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Abstract

Increasing Carbon dioxide (CO,) is animportant component of global climate change that
has drawn the attention of environmentalists worldwide in the last few decades. Besides
acting as an important greenhouse gas, it also produces a stimulatory effect, its
instantaneous impact being a significant increase in the plant productivity. Atmospheric
CO, levels have linearly increased from approximately 280 parts per million (ppm)
during pre-industrial times to the current level of more than 390 ppm. In past few years,
anthropogenic activities led to a rapid increase in global CO, concentration. Current
Intergovernmental Panel on Climate Change (IPCC) projection indicates that
atmospheric CO, concentration will increase over this century, reaching 730-1020 ppm
by 2100. An increase in global temperature, ranging from 1.1 to 6.4°C depending on
global emission scenarios, will accompany the rise in atmospheric CO,. As CO, acts as a
limiting factor in photosynthesis, the immediate effect of increasing atmospheric CO, is
improved plant productivity, a feature commonly termed as “CO, fertilization”. Variability
in crop responses to the elevated CO, made the agricultural productivity and food
security vulnerable to the climate change. Several studies have shown significant CO,
fertilization effect on crop growth and yield. An increase of 30 % in plant growth and
yield has been reported when CO, concentration has been doubled from 330 to 660 ppm.
However, the fertilization effect of elevated CO, is not very much effective in case of C,
plants which already contain a CO, concentration mechanism, owing to their specificleaf
anatomy called kranz anatomy. As a result, yield increments observed in C, plants are
comparatively lower than the C, plants under similar elevated CO, concentrations. This
review discusses the trends and the causes of increasing CO, concentration in the
atmosphere, its effects on the crop productivity and the discrepancies in the response of
C,and C, plantsto increasing CO, concentrations.

1. Introduction

Climate change has affected the food security

Global food security is a topic of concern for the
environmentalists, agriculturalists and economists in
near future. With the current trends of population
growth, the world food production will have to be
doubled to feed the total population by 2025 (FAO,
2009). As the arable land is limited and cannot be
expanded beyond a certain limit, increasing population
imposes huge pressure upon the food production.
Although global food production in the last half century
has increased, one in seven people do not have enough
food to eat, and further a billion people lack sufficient
protein and energy in their diets (Godfray et al, 2010).
In addition to the escalating population and changing
food habits (higher consumption of meat and dairy
products), increased food demand, increased non-food
applications such as biofuels, urbanization, soil erosion
and climate change are potential constraints to food
security (Parry and Lea, 2009; Tilman et al, 2011).
Therefore, a key challenge to achieve food security for
the present as well as future generations is to increase
the global food production.
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either directly or indirectly. A substantial body of
literature shows that the earth's climate has changed
since the middle of the nineteenth century (Screen and
Simmonds, 2010; Rohde et al, 2013). The major
components of climate change include elevated
atmospheric carbon dioxide concentrations (elevated
C0,), warming, and altered precipitation patterns, as
well as their interactions within and with other
environmental factors (IPCC, 2013). Based on updated
information, with increase in global atmospheric
CO, concentrations by 43% from the pre-industrial
level of 280 ppm in 1750 to the present level of 400
ppm (an annual increase of 1.35%), the global
CO, concentration has increased by about 1.55 ppm CO,
per year over the past 55 years. It continues to be
elevated at an unprecedented pace of ~1.0 ppm per year,
as a result of further increase in the cumulative
emissions of CO, to the atmosphere during the 21"
century (400 ppm in 2011 vs 936 ppm in 2100 (IPCC,
2013; NASA, 2014).
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2.CO, Fertilization

Photosynthesis is one of the fundamental
biological processes of the plants that play a crucial role
in determining the productivity of the plants. Several
studies have shown that elevated CO, has a positive
effect on the rate of photosynthesis in plants (Kantetal,
2012; Xu et al, 2015; Kumar, 2016). Elevated CO, can
stimulate plant growth by providing additional carbon,
the phenomenon termed as CO, fertilization effect. The
CO, fertilization assist the plants by mitigating wide-
ranging abiotic stresses including O, stress through
certain mechanisms which are still under investigation
(AbdElgawad et al, 2016). Researchers have shown
that elevated CO, brings about a few modifications in
targeted plant's physiological and biochemical
processes which help in partial amelioration of O,
injury (Xu et al, 2015; Hager et al, 2016). Plants
growing under stress generally accumulate
unnecessary ROS, which is in excess of the scavenging
capacity of the plant's intrinsic defense system
(enzymatic and non enzymatic antioxidants) (Sharma
et al, 2012; Tripathy and Oelmuller, 2012). It has been
suggested that elevated CO, helps in detoxifying ROS
produced under O, stress (Kumari et al,, 2013). Effect of
elevated CO, in mitigating other environmental stresses
is also well documented (Kant et al, 2012; Xu et al,
2015). In addition to providing extra C, elevated CO,
induces stomatal closing. This improves water use,
protects against drought stress, and helps to explain
efficiency reduced impact of ozone stress (reduced
uptake). However, reduced oxidative damage and ROS
levels under elevated CO,, probably involves so called
non-stomatal factors (Ghannoum, 2009), including
metabolic changes. More specifically, increased C
availability, possibly resulting in an increased supply of
defense (antioxidant) molecules, is often held primarily
responsible for improved protection against oxidative
damage in elevated CO,.

The stimulation of light saturated photosynthetic
CO, assimilation rate is a general response of plants to
CO, enrichment with an average 31 % increase
observed by Ainsworth and Rogers (2007). However,
the magnitude of response varies with different plant
functional types (PFTs), with maximum for trees and C,
grasses, moderate for shrubs, C, and C, crops and
legumes and minimum for C, grasses (Ainsworth and
Rogers, 2007; Xu et al, 2015). Robinson et al. (2012),
through the meta-analysis of 152 plant species, found
the largest and most consistent differences between C,
and C, plant groups. Plants with a C, photosynthetic
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mechanism are adapted for low CO, environments and
contain a biochemical pump that concentrates CO, at
the site of carboxylation, thus reducing carbon loss
through photorespiration. At current levels of CO,, the
carboxylation function of RuBisCO in C, plants is
thought to be near saturation. C, plants do not possess
this CO, concentrating ability, and carbon gains are
expected under elevated CO, as the concentration
gradient of CO, from the air to the site of carboxylation
increases. Of 365 C, plant responses and 37 C, plant
responses to elevated CO, measured, on average, plant
biomass was significantly increased in C, species but
was unchanged in C, species (Robinson et al, 2012). In
another study, meta-analysis of C, and C, responses
restricted to the Poaceae found that while C, plant
biomass increased by 44 % in response to elevated CO,,
C,biomassincreased by 33 % (Wandetal, 1999).

3.C,and C, Photosynthetic Mechanism

Atmospheric CO, is fixed in the plants via two
pathways, on the basis of which the plants as
categorized as C, or C, plants. Atmospheric CO, is fixed
either directly via RuBisCO (Ribulose 1,5 bisphosphate
carboxygenase/oxygenase (C, photosynthesis), or
indirectly after primary fixation by phosphoenol
pyruvate carboxylase (PEPC). C fixed through this
mechanism is subsequently re-released into adjacent
cells which are not in direct communication with
atmospheric CO, (C, photosynthesis).The majority of
crop species (rice, wheat, grain legumes, canola, and all
root crops) and ~ 85% of terrestrial plants use C,
photosynthesis, while C, crops are a minority,
represented predominantly by maize, sorghum, and
sugarcane among economically important crops
(Ehleringeretal, 1991).

The photosynthetic efficiency of C, plants is
approximately 50 % higher than those of C, plants due
to difference in their respective mechanisms of carbon
fixation (Kajalaetal., 2011). C, plants use only the Calvin
cycle for fixing CO, which takes place inside the
chloroplasts of the mesophyll cells. In C, plants,
however, the photosynthetic activities are partitioned
between mesophyll and bundle sheath cells and which
are anatomically and biochemically distinct. The most
important enzyme of photosynthesis, ribulose 1, 5
bisphosphate carboxygenase/ oxygenase (RuBisCO), is
the fundamental C fixation enzyme which shows high
affinity towards oxygen and CO,. Due to the similar
affinity of RuBisCO towards both these molecules, it is
unable to distinguish O, from the CO, molecule resulting
in unnecessary O, uptake, especially under hot and arid
conditions. This oxygenation activity produces
phosphoglycolate molecules, which are then broken
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down in a process referred to as photorespiration, an
energy-consuming and wasteful process (Kajala et al,
2011). Photorespiration has been identified as the
bottleneck preventing C, plants from achieving full
photosynthetic potential due to competition between
CO0, and 0, at the C fixation site on the RuBisCO enzyme.
C, photosynthesis evolved to ameliorate
photorespiration by utilizing two distinct cell types
namely, mesophyll cells and bundle sheath cells. These
cells are arranged concentrically relative to the
surrounding vascular tissue, a structure characteristic
of C, plants known as 'Kranz anatomy' (Muhaidat et al,
2007; Sage et al, 2012). When atmospheric CO, is
assimilated into the mesophyll cells, PEP carboxylase
fixes C molecules as oxaloacetate. This reaction does not
show any affinity to O, and is highly efficient (Sheen,
1999). The resulting C, compound is de-carboxylated
within the bundle sheath cells, delivering higher
concentrations of CO, directly to the RuBisCO enzyme
while minimizing the oxygenation of RuBisCO. The
increased concentration of CO, at the site of RuBisCO
activity maximizes photosynthetic efficiency. These
evolutionary adaptations in C, plants provide an
advantage over C, photosynthesis while potentially
improving water and nutrient use (Kajala et al,, 2011).
This CO, concentration mechanism prevalent in C,
plants gives them an edge over the C, plants as far as the
plant productivity is concerned. Zhu et al. (2008)
reported a 60% increase in maximum photosynthetic
efficiency in C, plants compared to C, plants. C, plants
can photosynthesize with ~50% greater water use
efficiency, as C, photosynthesis can assimilate an
equivalent amount of CO, with only half the stomatal
conductance (Sage and Kubien, 2003).

4. Effect of Elevated CO, on Plants

As discussed above, the positive effects of elevated
CO, plants can be attributed to the fertilization effects of
CO,. Further, high CO, inhibits the oxygenation reaction
in leaves, which results in carbon loss through
photorespiration (Bowes, 1991). Additionally, elevated
CO, decreases the stomatal conductance which
effectively reduces water use per unit of CO, assimilated
by the plant, thereby increasing the water productivity
of both C, and C, species. Theoretically, at 25°C, an
increase in CO, up to 550 ppm has the potential to
enhance C, crop yields by 29 and 39 % at 700 ppm
(Leakey et al, 2009). On the contrary, the response of C,
crops to elevated CO, has been the subject of debate
among researchers. Since C, plants are
photosynthetically saturated at current CO, conditions;
predicted rises in atmospheric CO, would have no major
impact on their C fixation rate, biomass production, and
yield (Ainsworth and Long, 2005). In contrast, as C,
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plants are not photosynthetically saturated at present
CO, levels, photosynthesis, biomass, and subsequent
yields should increase with elevated atmospheric CO,.

Recent evidence from free-air CO, enrichment
(FACE) experiments suggests that high CO, does not
stimulate C, photosynthesis and thus have no effect on
productivity (Ainsworth and McGrath, 2010). Although
C, crops may not exhibit an increase in photosynthetic
activity, improvement of water use efficiency via
reduction in stomatal conductance may still increase its
yield under drought condition (Long et al, 2004).
However, no yield increase would be expected for well
irrigated crops. Laboratory and field studies have
shown that photosynthetic rates of C, plants were
approximately doubled when plants grown at about 380
ppm CO, were exposed to 700 ppm CO, (Ainsworth and
Long, 2005). Hager et al. (2016) also reported that C,
grasses were more responsive than C, ones under
elevated CO, as far as their productivity is concerned. In
addition to this, photosynthetic nitrogen-use efficiency
(PNUE) has also been found to increase in C, crops
grown at high CO,, which in turn optimize the allocation
of nitrogen to maximize carbon gain (Leaky et al, 2009).
In addition, the evidences from FACE and chamber
experiments suggest that stomatal conductance
decreases at high CO, (Ort et al, 2006; Ainsworth and
Rogers, 2007), which results in the reduction of
evapotranspiration (ET). The effect of decreased ET
under high CO, environment results in a boost in soil
moisture, as found in cotton (Hunsaker et al, 1994),
wheat (Hunsaker et al, 1996), sorghum (Conley et al,
2001) and maize (Leakey et al, 2006). However, when
plants are exposed to high CO, for extended period, the
photosynthetic rates slow down due to the so called
“acclimation” response (Long et al, 2004; Reich et al,
2006). This is thought to result from direct effects of
sucrose on the transcription of genes encoding proteins
involved in CO, fixation and electron transport activity
(Mooreetal., 1999).

5.Conclusion

Positive effects of CO, on plants can be useful in
finding a solution to the threats imposed on the plant
productivity due to the global climate change. Global
warming caused due to increasing atmospheric CO,
concentration brings about certain changes in the
meteorological conditions of the atmosphere which
may cause some negative effects on plant performance.
Increased temperature and altered precipitation
pattern are two important parameters which adversely
affect the plant productivity. CO, fertilization increases
the plant productivity, not only by providing extra C for
fixation, but also mitigates the negative effect of
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increased temperature and altered precipitation
pattern on plant productivity. Elevated CO, increases
the productivity of C, plants and also enhance the yield
of C, plants grown under other environmental stresses.
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