of 395.15 ppm in August 2013 (www.esrl.noaa.gov/ 
gmd/ccgg/trends/). Atmospheric CO2 is expected to reach 
700 ppm by the end of the century according to the 
Intergovernmental Panel on Climate Change (IPCC) 
under emission Scenario A1B (Carter et al. 2007). 
Increasing CO2 concentration in the atmosphere focused 
scientists’ interest on studying the response of crop plants 
to CO2 enrichment. Studies under controlled environment 
have shown that CO2 fertigation enhances photosynthetic 
rate (PN) and the yield in both C3 and C4 crops (Kimball 
et al. 2002, Reddy et al. 2010). It is also observed that the 

increased intercellular CO2 concentration leads to decrease 
in stomatal conductance (gs), increased PN, and water-use 
efficiency (WUE) at EC (Ainsworth and Long 2005, 
Leakey et al. 2009, Zhao et al. 2011, Li et al. 2013). Crop 
water use is a critical issue for crop production and 
increased WUE may represent one of the most significant 
plant responses to EC (Rogers et al. 1994). However, 
screening genotypes for high leaf transpiration (E) 
efficiency at projected, future CO2 concentrations could 
be more efficiently accomplished under the EC 
concentrations (Bunce 2012). The studies suggest that 
many crops, notably C3 crops, may respond positively to 
increase in atmospheric CO2 in the absence of other 
stressful conditions (Long et al. 2004). It is evident that 
the steady increase in atmospheric CO2 influences the 
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overall physiology, growth, and development of crops. 
Tomato (L. esculentum Mill.) is one of the most 

consumed vegetables in the world and is rich in dietary 
nutrients and antioxidants. It is a good source of bioactive 
compounds, including carotenes (lycopene, β-carotene), 
ascorbic acid, and phenolic compounds. High amount of 
ascorbic acid has been reported by many workers 
(Leonardi et al. 2000, Stewart et al. 2000, Kaur et al. 
2013). Being a C3 plant, it has shown positive response to 
a range of EC concentrations. An increase in PN was found 
in cv. Virosa grown under EC from 500 to 2,000 ppm of 
CO2 (Nilsen et al. 1983). Significantly higher PN, reduced 
gs, and increased leaf area was observed in two species, 
‘Vedettos’ (L. esculentum) and LA1028 (L. chmielewskii), 
grown at 900 ppm of CO2 (Yelle et al. 1990). Lower 
E (Behboudian and Lai 1994) and the increased yield 
have been reported (Nilsen et al. 1983, Yelle et al. 1990, 
Reinert et al. 1997). The changes in physiology, pheno‐
logy, growth, and the yield of crops lead to changes in 
quality of the produce. The EC effects on physiology and 
quality of fruits and vegetables have been summarized by 
Moretti et al. (2010). In general, high CO2 has been 
reported to influence the fruit quality by affecting content 

of antioxidants, ascorbic acid, and sugars (Tajiri 1985, 
Islam et al. 1996, Idso et al. 2002, Wang et al. 2003). 
High ascorbic acid and sugar contents in tomato fruits 
were reported by Islam et al. (1996), when EC was used 
at different maturity stages. However, some of the studies 
reported that enhancements in antioxidant substance 
contents were very low in tomato under high CO2 

concentrations (Barbale 1970, Madsen 1971, 1975; 
Kimball and Michell 1981). As higher intake of 
flavonoids, ascorbic acid, and carotenoids have been 
reported to reduce the risks of many degenerative 
diseases (Agarwal and Rao 2000), it is pertinent to 
quantify the effect of EC concentrations on tomato fruit 
quality. Keeping in mind the overall effect of EC on 
physiology, growth, productivity, and quality of tomato, 
the present study was conducted primarily to quantify 
how EC at two different concentrations affects the gas-
exchange characteristics, photosynthetic pigments, leaf 
water status, growth, dry mass, and the yield. As 
a secondary effect, the changes in fruit quality under two 
EC concentrations were also studied in fruits of tomato, 
cv. Arka Ashish.  

 
Materials and methods 
 
Experimental conditions and plant material: The study 
was conducted in open top chambers (OTCs) from mid-
August to the end of December 2011 at the Indian Institute 
of Horticultural Research, Bangalore, India. Thirty-day-
old seedlings were transplanted at a spacing of 50 cm 
between plants in four OTCs having a dimension of 
 3 × 3 × 2.4 m covered with polyvinylchloride sheet of 
150 µm thickness with 95% light transmission. Five rows 
with five plants per row were maintained in each OTC. 
Plants were fertilized with a basal dose of 20.6 g of urea, 
116.7 g of single super phosphate, and 11.1 g of KCl per 
square meter area. Another dose of top dressing urea 
(20.6 g) was applied 15 d after transplanting the 
seedlings. Mild irrigation was given once in three days 
through hose pipe. Two OTCs were maintained under 
ambient CO2 of 380 ppm (control), one with EC of 
550 ppm (EC550), and another one with EC of 700 ppm 
(EC700). The observations and samples were taken from 
one OTC maintained with each CO2 concentrations. Pure 
CO2 gas was diluted to 550 ppm and 700 ppm by mixing 
it with air before injecting it into the OTC. CO2 
concentrations within the OTCs were continuously 
monitored with LAMBDA T infrared CO2 gas monitors 
(ADC Bioscientific Ltd., UK) through the inlet from 
OTC, which sampled air at a crop-canopy height. If the 
CO2 concentrations inside the OTC dropped below the set 
concentration, solenoid valve opened to supply CO2 from 
a gas cylinder and remained open until the set 
concentration was attained. As soon as CO2 concentration 
crossed the set concentration, the valve closed. Thus, the 
desired CO2 concentrations were maintained inside the 

OTC. EC mean concentrations of 550 ± 60 and 700 ± 70 
ppm were monitored daily for seven hours from 09:00 to 
16:00 h. Inside the OTCs, following parameters were 
observed during the experimental period: the mean 
maximum temperature of 27.3 ± 1.5°C, the mean minimum 
temperature of 17.4 ± 2.89°C, maximum relative humidity 
(RH) of 82.6 ± 6.5% (07:30 h), and minimum RH of 
56.1 ± 7.7% (13:30 h).  
 
Growth: Plant growth parameters were recorded in five 
plants from each CO2 concentration. At peak flowering 
stage, plant height, number of branches, and leaf number 
were recorded. Leaf area was recorded using portable leaf 
area meter (LI-3000C, LI-COR, USA) and expressed in 

cm2 per plant. Leaf (LDM), stem (SDM), root (RDM), 
and total dry mass (TDM) were recorded after drying the 
plant parts at 70°C for 60 h in an oven till constant dry 
mass was obtained. The specific leaf mass (SLM) was 
calculated as the ratio of leaf dry mass to leaf area 
(Radford 1967). 
 
Gas-exchange parameters were recorded from the 
uppermost, fully expanded leaf from 09:30 to 11:30 h 
using a portable photosynthesis system (LI-6400 XT, LI-
COR, USA) at fruiting stage (40 d after CO2 treatments). 
A total of five measurements were taken from five plants 
of each treatment. Cuvette temperature, light intensity, 
and RH were set to mean atmospheric conditions, i.e., 
32°C; 1,200 µmol(photon) m–2 s–1, and 60%, respectively. 
Leaf was held in the chamber for 3 min to obtain stable 
readings. While recording gas-exchange characteristics, 
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the CO2 concentrations in the leaf chamber were 
maintained at 700, 550, and 380 ppm in respective 
treatments. PN, gs, and E were calculated by the software 
operating in LI-6400 XT, using the von Caemmerer and 
Farquhar (1981) equations. PN, gs, and E were expressed 
as µmol(CO2) m–2 s–1, mol(H2O) m–2 s–1, and mmol(H2O) 
m–2 s–1, respectively. 
 
Water and osmotic potential: Water potential (Ψw) and 
osmotic potential (Ψs) were recorded at both flowering 
and fruiting stages. Ψw was recorded from five fully 
expanded leaves from each treatment using a pressure 
chamber (ARIMAD-3000, MRC, Israel). Leaf Ψs was also 
measured from five fully expanded leaves using a vapour 
pressure osmometer (VAPro, WESCOR, USA). Ψs was 
measured after squeezing leaf cell sap manually onto 
filter paper and placing it in the osmometer sample 
chamber. 
 
Chlorophyll (Chl) pigments: Chl was extracted from 
five fully expanded leaves in each treatment at flowering 
stage using dimethyl sulfoxide (DMSO) (Shoaf and Lium 
1976). Fresh leaf tissue of 100 mg was cut into small 
pieces and incubated in 7.0 ml of DMSO at 65°C for 
30 min. At the end of the incubation period, extract was 
taken and the volume was made up to 10 ml with DMSO. 
Absorbance of the extract was read at 645, 652, and 
663 nm using DMSO as blank in spectrophotometer, 
(UV-VIS, Systronics Ltd., India.). Quantitative determi-
nations were carried out as described by Mackinney 
(1941). The Chl content was expressed on leaf fresh mass 
(FM) in [mg g–1(FM)]. 
 
Yield characteristics: Number of flowers per plant was 
recorded from five plants in each treatment at regular 
intervals starting from onset of flowering. In the same 
plants, the total fruit mass (g) per plant and number of 
fruits per plant were quantified by pooling the number of 
fruits and fruit mass harvested at regular intervals. 
 
Quality parameters: Five ripened fruits were picked 
randomly from each treatment to determine the following 
quality parameters.  
 
Total soluble solids (TSS) values were obtained by 
placing on prism a droplet of tomato juice squeezed from 
five ripened fruits, picked randomly from each treatment, 
using a digital refractometer (DG-NXT, ARKO India Ltd., 
India). The results were reported as °Brix. 
 
Titratable acidity: Titratable acidity was determined as 
per AOAC method (942.15) (AOAC 2000). Tomatoes 
were homogenized in a blender to a fine puree. Tomato 
puree of 10 g was mixed with distilled water, squeezed 
through a muslin cloth, and volume was made up to 
50 ml. A known volume of the filtrate (10 ml) was 
titrated with 0.01N NaOH using phenolphthalein as 

indicator. Acidity was calculated as percentage of citric 
acid equivalents using citric acid standard curve.  
 
Ascorbic acid content: Ascorbic acid content was deter‐
mined by 2,6-dichlorophenol indophenol (DCPIP) AOAC 
method (967.21) (AOAC 2006). Ten grams of tomato 
puree were mixed thoroughly with 4% oxalic acid 
solution, squeezed through a muslin cloth, and the 
volume was made up to 50 ml. Ascorbic acid content was 
estimated by titrating a known quantity of the extract 
against DCPIP. Ascorbic acid content was calculated as 
mg of ascorbic acid equivalents per 100 g of fruit fresh 
mass (FFM) using a standard curve of L-ascorbic acid. 
 
Total phenols: The content of fruit total phenols was 
extracted with 80% methanol and estimated following the 
Folin-Ciocalteu (FC) method (Singleton and Rossi 1965). 
Methanol extract was mixed with FC reagent and the 
colour was developed with 20% sodium carbonate 
reagent. The developed colour intensity was read at 700 nm 
using a spectrophotometer (T80 + UV/VIS, PG Instru-
ments Ltd., UK). Content was expressed as mg of gallic 
acid equivalents per 100 g of FFM.  
 
Total flavonoids: Total flavonoids content was estimated 
according to Chun et al. (2003). Flavonoids content in the 
80% methanol extract was estimated using 5% NaNO2 

and 10% AlCl3. The absorbance of the pink mixture was 
read at 510 nm using a spectrophotometer (T80 + 
UV/VIS) and expressed as mg of catechin equivalents per 
100 g of FFM. 
 
Antioxidant capacity: It was determined as ferric reducing 
antioxidant potential (FRAP), using a modified method of 
Benzie and Strain (1996). Methanol extract (0.2 ml) was 
mixed with 1.8 ml of FRAP reagent. FRAP reagent was 
prepared by mixing 300 mM acetate buffer, pH 3.6, 
10 mM 2,4,6-tripyridyl-s-triazine in 40 mM HCl, and 
20 mM FeCl3 in a 10:1:1 ratio. The intensity of the 
developed blue colour was measured at 593 nm using a 
spectrophotometer (T80 + UV/VIS). Antioxidant capacity 

was expressed as mg of ascorbic acid equivalents 
antioxidant capacity (AEAC) per 100 g of FFM. 
 
Total carotenoids and lycopene content: Five grams of 
tomato sample was repeatedly extracted under low light 
conditions with acetone till the residue turned white. In 
a separating funnel, the acetone extract, 15 ml of hexane, 
and 100 ml of distilled water was added. The mixture was 
shaken well and allowed to stand for few minutes until 
two clear phases were formed. The upper hexane phase 
with carotenoids (Car) was collected and the lower 
aqueous phase was re-extracted with additional hexane, 
until the aqueous phase was colourless. Hexane fraction 
was dried using anhydrous Na2SO4 to remove the 
moisture. The volume was made up to 25 ml with hexane 
and absorbance was read at 470 nm for total Car and at 
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503 nm for lycopene using spectrophotometer (T80 + 
UV/VIS). Total Car and lycopene content were calculated 
using β-carotene and lycopene as standards. The values 

were expressed as mg per 100 g of FFM (Lichtenthaler 
1987).  
 
Statistical analysis: The data were analysed using one-

way factorial analysis of variance (ANOVA) to test the 
significance of treatment. Computations were made with 
ANOVA Package for Researcher’s, version 7.01, 1994, 
Pascal Intl Software Solutions. The level of significance 
used in t-test was p=0.05. When F-test was significant, 
critical difference values were calculated at 5% proba‐
bility level.  

 
Results 
 
Growth characteristics: Significant differences in plant 
height, number of branches, leaf number, and leaf area 
were observed in response to EC at the peak of the 
flowering stage. Plants grown at EC550 recorded signifi-
cantly higher plant height (115.0 cm), which was 40.7 and 
24.6% higher than those grown at EC700 (81.8 cm) and 
the control (92.3 cm), respectively (Table 1). The EC had 

a significant positive influence on number of branches and 
leaves per plant. Plants grown at EC700 showed higher 
number of branches (17.3) and leaves (88.3) compared 
with the plants grown at EC550 and the control (Table 1).  

Leaf area per plant was the highest at EC550, where it 
was 64.4 and 44.4% higher than in the control and EC700, 
respectively (Table 1). However, LDM was significantly 
higher in the plants grown at EC700; it was 13.6 and 
31.2% higher than in the plants grown at EC550 and 
control, respectively (Fig. 1A). Significantly higher SDM 
was observed in the plants grown at EC550 as compared 
with the EC700 and the control plants (Fig. 1B). The 
higher LDM and RDM contributed to higher TDM in the 
plants grown at EC700. (Fig. 1D). TDM in the plants 
grown at EC700 was 5.6 and 34.3% higher than in the 
plants grown at EC550 and the control plants, respectively.  
 
Gas exchange: EC caused significant increase of PN in 
tomato plants. The plants grown at EC700 recorded sig-
nificantly higher PN, which was 33.6 and 68.2% higher 
than that at EC550 and the control treatments, respectively 
(Fig. 2A). The gs and E were lower at EC compared with 
the control plants (Fig. 2B,C). E decreased by 24.2 and  

17.7% in the plants grown at EC700 and EC550, respectively. 
 

Chl pigments: During flowering, the plants grown at EC700 

showed a lower Chl content compared with EC550 and the 

control plants. Total Chl at EC700 was 15 and 14.5% lower 

in comparison with the control and EC550 treatments, 
respectively (Fig. 3D). Chl a and b content showed also the 

same trend (Fig. 3A,C). There were no significant differ-
ences in the Chl a/b ratio; it was relatively higher at EC700 

as compared with EC550 and the control plants (Fig. 3B).  
 
Osmotic and water potential: The leaf Ψs decreased 

(more negative) under EC as compared with the control 
(Fig. 4A,B). The decrease was 11.0 and 6.3% at EC700 and 

EC550, respectively, as compared with the control at the 

flowering stage. Similarly, at the fruiting stage, the 

percentage reduction in Ψs was 5.7 and 1.7 at EC700 and 

EC550, respectively, as compared with the control. High 

osmotic adjustment was observed at EC700 (0.68, 0.78), 
followed by EC550 (0.53, 0.66), and the control (0.39, 0.58) 

both at the flowering and fruiting stages, respectively (data 

not shown).  
Significantly higher Ψw (less negative) was recorded at 

EC compared with the control both at the flowering and 

fruiting stages (Fig. 4C,D). During flowering, plants grown 

at EC700 and EC550 showed 32 and 11.9% increase (less 

negative) in Ψw as compared with the control. Similarly, 
the Ψw increase at the fruiting stage was 28.9 and 11.5% at 
EC700 and EC550, respectively, as compared with the 
control.  
 
Yield characteristics: The maximum number of flowers 
and fruits per plant was recorded in plants grown at 

Table 1. Effect of different concentrations of CO2 on plant height (PHT), number of branches (NB), number of leaves (NL), leaf area 
(LA), and specific leaf mass (SLM) of tomato cv. Arka Ashish at peak flowering stage. Means in the column followed by the same 
letter do not differ significantly at p=0.05. CD – critical difference; SEM – standard error of mean (n = 5). * – significant at P<0.05. 
 

CO2 [ppm] PHT [cm] NB [number] NL [number] LA [cm2 plant–1] SLM [mg cm–2] 

700   81.7c 17.3a 88.3a 11,502b 5.32a 
550 115.0a 13.0b 80.8b 16,604a 3.25c 
380 (control)   92.3b   9.5c 67.3c 10,200c 4.62b 

F-test * * * * * 
SEM 0.50 0.29 0.47 1.93 0.04 
CD at 5% 1.50 0.87 1.40 5.80 0.11 
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Fig. 1. Effect of different concentrations of CO2 on leaf dry mass (LDM), stem dry mass (SDM), root dry mass (RDM), and total dry 
mass (TDM) of tomato cv. Arka Ashish at peak flowering stage. Means in the column followed by the same letter do not differ 
significantly at p=0.05. T1 – 700 ppm, T2 – 550 ppm, T3 – 380 ppm (control). The values are means ± SE (n = 5). 
 

EC700, followed by EC550, and the control (Table 2). 
Percentage of fruit set (42.2%) and the fruit yield per 
plant (5.69 kg) was also higher in the plants grown at 
EC700 (Table 2). The plants grown at EC700 showed 46.1 
and 125% increase in the fruit yield as compared with the 
plants grown at EC550 and the control, respectively. The 
plants grown at EC550 showed 54% higher fruit yield as 
compared with the control plants. However, higher 
average fruit mass (51 g) was recorded at EC550. 

Fruit quality: Quality analysis showed that lower 
phenols, flavonoids, FRAP, TSS, and titratable acidity 
values were recorded in the plants grown at the two EC 
concentrations as compared with the control plants 
(Table 3). Ascorbic acid content was 16.1 and 29.0% 
higher at EC700 and EC550, respectively, as compared with 
the control plants. Car and lycopene contents were 9.1 
and 9.3% lower at EC700, but 2.6 and 1.9% higher at 
EC550, respectively, as compared with the control plants.  

 

Discussion 
 

The enhanced PN at EC influences growth and yield in 
both C3 and C4 crops (Kimball et al. 2002, Reddy et al. 
2010). In the present study, we found the increased PN at 
both EC concentrations selected. With increase in CO2 
concentrations, decreased gs and E were observed. A wide 
range of studies proved that EC reduce E due to reduction 
in gs (Tyree and Alexander 1993, Clark et al. 1999, Li et 
al. 2004). In tomato cv. Virosa, significant increase in PN 
and reduction in E at two CO2 concentrations (1,000 ppm 
and 700 ppm) were observed (Behboudian and Lai 1994). 
The reduction in E coupled with increased PN, contributes 
to increase in WUE. A decrease in transpirational water 
loss is achieved under high CO2; it results in improved 
plant water balance due to increased WUE in maize 
(Arena et al. 2011). This could be beneficial effect under 
climate change conditions. Analysis of 370 plant species 
through literature survey has shown a 33% increase in 

yields, 34% reduced E, and high WUE with a doubling of 
atmospheric CO2 concentration (Kimball and Idso 1983). 
The decreased leaf Ψs at EC, both at the flowering and 
fruiting stages, could be due to increased carbohydrate 
and solute accumulation, resulting in high osmotic 
adjustment. The decreased Ψs at EC was reported by 
Sionit et al. (1981) in wheat plants grown under 1,000 ppm 
CO2 under water stress; they recorded lower Ψs values 
with better osmoregulation as compared to the control 
plants. Increased Ψw at EC might be due to stomatal 
control and it is a probable reason for better plant growth 
under EC compared to ambient CO2. A survey of the 
literature indicates that plants grown at EC maintain 
higher Ψw (Wullschleger et al. 2002). 

The lower total Chl content recorded in the present 
study at EC700 is in agreement with lower Chl content in 
Pinus ponderosa seedlings grown at EC (Houpis et al. 
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Fig. 2. Effect of different concentrations of CO2 on net photo-
synthetic rate (PN), stomatal conductance (gs), and transpiration 
rate (E) of tomato cv. Arka Ashish at fruiting stage. Means in 
the column followed by the same letter do not differ signifi-
cantly at p=0.05. T1 – 700 ppm, T2 – 550 ppm, T3 – 380 ppm 
(control). The values are means ± SE (n = 5). 
 

1988). In mungbean (Vigna radiata L. Wilczek), Chl 
content at EC showed a fast decrease from the flowering 
stage onwards (Haque et al. 2005). Total Chl content was 
reduced by 27 and over 55% in yellow poplar and white 
oak seedlings grown at EC, respectively (Wullschlerger 
et al. 1992). The lower leaf Chl content could be due to 
low nitrogen content in leaf (Hocking and Meyer 1991). 
Leaf nitrogen content was significantly reduced in 
gladiolus plants grown at EC of 700 and 900 ppm (Kadam 
et al. 2012). Decreased Chl contents were correlated with 
decreased soluble protein and Rubisco protein in wheat 
flag leaves in response to EC treatment (Sicher and 
Bunce 1997). 

In the present study, the plant height was significantly 
higher at EC550 compared with EC700 and the control 
plants (Table 1). Shwartz (2002) concluded that EC 
actually reduces plant growth when combined with higher 
temperatures, increased precipitation or increased nitro-
gen in the soil. Gladiolus plants grown at 700 ppm 
recorded maximum plant height as compared to plants 
grown at 900 ppm and the control (400 ppm) conditions 
(Kadam et al. 2012). This implies that increased CO2 
increases the plant height up to some extent; beyond that 
the plant height tends to decrease. The CO2 concentration 
up to which the plant height increases may vary with 
crop. The study showed positive influence of EC on the 
number of branches and leaves. The increased number of 
branches and reduction in the plant height in the present 
study are in agreement with Conroy et al. (1990). They 
observed the decreased plant height with a higher branch 
number in Pinus radiata plants grown at EC, which was 
attributed to reduced apical dominance. 

Concomitant to increase in the number of branches, 
leaf area per plant also increased (Table 1). The signifi-
cantly higher leaf area was observed in plants grown at 
EC as compared with the control plants. The leaf area 
was lower at EC700 than at EC550. However, higher SLM 
(thicker leaves) was observed at EC700 compared to 
EC550. In tomato, SLM was always higher in CO2 
enriched plants, suggesting that assimilates were 
preferentially accumulated in the leaves as reserves rather 
than contributing to leaf expansion (Yelle et al. 1990). 
Gladiolus plants grown at 700 and 900 ppm of CO2 

showed significantly higher leaf area as compared with 
the control (400 ppm) plants. Between the treatments, 
leaf area at 700 ppm was higher than at 900 ppm (Kadam 
et al. 2012). Significant increase in leaf thickness was 
observed in three C3 species (soybean, loblolly pine, and 
sweet gum) exposed to constantly monitored CO2 
concentrations of 340, 520, 718, and 910 ppm (Thomas 
and Harvey 1983). Thus, the CO2 concentrations at which 
SLM increases may differ among species and cultivars.  
With higher LDM and RDM, the plants grown at EC700 
had higher TDM compared with EC550 and the control 
(Fig. 1). Tomato seedlings grown at 900 ± 100 ppm of 
CO2 recorded higher SDM, RDM, and TDM as compared 
to seedlings grown at 350 ppm of CO2 (Fierro et al. 
1994). Tomato (L. esculentum L.) cv. Tiny Tim plants 
grown at 675 ppm of CO2 showed increased biomass of 
37, 53, 39, and 41% in leaf, stem, root, and total 
vegetative plant biomass, respectively (Reinert et al. 
1997). Dry mass enhancement at EC results from 
increased PN. The higher PN at EC presumably contributed 
to higher biomass production in mungbean (Chowdhury 
et al. 2005). Increased production of biomass at EC was 
also associated with increased net assimilation rate and 
relative growth rate. (Mbikayi et al.1988). Both higher 
rates were recorded in tomato plants grown at EC (Yelle 
et al.1990).  

The increase in the number of flowers and fruits per 
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Fig. 3. Effect of different concentrations of CO2 on chlorophyll (Chl) a, Chl b, Chl a/b ratio, and total Chl of tomato cv. Arka Ashish 
at flowering stage. Means in the column followed by the same letter do not differ significantly at p=0.05. T1 – 700 ppm, T2 – 
550 ppm, T3 – 380 ppm (control). The values are means ± SE (n = 5). 
 

 
 
Fig. 4. Effect of different concentrations of CO2 on osmotic potential (ψs) and water potential (ψw) of tomato cv. Arka Ashish at the 
flowering (FLS) and fruiting (FRS) stages. Means in the column followed by the same letter do not differ significantly at p=0.05.  
T1 – 700 ppm, T2 – 550 ppm, T3 – 380 ppm (control). The values are means ± SE (n = 5). 
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Table 2. Effect of different concentrations of CO2 on number of flowers per plant (NFLP), number of fruits per plant (NFRP), fruit set 
percentage (FRSP), average fruit mass (AFRM), and total fruit yield (TFY) of tomato cv. Arka Ashish. Means in the column followed 
by the same letter do not differ significantly at p=0.05. CD – critical difference; SEM – standard error of mean (n = 5).  
* – significant at P<0.05. 
 

CO2 [ppm] NFLP [number] NFRP [number] FRSP [%] AFRM [g] TFY [kg plant–1] 

700 227a 95.8a 42.2a 41.7b 5.61a 
550 171b 65.0b 38.1b 51.0a 3.84b 
380 (control) 140c 45.8c 32.8c 41.9b 2.49b 

F-test * * * * * 
SEM 0.31 0.52 0.38 0.60 0.46 
CD at 5% 0.94 1.56 1.13 1.81 1.38 

 
Table 3. Effect of different concentrations of CO2 on phenols, flavonoids, FRAP, ascorbic acid, carotenoids, lycopene (all expressed 
as [mg 100 g–1(FFM)]), TSS, and acidity of tomato cv. Arka Ashish. Means in the column followed by the same letter do not differ 
significantly at p=0.05. CD – critical difference; SEM – standard error of mean (n = 5). * – significant at P<0.05. 
 

CO2 [ppm] Phenols Flavonoids FRAP Ascorbic acid Carotenoids Lycopene TSS [°Brix] Acidity [%] 

700 12.4b 2.30b 14.8b 14.4b 21.1b 13.7b 3.10b 0.32b 
550   8.2c 1.79c 11.9c 16.0a 23.8a 15.4a 3.45a 0.30b 
380 (control) 14.6a 2.48a 15.5a 12.4c 23.2a 15.1a 3.50a 0.44a 

F-test * * * * * * * * 
SEM 0.128 0.018 0.088 0.077 0.328 0.220 0.031 0.011 
CD at 5% 0.383 0.055 0.263 0.232 0.984 0.659 0.094 0.033 

 
plant coupled with higher fruit set percentage resulted in 
the higher fruit yield per plant at both EC700 and EC550 
concentrations (Table 2). However, lower average fruit 
mass at EC700 might be due to the higher number of fruits 
per plant. Peet et al. (1991) suggested that CO2 enrich-
ment increases sink strength more than source strength in 
tomatoes, and during the fruit development more carbo-
hydrates may be partitioned to the fruits, leading to 
higher yields. Similarly, Yelle et al. (1990) recorded 80 
and 21.5% increase in the early (first three weeks of 
harvest) and total yields, respectively, in tomato cv. 
Vedettos. Reinert et al. (1997) recorded 22–41% increase 
of the cumulative tomato yield at increasing CO2 concen-
trations from 450–675 ppm. Islam et al. (2006) observed 
significantly larger fruits in tomato cvs. Momotaro, Lady 
first, and Minicarol grown at EC (850 ± 50 ppm) 
compared to ambient (350 ± 50 ppm) CO2 concentration. 
Thus, EC under climate change conditions could lead to 
the higher yields in tomato.  

Antioxidant compounds of fruits and vegetables have 
been widely studied and reported as a protection against 
many diseases, such as cancer, coronary heart disease, 
cataract, and arthritis (Shivashankara and Acharya 2010). 
Fruits grown under high CO2 concentration showed 
higher radical scavenging ability (Shivashankara et al. 
2013). The analysis of antioxidant parameters in our 
study showed the lower content of phenols, flavonoids, 
FRAP, TSS, and titratable acidity in plants grown at the 
two EC concentrations as compared with the control 
plants (Table 3). Decreased phenols and antioxidants 
activity at EC might be due to lower stress experienced 

by the plants grown at EC as observed by the higher Ψw 

(Fig. 4C,D) of these plants. This is in agreement with the 
earlier reports where higher stress levels have been 
reported to increase the phenol content (Estiarte et al. 
1994, Petridis et al. 2012). 

The ascorbic acid content was high at both EC700 and 
EC550 as compared to the control plants (Table 3). High 
ascorbic acid and sugar contents were recorded in tomato 
fruits by Islam et al. (1996) at EC and at different 
maturity degrees. The ascorbic acid content of sour 
orange (Citrus aurantium L.) was found to increase by 
7% when trees were grown at 400 to 700 ppm of CO2 in 
OTCs (Idso et al. 2002) and in strawberry under field 
conditions (Wang et al. 2003). Rao et al. (1995) observed 
that atmospheric CO2 enrichment increases NADPH 
content and leads to the maintenance of higher activities 
of antioxidant enzymes, such as glutathione reductase. 
Consumption of ascorbic acid for maintaining the redox 
state of the cell via glutathione pathway is higher under 
stress conditions (Foyer et al. 1994). In our study, the 
plants experienced lower stress under EC conditions; this 
might result in maintenance of the higher ascorbic acid 
content. Car and lycopene content was lower at EC700 and 
high at EC550 and the control plants (Table 3). Signifi-
cantly lower lycopene content was recorded in tomato 

(L. lycopersicum) fruits at 700 ppm of CO2 (Helyes et al. 
2011). Antioxidant contents were very low in tomato 
grown under high CO2 concentrations (Barbale 1970, 
Madsen 1971, 1975; Kimball and Michell 1981).  

The results of the present study suggest that EC 
concentrations had significant positive influence on PN, 
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growth, and the yield characteristics combined with 
decreased gs and E. Fruit quality also improved at EC up 
to 550 ppm with respect to ascorbic acid, Car, and 
 

 lycopene content but decreased at EC700. The antioxidant 
capacity, phenols, and flavonoids were lower at EC550 
compared to EC700. 
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