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Abstract

Crop production is seriously threatened by global climate change and recent demands for the growth of crops to
produce bio-fuels. On the other hand, population growth will exert an immense pressure on food demand in the
coming years. By 2050, food production will need to increase by 50% to feed the growing population. The most
feasible option is to increase the crop yield potential through increasing the photosynthetic capacity per leaf area.
Raising the atmospheric C02concentration from the current concentration of 390 to 550 L C02L 1(year 2050 C02
concentration in the atmosphere), caused an increase in photosynthesis by (31%), while photorespiration and
stomatal conductance decreased by ~50% and ~22% respectively. This increase in photosynthesis at elevated C02

will promote a grain yield of up to 45% for some cereal cultivars suggesting that yield enhancement is possible

through increasing photosynthesis.

Introduction

Inevitable climate change coupled with an increase in
world population, from a current population of 7 billion
to 10 billion by 2050, will increase the demand for food.
In the middle of the last century, advances in plant
breeding led to the Green Revolution through which
large improvements in grain production occurred
(Woodhouse, 1989). However, in recent years, plant
breeders have failed to systematically increase the
yield in line with population growth (Zhu etal. 2010).
Now, it is estimated that the world's cereal production
must increase by 50% by 2050 to meet the projected
food demand (Royal Society, 1999). Rice and wheat are
the two most commercially important cereal crops,
accounting for more than 70% of the global food supply
and plays a major role in global food security (Long et al.
2005; Seneweera and Norton, 2011). The predictions
suggest that the grain yield of these crops needs to be
increased by more than 50% to feed the world's growing

population.

Food production is further challenged by climate
change, which is likely to reduce the world cereal
production by up to 10-15% by the middle of this
century. The magnitude of the response is largely
dependent on geographical location, environmental
interaction and crop species (Rothstein, 2007). Rising
CO02is the major cause for climate change, contributing

to more than 70% of global warming (IPCC, 2007). On

the other hand, C02is also the primary substrate for
photosynthesis, and most C3 plants are not yet
photosynthetically saturated at current atmospheric
C02concentration. Photosynthesis will substantially
increase with increasing C02concentration leading to
large increases in grain yield (Seneweera et al., 2005),
however it is still a matter of debate whether this yield
stimulation under elevated C02would be sustained as
other environmental factors such as high temperature
and periodic drought negatively impact
photosynthesis (Ainsworth etal. 2002).

Development of adaptation strategies to mitigate
climate change will not fully address the issue of global
food security as food production needs to increase by
50% by the middle of this century, and this is much
larger than the expected reduction in food production
under future climate conditions. Global food security
can only be achieved by a sizeable investment in
research and development, particularly in the area of
transformational research in cereal breeding
technologies. For example, in the middle of the last
century, huge increments in cereal yield were achieved
through the introduction of GA-insensitive dwarfing
genes through traditional breeding programs. The
"Green Revolution" was made possible by increasing
the harvest index (HI) driven by the increase in grain

number (Peng et al., 2008). Crossing Dee-Geo-woo-
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gen and Peta (rice) produced the miracle breeding line
of IR8, which increased the yield potential by almost
100% (Peng et al. 2008). A similar breakthrough in the
yield barrier is currently required to meet future food
demand. Massive global starvation is inevitable in the
coming years if this important issue is not addressed

effectively.

Among the major limiting factors for plant growth are

the carbon assimilation capacity and radiation use

efficiency, which affects the yield potential in many |

agronomically important crops, including rice and
wheat (Sheehy et al. 2000). This was supported by
theoretical calculations and observations made from
Free Air CO, Enrichment (FACE) research. This
argument was further supported by observation that
the fertile grain number had declined in recent breeding
lines of rice and wheat, despite an increase in total grain
number (Fischer et al,, 1998; Krishnan et al.,, 2011;
Seneweera et al. 2010). In my presentation, I will
discuss (1) agriculture and food security in global and
regional context (2) food production under a changing
climate, which we have learned from Free Air CO,
Enrichment research (3) how genetic engineering
research can be used to manipulate photosynthesis and
yield potential and (4) how genetic variability in
photosynthesis can be utilised to improve yield
potential.

Agriculture and food security

World food production needs to increase by 50% to
meetpopulationdemand by 2050. As rice and wheat are
the two main cereals crops that contribute to more than
70% of the food requirement globally, improvement of
their productivity is essential. Current yearly increases
in cereal yields due to conventional breeding methods
have dropped to less than a third of the annual gains
seen between 1960 and 1988 (Fischer etal.2009). This
yield stagnation is further compounded by competition
for agricultural land from urbanisation and bio-fuel feed
stocks, increasing fuel and fertiliser costs and the
uncertainty of climate change. The firstsignificant step
towards increasing food security has been taken in the
breeding of “golden rice” (Rothstein, 2007) in which
genetic engineering has been used to enhance vitamin A

concentration.

Crop production under bhanging climate - whatwe
have learned from FACE research v

The projected increase in CO, concentration (550 gmol
CO, mol by the middle of the 21st Century), will
contribute to more than 70% of climate change (IPCC,
2007). This will have a profound influence on other
atmospheric physical processes. For example,
temperature will rise everywhere and, all year round,
the mean annual temperature is expected to increase
by 0.5-1.0°C (IPCC, 2007), with most of the change
occurring in summer and the least in winter,
Evapotranspiration is expected to increase by 2-4%,
which will have a major impact on both rain-fed and
winter-cropping systems. Precipitation will be more
erratic, and will have a large impact on the growth

cycle of agricultural crops.

On the other hand, CO, is the primary substrate for
photosynthesis and an increase of its concentration is
likely to increase the resources for photosynthesis and
thus for plant growth (Pearson and Palmer, 2000).
Elevated CO, increased cereal yield by 14% when CO,
concentration was raised from ~ 373 to ~ 570 pmol
CO, mol under field conditions, Free Air CO,
Enrichment (FACE). The primary mechanism that
promotes plant growth is through stimulation of
photosynthetic rates and a reduction in
photorespiration and stomatal conductance (Bowes,
1991); all these processes work positively under
e]evated C0O,. However, the initial stimulation of C,
photosynthesis is not always maintained when plants
are exposed to elevated CO, for a longer period,
reducing the potential photosynthetic rates. This
adjustment is known as “photosynthetic acclimation”
(Mooreetal,, 1998; Seneweeraetal., 2005; Seneweera
etal, 2011) and this process may limit the realisation

of fullyield potential (Seneweeraetal. 2002).

A majority of vascular plants use the C, carbon
assimilation pathway and respond well to elevated
CO,. Compared to the C,plants, about 2-3% species
such as maize, sorghum, and sugar cane, belong to the
C, type, and 6-7% use the Crassulacean Acid
Metabolism (CAM). These species show little response
to high CO, (Longetal. 1975). The advantages of the C,A
pathway over C, photosynthesis (at least at higher
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temperatures) are evidenced by the fact that 11 out-of
the 12 most productive plant species on the planet are
C,(Furbank, 1998). Further, C, plants are well adapted to
various abiotic stresses such as water limitation, high
temperature and nutrient deficiencies, which will be
very common under future climate-change scenarios.
Thus, managing the crops between C, and C, families
may play an important role in maintaining global food

security.

Genetic manipulation of photosynthesis is the key
targettoincreaseyield potential

Improving the photosynthetic capacity per given leaf
area is likely to be an achievable target to improve crop
productivity. Most of the important grain crops (rice,
wheat, barley, canola, soybean, pulses), tuber crops
(potato, cassava, yams, sweet potato) and vegetable
crops (tomato, carrots, cabbages, etc) utilise C,
photosynthesis, capturing CO, directly from the sub-

stomatal air spaces of the leaf via Rubisco. The efficiency

of CO, assimilation in C, crop plants is severely

compromised by photorespiratory activity (Zhu et al.,
2008). In C, plants under current atmospheric CO,
condition, one-third of Rubisco is involved in the
incorporation of oxygen rather than CO, and the
subsequent processing and recycling of the product of
this reaction, phosphoglycolate, requires both energy
andtheloss of CO, (Bowes, 1991).

C, plants have evolved a complex biochemical
mechanism to concentrate.\C(j2 at the site of Rubisco. In
C, photosynthesis, photorespiration is eliminated and
Rubisco operates at close to its theoretical r;naxi;_num
velocity (Von Caemmerer and Furbank, 2003). The
efficiency ofconversion_oftotal solarenergytograinina
C, plant is approximately 2.2% while in a C, cereal, this
figure is only 1.4% (Zhu etal., 2008). This 60% increase
in photosynthetic efficiency, if translated into yield, with
the compounded N-use efficiency and water-use
efficiency of C, crops, makes the installation or
modification of C, photosynthesis in C; plants an
attractive proposition to increase the yield poten‘tial of

cereals.

A number of strategies have been employed to

. improve photosynthesis. Three of the strategies aim to

increase the CO, concentration around C, Rubisco, (1)
improving CO, diffusion into the chloroplast and its
site of the fixation; (2) introducing C, like
characteristics into C,; cells, introducing CO,/HCO,
pump protein to the chloroplast membrane from
cyanobacteria (Price et al, 2008) or by introducing a
new catabolic pathway into plastide that bypasses the
energy-expensive photorespiration by recycling the
Rubisco oxygenation product, 2-phosphoglycolate
(Kebeish et al, 2007). (3) The other avenue is to
increase or improve the efficiency of Rubisco by
having better kinetic characteristic (K., ). Each of these
strategies involves unique genetic engineering

challenges.

Genetic diversity and future directions for plant
breeding
Genetic variation across species for light saturated
photosynthesis has been well documented for a .
number of species, including rice and wheat
(Thilakarathneetal,, 2012; Evans, 1989; De Costaetal.
2003). It is more likely that even more extensive
variation may be found within the same species, if we
extend our investigation into the wild relatives
‘ (Austin et al.,, 1989). For example, wild relatives of
wheat and rice have higher chlorophyll a:b ratios with
greater adaptation to a high light environment.
However, the major factor that limits the progress of
germplasm screening for such specific traits lS
_phynotyping capabilities. Recent advancement in
several ground-based- sensors offers the promise of
.screening of the canopy photosynthesis and leaf N
status with higher precision, including méasuring
spectral reflectance, chlorophyll ‘content and leaf
photosynthetic activity. Other key questions regarding
genetic variation in photosynthesis which remain to
be answered are: which genes are involved and
whether this trait is controlled by variation in a
muifitude of genes or just a fe\)\) genes? Fulfilment of
these knowledge gaps is vitally important to improve
the photosynthesis and yield potential of

agronomicallyimportant crops

164




International Symposium on Agriculture and Environment 2012
University of Ruhuna Sri Lanka

References
EA Ainsworth, PA Davey, C] Bernacchi, OC Dermody, EA
Heaton, Dj Moore, PB Morgan, SI Naidu, HSY Ra,
XG Zhu, PS Curtis, SP Long 2000 A meta-
analysis of elevated CO, effects on soybean
(Glycine max) physiology, growth and yield.
Global Change Biology 8:695-709
Austin RB, Ford MA, Morgan CL 1989 Genetic-
improvement in the yield of winter-wheat - a
further evaluation. Journal of Agricultural
Science 112:295-301
Bowes G 1991 Growth at elevated CO, - photosynthetic
responses mediated through Rubisco. Plant
Celland Environment 14: 795-806
De Costa W, Weerakoon WMW, Herath H, Abeywardena
RMI 2003 Response of growth and yield of rice
. (Oryza sativa) to elevated atmospheric carbon
dioxide in the subhumid zone of Sri Lanka.
Journal of Agronomyand Crop Science 189: 83-
95
Evans JR 1989 Photosynthesis and Nitrogen
' Relationshipsin Leaves of C3 Plants. Oecologia
78:9-19
Fischer RA, Byerlee D, Edmeades GO 2009 Can
technology deliver on the yield challenge to
20507 . In Expert Meeting on How to feed the
World in 2050. FAQ, Rome, Italy
Fischer RA, Rees D, Sayre KD, Lu ZM, Condon AG, Larque
©  Saavedra A 1998 Wheat yield progress
-associated with higher stomatal conductance
and photosynthetic rate, and cooler canopies.
CropScience 38:1467-1475
Furbank RT 1998 Photosynthesis: A comprehensive
treatise. /In AS Raghavendra, ed, C4 pathway.
Cambridge University Press, Cambridge, UK,
pp123-135
IPCC 2007 Climate change 2007: Summary for policy
makers: . In S Solomon, D Qin, M Manning, Z
Chen, M Marquis, K Averyt, M Tignor, H Miller,
“eds, the physical science basis. Contribution of
Working Group [ to the Fourth Assessment
Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press,
1-18.,Cambridge, pp 1-18
Kant S, Seneweera S, Rodin |, Materne M, Burch D,
Rothstein S], Spangenberg G 2012 Improving

yield potential in crops under elevated CO(2):
Integrating the photosynthetic and nitrogen
utilization efficiencies. Frontiers in Plant
Science 3:162-162
Kebeish R, Niessen M, Thiruveedhi K, Bari R, Hirsch HJ,
Rosenkranz R, Stabler N, Schonfeld B,
C 2007
Chloroplastic photorespiratory bypass

Kreuzaler F, Peterhansel

increases photosynthesis and biomass
production in Arabidopsis thaliana. Nature
Biotechnology 25:593-599

Krishnan P, Ramakrishnan B, Reddy KR, Reddy VR
2011 High-Temperature effects on rice
growth, yield, and grain quality. In, Vol 111,
pp87-206

Long SP, Ainsworth EA, Leakey AD, Morgan PB 2005
Global food insecurity. treatment of major
food crops with elevated carbon dioxide or
ozone under large-scale fully open-air
conditions suggests recent models may have
overestimated future yields 108.
Philos.Trans.R Soc.Lond B Biol.Sci 360:2011-
2020

Long SP, Incoll LD, Woolhouse HW 1975 C,
photosynthesis in plants from cool temperate
regions, with particular reference to
spartina-townsendii. Nature 257:
622-624

Moore BD,'Cheng SH, Rice ], Seemann JR 1998 Sucrose

> cycling, Rubisco expression, and prediction of
photosynthetic acclimation to elevated
atmospheric C0O2. Plant Cell and
Environment21:905-915

Pearsonv PN, Palmer MR 2000 Atmospheric carbon
dioxide concentrations over the past 60
million years. Nature 406:695-699

Peng S, Khush GS, Virk P, Tang Q, Zou Y 2008 Progress
in ideotype breeding to increase rice yield
potential. Field Crops Research 108: 32-38

Price GD, Badger MR, Woodger F], Long BM 2008
Advances in understanding the
cyanobacterial CO(2)-concentrating-
mechanism (CCM): functional components,
Ci transporters, diversity, genetic regulation
and prospects for engineering into plants.
Journal of Experimental Botany 59: 1441-

1461
165




International Symposium on Agriculture and Environment 2012
University of Ruhuna Sri Lanka

Rothstein §] 2007 Returning to our roots: Making plant

biology research relevant to future challenges
inagriculture. PlantCell 19: 2695-2699

Seneweera S, Makino A, Hirotsu N, Norton R, Suzuki Y
2011 New insight into photosynthetic
acclimation to elevated CO2: The role of leaf
nitrogen and ribulose-1,5-bisphosphate
carboxylase/oxygenase content in rice leaves.
Environmental and Experimental Botany 71:
128-136

Seneweera S, Makino A, Mae T, Basra AS 2005 Response
of Rice to CO, Enrichment: The Relationship
Between Photosynthesis and Nitrogen
Metabolism. Journal of Crop Improvement 13:
31-56
Seneweera S, Posch S, Norton R, Tausz M,
Fitzgerald G, Korte C, Rebetzke G, Mullah M,
Barlow EWR 2010 Differential growth
response of wheat cultivars to elevated CO, in
Australian Grains Free Air Carbon dioxide
Enrichment (AGFACE) In 15th Australian
Agronomy Conference, Lincoln, New Zealand

Seneweera S, Norton RM 2011 Plant Responses to
Increased Carbon Dioxide. In Crop Adaptation
to Climate Change. Wiley-Blackwell, pp 198-
217

Sheehy ], Mitchell P, Dionora J, Tsukaguchi T, Peng SB,
Khush G 2000 Unlocking the yield barrier in
rice through a nitrogen-led improvement in
the radiation conversion factor. Plant
Production Science 3:372-374

Society R- 1999 Reaping the benefits: Science and
the sustainable intensification of global
agriculture, London

Thilakarathne CL, Tausz-Posch S, Cane K, Norton RM,
Tausz M, Seneweera S 2012 Intraspecific
variation in growth and yield response to
elevated CO2 in wheat depends on the
differences of leaf mass per unit area.
Functional Plant Biology:-

Von Caemmerer S, Furbank RT 2003 The C4 pathway:
an efficient CO2 pump. Photosynthesis
Research77:191-207

Woodhouse P 1989 From green revolution to food
security in sub-Saharan Africa: issues in
research and technology development. Food
policy 14:7-12

Zhu X-G, Long SP, Ort DR 2008 What is the maximum
efficiency with which photosynthesis can
convert solar energy into biomass? Current
Opinionin Biotechnology 19:153-159

Zhu X-G, Long SP, Ort DR 2010
Photosynthetic Efficiency for Greater Yield.
In S Merchant, WR Briggs, D Ort, eds, Annual
Review of Plant Biology, Vol 61, Vol 61, pp
235-261

Improving

166




