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Abstract Atmospheric CO, concentration is now higher than it was at any time in the
past 26 million years and is expected to nearly double during this century. This trend is
of concern to agriculture because elevated atmospheric carbon dioxide levels have been
shown to decrease the rates of photorespiration. Rubisco, the key enzyme in photosyn-
thesis and photorespiration, exhibits dual activity and is known to be regulated by rela-
tive CO,/O, ratio of the atmosphere. Terrestrial plants with a C; photosynthetic pathway
respond in the short term to increased CO, concentration via increased net photosynthe-
sis and decreased transpiration. Recent empirical evidence suggests that the warming
may only be about 0.25 °C, so the primary effects on agriculture are likely to be the
beneficial increases in crop yields and water use efficiency. However, researchers have
shown that elevated levels of carbon dioxide inhibit nitrate assimilation in wheat and
Arabidopsis plants. Another important implication of this study is the effect of elevated
levels of carbon dioxide on the nutritional quality of the crop. Under elevated CO, most
plant species show higher rates of photosynthesis, increased growth, decreased water
use, and lowered tissue concentrations of nitrogen and protein. Rising CO, over the next
century is likely to affect both agricultural production and food quality.
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1 Introduction

All over the globe there is a concurrent increase in population and it is expected to
exceed nine billion (Godfray et al. 2010), hence the requirement for food is con-
stantly increasing (FAOSTAT 2013). Consequently, hordes of human activities such
as deforestation for arable land, fossil fuel burning, and attempts to increase crop
productivity are occurring in order to feed the growing population. Due to these
anthropogenic activities elevation of atmospheric CO, and consequently tempera-
ture increase has been recorded globally. According to the fifth report of the IPCC,
global warming is unequivocal (DTE Annual 2014), its effects are quite
visible, the atmosphere and oceans have warmed, the amount of snow and ice have
diminished, sea levels are rising, there is loss of biodiversity, fluctuating crop
yields, and increase in the concentration of the greenhouse gases are observable
universally. The World Meteorological Organization in its (2013) report stated that
there are increases of 39 %, 158 %, and 20 %, respectively, in global average con-
centration of CO,, CH,, and N,O since the start of the industrial era in 1750.
Atmospheric CO, concentration is now higher than it was at any time in the past 26
million years. The current annual rate of increase in CO, concentration is expected
to bring the levels to far above 600 ppm by the end of the current century (Schimel
et al. 1996). Since 1960 the amount of CO, in the atmosphere has risen from 315 to
378 ppm (approximately 20 %). An elevated level of CO, is directly related to
global warming which means an increase in the global mean temperature. Among
the environmental factors, temperature is a major factor that affects growth, devel-
opment, and yield of crops (Luo 2011). A warmer global climate change will result
in the change in agricultural patterns by shifting food growing areas, changes in
crop yields, increase in irrigation demands, and an increase in pests, crop diseases,
and weeds in warmer areas. The World Bank estimates that by the mid-twenty-first
century, crop yield would decrease by up to 30 % in South Asia due to climate
change. The region is already experiencing warming, increasing variability of the
monsoon rainfall, heavier downpours, and an increase in the frequency of drought
and floods. Recent devastating floods of Jammu and Kashmir (2014) and
Uttarakhand (2013) regions of India and Pakistan along eastern Afghanistan (2013),
and the recent Hudhud cyclone (2014) at the southern coast of India are remarkable
examples of climate change.

This trend of accelerated carbon emissions is of concern to agricultural pro-
duction and food quality because elevated atmospheric carbon dioxide levels have
shown strong diversified effects on crops. The quality of crops is a multifaceted
and complex subject and involves different stages of growth and development
including pre- and post-harvest and environmental and technological aspects. It
also involves nutritional, elemental (zinc, iodine, etc.), and macromolecular (pro-
tein) composition in plant tissues (DaMatta et al. 2010; Taub et al. 2008; Hay and
Porter 2006). There is growing evidence suggesting that many crops, notably C3
crops, may respond positively to increased atmospheric CO, in the absence of
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other stressful conditions (Long et al. 2004). However, the beneficial direct impact
of elevated CO, can be offset by the effects of climate change, such as elevated
temperatures, higher ozone levels, and altered patterns of precipitation (Easterling
et al. 2000; Trenberth 2011). During early evolution the atmosphere was of high
CO, concentration (4-5 times the present value) and that is the time when plants
originated. During the last 25-30 million years CO, concentration has stabilized
at a relatively low value.

The effects of elevated CO, are not uniform; some species, particularly those that
utilize the C, variant of photosynthesis, show less response to elevated CO, than do
other types of plants. Rising CO, is therefore likely to have complex effects on the
growth and composition of natural plant communities. The preliminary effects of
elevated CO, levels in most crop plants, particularly C3 plants, include biomass
accumulation, development, and reproduction (Kimball 1983; Kimball et al. 1993;
Poorter and Navas 2003). However, it has been observed in various studies that
initial stimulation of the net photosynthesis rate is temporal and plants are not able
to sustain the maximal stimulation, a phenomenon known as photosynthesis accli-
mation. In other words, plants on prolonged exposure to high CO, concentration
exhibit reduced photosynthetic rates. Sucrose is known to interfere in the transcrip-
tion of genes encoding proteins involved in CO, fixation and electron transport
activity (Moore et al. 1999) and therefore photosynthesis slows down. Plants
respond to these projected future levels of CO, from various types of enclosure stud-
ies conducted over the past three decades. Among these studies the most notable are
Open Top Chambers (OTC) and Free Air CO, Enrichment (FACE) studies (Lewin
et al. 1994; Hendry and Miglietta 2006). These studies revealed that photosynthetic
carbon uptake is enhanced by elevated CO, despite acclimation of photosynthetic
capacity (Leakey et al. 2009).

In a group of plants with or without phylogenetic relatedness such as C, or
legumes showing acclimation, there is larger potential for the stimulation of photo-
synthetic carbon uptake because elevated CO, increases the carboxylation rate of
Rubisco and decreases the rate of photorespiration (Long et al. 2004; Ainsworth
and Rogers 2007). Genetic factors are known to play an important role in photo-
synthetic response to elevated CO, as shown by the PopFACE experiment
(Scarascia-Mugnozza et al. 2006). Poplars exported more than 90 % of their pho-
tosynthate during the day and stored the rest of the overflow photosynthate as
starch (Davey et al. 2006) which enabled the trees to avoid acclimation of photo-
synthetic potential and maintain maximal stimulation of photosynthetic carbon
uptake at elevated CO,.

In the era of global warming, it is very important to understand the impact of CO,
enrichment, temperature, and other climatic changes on food crops to estimate
future food production. This chapter primarily focuses on the expected elevated
levels of CO, in the future, its effect on the activity of Rubisco, and the quality of
crops. The apprehensions regarding the negative impact of elevated levels of CO, in
times to come also lead to a short discussion on the direction of research to combat
the problem.
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2 Rubisco and Its Role in Photosynthesis

Ribulose 1,5bisphosphate Carboxylase Oxygenase (Rubisco) is a major soluble
protein present in the plant cell. It is responsible for photosynthesis and photorespi-
ration. Rubisco is one of the key enzyme proteins in the biosphere and accounts for
half of total leaf proteins. It is a multisubunit enzyme having molecular weight of
about 560,000 Da. It comprises two subunits, large and small. Small subunits are
coded by the nuclear genome whereas the large subunit by the chloroplast genome.
These subunits are associated to form the complex functional holoenzyme. It is
located in the chloroplast stroma and is activated by an increase in pH and Mg?* ion
(Taiz and Zeiger 2006). It is a unique enzyme catalyzing carboxylation of RuBP to
form two molecules of PGA and oxygenation of RuBP to form PGA and phospho-
glycolic acid. The PGA is further metabolized by the C; cycle whereas phosphogly-
colic acid is metabolized via photorespiratory or C, cycle (Kajala et al. 2011). Thus
this protein exhibits dual enzymatic activity, carboxylation, and oxygenation of
RuBP. The property of carboxylase/oxygenase is regulated by the relative CO,/O,
ratio of the atmosphere. If this ratio is high carboxylase activity is favored whereas
a low ratio favors the oxygenase property. It has also been noted that during high
temperature RuBP carboxylase loses its affinity for CO, and acts as RuBP oxygen-
ase. However, the global increase in CO, levels has been shown to be linked with
global warming. Therefore it is very important to discover the effect of CO, enrich-
ment on crop productivity when environmental temperature is also increasing.

2.1 Effect of Elevated Levels of CO, on Photosynthesis

The study pertaining to the effect of elevated CO, on crop productivity was developed
in the late 1970s and 1980s. During the early days the data were mainly obtained from
use of indoor growth chambers through outdoor growth chambers, greenhouses, and
later on studies were undertaken in open top chambers (OTC) to Free Air CO,
Enrichment (FACE) studies. Under certain circumstances (Arp 1991; Ronchi et al.
2006; Stafford 2008) the results of greenhouses and OTCs were debated in the scien-
tific world because of their limitations. Plants grown in the above-mentioned systems
were not exposed to changing environmental conditions such as temperature, humid-
ity, and wind (Ross et al. 2004; Long et al. 2006). In OTCs the conditions are warmer
than the adjacent unenclosed fields and plants in them showed edge effect. It also gave
limited access to pests and diseases but if they gain contact, high humidity and warmer
temperature may worsen epidemics (Long et al. 2006). FACE acts as an alternative to
the OTC and can minimize as far as possible lacunas associated with small pots and
confined systems. It apparently mimics realistic future agricultural conditions (Dodd
2013; Ainsworth et al. 2008a). FACE studies have been conducted worldwide on a
large number of plant communities including crops such as wheat, rice, sorghum,
potato, grapes, cotton (Kimball et al. 2002), natural grasslands of Tasmania (Hovenden
et al. 2006), and plantation forests of Pinus and Populus spp. (Norby et al. 2005).
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In spite of all the advantages the main limitation of FACE is the cost of the large
amounts of CO, that must be released during the experiments (estimated costs around
US$1 million over a year) excluding the additional cost of the investigation (DaMatta
et al. 2010). In addition to cost, other key points such as CO, versus temperature inter-
action evaluations and testing CO, above 550 ppm are rarely performed using the
current FACE technology (Tubiello et al. 2007; Ainsworth et al. 2008b).

Drake et al. (1997) reported limitations in photosynthesis, when plants were
first grown at a given CO, concentration and then transferred to different CO,
concentrations. The first limitation was referred to as the limitation due to supply
and utilization of CO,. The second limitation was the supply and utilization of
light, and the third refers to the utilization of triose phosphate. Several theoreti-
cal models have predicted that the doubling of atmospheric CO, concentration
will increase the Earth's temperature by 2.5 °C to 4.3 °C, which could seriously
disrupt agricultural production (IPCC 2007). The temperature response of crop
growth and yield, respectively, must be considered to predict the CO, effects on
the crops (Ziska and Bunce 1997; Porter and Semenov 2005). High temperatures
reduce the net carbon gain in C; species by increasing photorespiration at ambi-
ent CO, levels. At elevated levels of CO,, photorespiration reduces, thereby
increasing photosynthesis and hence carbon gain (Badger and Price 2003). More
recent empirical evidence suggests that the warming may only be about 0.25 °C,
so the primary effects on agriculture are likely to be beneficial increases in crop
yields and water-use efficiency. However, grain yield is known to increase mar-
ginally under increased CO, concentration. Apart from the tropical grasses,
which constitute only 3—4 % of all known plant species, the rest of the plant spe-
cies termed C3 plants lack optimal CO, concentration. This recent increase in
CO, concentration will significantly stimulate growth, development, and repro-
duction in a wide variety of C3 plants (Kimball 1983; Kimball et al. 1993;
Poorter and Navas 2003). The impact of increasing CO, concentration on plants
has been lauded by some as “a wonderful and unexpected benefit from the indus-
trial revolution” (Robinson and Robinson 1997). With the increasing human
population, the major challenge is the demand for food. Several studies have
indicated that two of the major crops, wheat and rice, show a positive response to
elevated levels of atmospheric CO, (Mandersheid and Weigel 1997; Horie et al.
2000). Such an effort holds significant promise that cereal yields can be poten-
tially increased as per the demand of the growing population. In a FACE experi-
ment Ainsworth et al. (2008c) reported that elevated CO, increases photosynthesis,
resulting in increased dry matter accumulation, leaf area, and plant height in
trees and shrubs and to some extent in C; plants. Jablonski et al. (2002) evaluated
79 crop and native species at CO, enriched conditions and reported a 31 %
increase in overall biomass of the plants. Yang et al. (2009) in a FACE study at
570 ppm of CO, reported there is an 8 % increase in number of panicles per unit
area, 10 % increase in number of spikelets per panicle, and 4 % increase in grain
biomass, and all of them taken together led to a 30 % increase in grain yield. De
Souza et al. (2008) in an OTC-based study with an elevated CO, (380-740 ppm)
on sugarcane reported 50 % increase in biomass and 29 % increase in sucrose
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accumulation. Similarly there have been many studies that have quantified the
effect of increased CO, concentration and N utilization (Lam et al. 2012a). They
further reported that elevated CO, concentration increases crop production by
supplying an adequate amount of N either from soil, fertilizer, or biological
N-fixation.

2.2 Effect of CO, Concentration on the Activity of Rubisco
and Nitrogen Assimilation

Rubisco is the rate limiting enzyme in photosynthesis and its activity is largely
affected by atmospheric CO, and nitrogen availability. It is mandatory to emphasize
that maintenance of the C/N ratio is pivotal for various growth and development
processes in plants governing yield and seed quality. It is therefore of prime impor-
tance to maintain the optimum levels of C and N within plants as well as externally
in soil for proper growth and development (Paul and Driscoll 1997; Martin et al.
2002; Malamy 2005). In C; plants, Rubisco is the key photosynthetic enzyme
involved in carbon assimilation and it is the major storage protein and source of
nitrogen, which is utilized by the plants’ reproductive components when Rubisco
undergoes degradation during leaf senescence. Thus the effect of elevated CO, on
plants is twofold: because of the decline in levels of Rubisco the process of photo-
synthesis becomes rate limiting, and there is reduction in the available nitrogen
pool. Bloom et al. (2012, 2014)have shown that elevated CO, directly inhibits plant
nitrogen metabolism, especially the assimilation of nitrates into proteins in leaves of
C; plants. An optimum C/N ratio suggests increased CO, levels with lower nitrogen
levels resulting in lower protein content. In leaf tissue, the ratio of nitrate to total
nitrogen concentration and the stable isotope ratios of organic nitrogen and free
nitrate clearly exhibited that nitrate assimilation was slower under elevated than
ambient CO,. Under CO,-enriched conditions plants grow larger and dilute the
amount of protein within their tissues (Ellsworth et al. 2004; Reich et al. 2006);
there is also accumulation of carbohydrates within leaves, downregulation of
Rubisco (Long et al. 2004), and carbon-enriched rhizosphere limits available N to
plants (Reich et al. 2006). Recently several meta-analysis data indicated enriched
CO, inhibits the assimilation of nitrates (Cheng et al. 2012; Pleijel and Uddling
2012; Myers et al. 2014). It further leads to reduced sink protein concentration
because N supply to sinks during filling occurs from catabolized protein from
senescing photosynthetic tissues (Hay and Porter 2006). This adversely affects
grain quality particularly in cereal crops. It has also been observed that plant growth
is slower under elevated than ambient CO, when nitrate serves as the sole nitrogen
source and faster when ammonia is the only source of nitrogen (Matt et al. 2001;
Bloom et al. 2002; Lekshmy et al. 2013). The detailed study on nitrate assimilation
confirmed that elevated CO, inhibited leaf nitrate assimilation in field-grown wheat.
It was observed that the percentage of total nitrogen that remained as unassimilated
nitrate was higher under elevated than ambient CO, over a period of time. There is
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ubiquitous evidence supporting the above concept (Jablonski et al. 2002; Ziska
et al. 2004). Several research groups have demonstrated that under elevated CO,
conditions the protein concentrations in wheat grain, rice grain, potato, and barley
decline by 8 %, whereas these crops, respectively, are the source of 21, 13, 2, and
0.3 % of the protein in the human diet (Myers 2014; Kimball et al. 2001; Erbs et al.
2010). This may result in diminishing the amounts of protein available for human
consumption by about 3 % as atmospheric CO, reaches the levels anticipated during
the next few years. Apart from N, other elements in grains are also filled by mobili-
zation from vegetative pools (Hay and Porter 2006). Loladze (2002) reported that
increase in photosynthesis under elevated CO, may be associated with increased
plant requirements for P but decreased for N. Fangmeier et al.(1999) reported that
elevated CO, may change the concentrations of different elements that respond
similarly to N, such as S, Mg, Ca, K, and Zn. In order to achieve food security in
times to come sophisticated strategies with respect to nitrogen fertilization are
required in order to increase not only the grain yield but also the protein yields
under elevated CO, levels.

2.2.1 Effect of Nitrogen Fertilizers

The scientists suggest that, as global climate change intensifies, it will be critical for
farmers to manage nitrogen fertilization carefully in order to prevent losses in crop
productivity and quality. The reversed N management practices may include greater
use of legume intercropping or legume cover crops apart from fertilizers (Lam et al.
2012b; WUWT 2010). The probable effect of the increasing global atmospheric
CO, concentration on agricultural yields was evaluated in a large number of species
grown with CO, enrichment. A lot has been learned about the response of plants to
elevated CO, levels from various sorts of enclosure studies conducted during the
last three decades (Leakey et al. 2006, 2009). Open fields might respond less than
greenhouses or growth chambers to increased CO, because nutrient levels in general
worldwide agriculture are lower than those in the indoor studies, or open fields
might respond more because the light levels are generally higher. However, keeping
these limitations of the data in mind, the analysis showed that yields probably will
increase by 33 % with a doubling of atmospheric CO, concentrations.

Legumes are important components of cropping systems and are major sources
of vegetable oil and protein for human and animal consumption. They provide about
20 % of the world’s protein for the human diet, and one fourth of the world’s fats and
oils (Harlan 1992). Legumes also help to enrich soil through their unique capability
to form symbiotic relationships with nitrogen-fixing bacteria that capture atmo-
spheric nitrogen and make it available for crop growth. In addition, legumes are
traditionally used as green manure and cover crops in crop rotation to improve phys-
ical conditions of the soil. Legumes, too, are capable of responding to elevated CO,
with increased photosynthesis and growth (Rogers et al. 2009). For most plants,
growth under elevated CO, can alter the internal balance between carbon (gained via
enhanced photosynthesis) and nitrogen (either unaffected or taken up in decreased
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amounts due to decreased uptake of water). In contrast, most legume species participate
in close mutualistic relationships with bacteria that live in nodules formed on the
plant’s roots. These bacteria are able to “fix” atmospheric nitrogen, chemically
reducing it to a form that can be taken up and used by plants. Under elevated CO,
conditions, legumes may be able to shunt excess carbon to root nodules where it can
serve as a carbon and energy source for the bacterial symbionts. In effect, legumes
may be able to exchange the excess carbon for nitrogen and thereby maximize the
benefits of elevated atmospheric CO,. Many studies in controlled environments
have shown that, compared to other plant species, legumes show greater enhance-
ment of photosynthesis and growth by elevated CO, (Rogers et al. 2009).

Decreases in tissue nitrogen concentrations under elevated CO, are also smaller
for legumes than for other C; species (Cotrufo et al. 1998; Jablonski et al. 2002;
Taub et al. 2008). In FACE experiments, soybeans (a legume) show a greater
response to elevated CO, than wheat and rice in photosynthesis and overall growth,
although not in harvestable yield (Long et al. 2006). C, plants use a biochemical
pump to concentrate CO, at the locations within the leaf where the Rubisco enzyme
mediates incorporation of CO, by the Calvin—-Benson photosynthetic cycle.
Because CO, concentrations are already high within the bundle sheath cells,
increasing atmospheric CO, concentrations above current levels has little direct
effect on photosynthetic rates for C, species. C, species respond to elevated CO,
by decreasing stomatal conductance; this may lead to some indirect enhancement
of photosynthesis by helping avoid water stress under drought conditions (Leakey
et al. 2009). Thus, increased stomatal closure under conditions of high CO, will
result in reduced loss of latent heat there by increasing leaf temperature (Kimball
and Bernacchi 2006). However, a new dimension was added to this study by the
work of Rogers et al. (1998) in swards of perennial rye grass grown under condi-
tions of additional 240 ppm CO,. The study did not exhibit any reduction in the
amounts of Rubisco as long as they received high levels of nitrogen from the soil.
Under conditions of low soil nitrogen these plants displayed a 25 % reduction in
the levels of Rubisco. Researchers removed a large portion of leaf from these
plants and continued growing them under conditions of low nitrogen. The results
showed increased levels of Rubisco to facilitate greater carbon uptake to repair the
damage caused by removal of the major portion of the leaf. These and several
other observations led to the conclusion that plants grown under conditions of
elevated CO, levels require less nitrogen . This gives them the opportunity to real-
locate some of the extra nitrogen to other metabolic processes required for optimal
growth and development together with the required carbon gains through
photosynthesis.

Effect of Elevated Levels of CO, on Photorespiration

Rubisco is a bifunctional enzyme possessing carboxylase as well as oxygenase
activity. We have thus far discussed the effect of elevated CO, on the carboxylase
activity thereby affecting photosynthesis. The oxygenase activity is responsible for
the process of photorespiration, a metabolic pathway leading to loss of carbon from
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the plant. The question therefore is the effect of increased levels of CO, on the
oxygenase activity and the associated implications of any potential changes in the
quality and content of nutrition in the crops with a suggested futuristic increase in
the levels of atmospheric CO.,.

Voluminous experimental data demonstrate that atmospheric CO, enrichment
favors carboxylation over oxygenation, thereby increasing photosynthetic rates with
concomitant reductions in photorespiratory rates (Taiz and Zeiger 2002). The rising
CO, content of the air thus invariably leads to greater rates of net photosynthesis and
a more efficient process of carbon fixation. Hence, less Rubisco is needed to obtain
the carbon required for plant growth and development under CO,-enriched condi-
tions. Arabidopsis thaliana was grown at atmospheric concentrations of 1000 ppm
of CO, for 40 days (Cheng et al. 1998); in this study the foliar Rubisco was found
to be 34 % lower in concentration compared with the controls. However, the con-
tents of glucose and fructose were enhanced more than 2-fold by elevated CO,, and
starch concentrations were increased more than 3.5-fold. Thus, although elevated
CO, reduced the amount of Rubisco in leaves, photosynthetically derived sugars
and starch still accumulated to tremendous values. Studies on Leucadendron spe-
cies revealed a 30 % reduction in the activity of Rubisco when grown under a twice-
ambient concentration of CO, (Midgley et al. 1999).

Several studies reported 40 % greater rates of net photosynthesis in the plants
grown in a CO,-enriched environment when compared with the plants grown under
ambient CO, conditions. Similar results were reported in chalk grassland species
exposed to CO, concentration of 600 ppm for 14 months (Bryant et al. 1998). In this
study elevated levels of CO, caused an average reduction in Rubisco activity of
32 % while still exhibiting 28 % higher rates of photosynthesis compared with the
controls at ambient CO, concentration. Similarly, work on grassland species for a
period of two years by Davey et al. (1999) under elevated CO, concentration of
700 ppm showed a decline in Rubisco activity by an average of 27 % with a simul-
taneous increase in photosynthetic rates from 12 to 74 %.

One of the most consistent effects of elevated atmospheric CO, on plants is an
increase in the rate of photosynthetic carbon fixation by leaves. Across a range of
FACE experiments, with a variety of plant species, growth of plants at elevated CO,
concentrations of 475-600 ppm increases leaf photosynthetic rates by an average of
40 % (Ainsworth and Rogers 2007). In FACE experiments, stimulation of photo-
synthesis by elevated CO, in C4 plants is only about one third of that experienced
by C3 species. C4 plants also show little or no enhancement of growth (dry matter
production) in these studies (Ainsworth and Long 2005). The very limited data
available also show no increase in C4 crop yield in FACE studies (Long et al. 2006).
Although there is little FACE data available on the effects of elevated CO, on plant
nitrogen and protein concentrations, data from chamber experiments show C4
plants to be much less responsive than C3 plants in this regard (Cotrufo et al. 1998).
The picture that emerges is that C4 plants are in general relatively unresponsive to
an elevation of atmospheric CO, above current ambient levels.
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3 Elevated CO, and Effects on Food Quality

Another important implication of this study is the effect of elevated levels of
carbon dioxide on the nutritional quality of the crop. A CO,-enriched envi-
ronment stimulates higher photosynthesis and an increased growth rate.
However, enhanced growth rate does not exhibit any correlation with the
nutrient availability and elemental nutrient (Kant et al. 2012). As compared
to preindustrial times, today plants are experiencing a global elemental
imbalance (Loladze 2002). Plants are the foundation of the major food supply
to the human population. The low concentrations of several essential micro-
nutrients, such as iron, iodine, and zinc in modern crops contribute to the
problem of micronutrient malnutrition popularly known as hidden hunger and
are affecting the economy and health of more than 50 % of the world popula-
tion (Loladze 2002).

Photosynthesis and stomatal behavior are crucial to carbon and water metabo-
lism, therefore growth of plants under elevated CO, leads to a large variety of
secondary effects on plant physiology. The availability of additional photosyn-
thate enables most plants to grow faster under elevated CO,. The FACE experi-
ments have shown increased dry matter production on an average by 17 % for the
aboveground and more than 30 % for the belowground portions of plants
(Ainsworth and Long 2005; de Graaff et al. 2006). This increased growth is also
reflected in the harvestable yield of crops, with wheat, rice, and soybean all show-
ing increases in yield of 12-14 % under elevated CO, in FACE experiments
(Ainsworth 2008a; Long et al. 2006). Increased levels of CO, also lead to changes
in the chemical composition of plant tissues. Due to increased photosynthetic
activity, carbohydrates (sugars and starches) per unit leaf area increase on an aver-
age by 30—40 % under FACE-elevated CO, (Ainsworth 2008a; Ainsworth and
Long 2005). Leaf nitrogen concentrations in plant tissues typically decrease in
FACE under elevated CO, with nitrogen per unit leaf mass decreasing on average
by 13 % (Ainsworth and Long 2005). This decrease in tissue nitrogen is likely due
to several factors such as dilution of nitrogen from increased carbohydrate con-
centration, decreased uptake of minerals from the soil as stomatal conductance
decreases (Taub and Wang 2008), and decrease in rate of assimilation of nitrate
into organic compounds (Bloom et al. 2010). This in turn is likely to affect human
nutrition as well. In FACE experiments, protein concentrations in grains of wheat,
rice, and barley as well as potato tubers decrease by 5—14 % under increased CO,
(Taub et al. 2008). The elevated CO, may also affect the concentrations of cal-
cium, magnesium, and phosphorous in the crop plants (Loladze 2002; Taub and
Wang 2008).

Recently Hamada et al. (2014) reported the effects of extreme climate on the
chemical composition of temperate grassland species under ambient and elevated
CO,. In an enriched CO, environment different C; and C, plant species show reduced
forage quality through a lower crude protein content (Wand et al. 1999), whereas in
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combination with high temperature, fiber content increased in Medicago sativa and
as a result digestibility was reduced (Sanz-Sdez et al. 2012). In another report ele-
vated CO, induced an increased C/N ratio in soybean (Ainsworth et al. 2002) and
tannin accumulation in Lotus corniculatus (Carter et al. 1999). The changes in plant
chemical composition in response to global climate change are very complicated
because these effects are species dependent. It can be seen at the carbohydrate level
(Fisher et al. 2002; Oliveira et al. 2013). In legumes under elevated CO,, the C:N
ratio is lower, C:P ratio is higher, and N:P ratio is higher than in nonleguminous
plants (Lee et al. 2003)

4 Conclusion and Future Prospects

Under the conditions of continuous consumption of fossil fuels, CO, concentration
will rise; simultaneously economic growth and development will result in increase
in other greenhouse effect gases such as methane, nitrous oxides, chloro-fluoro-
carbons, and their substitutes. In this scenario, elevated CO, is increasing crop pro-
ductivity in plants which is the demand of the time in order to feed the global
population. However, plant responses to climate change are very complicated and
species-group-specific. Interactions between elevated CO, and extremes of climatic
conditions were observed in many cases. It has been found that elevated CO, ampli-
fied or reduced the impact of the extreme climatic condition. It has further been
found that the nutritional quality of crops grown in elevated CO, will lead to hidden
hunger and affect the economy as well as the health of the global population. The
need of the hour is a multidimensional approach to the problem of crop productivity
and its nutritional quality. The meta-analysis approach including FACE, proteomics,
and genomics along with metabolomics will give us insight to overcome the prob-
lem of micronutrient malnutrition as a consequence of elevated levels of atmo-
spheric CO,. Adaptation to gradual changes in climate is possible, however, sudden
changes would be more serious and therefore mitigation strategies need to be
followed.

1. Selections of plants that exhibit higher reproduction capacity under elevated CO,

2. Germplasm selection that can grow under conditions of elevated CO, and high tem-
perature and incorporation of these traits into desirable crop production cultivars to
improve flowering and seed set

3. Change in planting schedule and other crop management procedures to optimize
yields under changed climatic conditions

4. Selection of species that grow under conditions of high temperature and require
less water for growth

5. Altered irrigation strategies to overcome conditions of drought
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