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Abstract 
Climate change is now unequivocal, particularly in terms of increasing temperature, increasing CO2 concentration, 
widespread melting of snow and ice and rising global average sea level, while the increase in the frequency of 
drought is very probable but not as certain. Even though climate change is one of the major current global concerns, 
it is not new. Several climate Changes have occurred before, with dramatic consequences in history. Plant breeding 
is the activity of developing diverse plant varieties that can contribute usefully to cropping and production systems. 
These breeding efforts are directed at plant improvement. But ‘improvement’ is a subjective and relative goal and 
it is useful to regularly break up plant breeding objectives and procedures into clearly defined and manageable 
units. Owing to the imperatives of food security, plant breeding must combine the objective of ecological 
intensification with that of adaptation to overall societal and global changes.  
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1. INTRODUCTION 
Climate change is projected to reduce yield growth rates in much of the world, especially in tropical regions. The 
Intergovernmental Panel on Climate Change (IPCC,2007) reported that climate change might reduce yields per 
hectar of wheat, rice, and maize by up to 2 percent per decade starting 2030 compared with projected yields without 
climate change. Many regions will face increased water stress because of rising competition for water resources 
and altered precipitation patterns linked to climate change. Furthermore, except in Africa, fertilizer application is 
already at or above agronomically or environmentally sustainable levels and many regions have maximized their 
use of irrigation. 

Global change occurs at such scales and speeds that agricultural systems could respond by replacing species 
rather than by seeking better adapted varieties of the usual species. Therefore, it is also necessary to foresee the 
evolution of a ‘portfolio’ of species used in target regions. The likely increase in diversity and turnover of 
ecological, agronomic and socio-economic situations for each species raises the question of which varietal 
deployment strategy to be select. 

Plant breeding is the activity of developing diverse plant varieties that can contribute usefully to cropping and 
production systems. These breeding efforts are directed at plant improvement. But ‘improvement’ is a subjective 
and relative goal and it is useful to regularly break up plant breeding objectives and procedures into clearly defined 
and manageable units. Owing to the imperatives of food security, plant breeding must combine the objective of 
ecological intensification with that of adaptation to overall societal and global changes.  

The so-called “genetic gain” must not only consider the benefits reaped by a farmer using an improved variety 
at the level of his/her plot, but also its expected economic, social and environmental impacts on a larger scale in 
the event of a wider dissemination of this variety. Plant breeding is also a business which must ensure a ‘return on 
investment’ and produce goods (new varieties) that ensure a convergence of interests of different economic 
stakeholders. 

Biological sciences are going to strengthen the foundation for plant breeding. After diffuse domestication of 
crops, the integration of science into formerly empirical breeding coincided with the emergence of genetics and 
heredity. Applied in concert with a spirit of industrialization, it led to the emergence of a whole plant breeding 
sector of economic activity and enabled the ‘Green Revolution’. Therefore the objective of this review paper is 
to highlight the role of plant breeding under changing climate. 
 
2. LITERATURE REVIEW 
2.1 Climate Changes in History 
Even though climate change is one of the major current global concerns, it is not new. Several climate Changes 
have occurred before, with dramatic consequences. Among them is the decrease in CO2 content, which took place 
350 million years ago and which is considered to be responsible for the appearance of leaves – the first plants were 
leafless and it tooks 40–50 million years for leaves to appear (Beerling et al. 2001). 

The second climate change was that induced by perhaps the most massive volcanic eruption in Earth history, 
which took place during the end-Permian (about 250 million years ago) in Siberia when up to 4 million km3 of 
lava erupted onto the Earth’s surface (Beerling 2007). The remnants of that eruption today cover an area of 5 
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million km2. This massive eruption caused, directly or indirectly through the formation of organ halogens, a 
worldwide depletion of the ozone layer. The consequent burst of ultraviolet radiation explains why the peak 
eruption phase coincides with the timing of the mass extinction that wiped out 0ꞏ95 of all species (Beerling 2007). 

The third major climate change was the end of the last ice age (between 15000 and 13500 years ago), with 
the main consequence that much of the earth became subject to long dry seasons. This created favorable conditions 
for annual plants which can survive dry seasons either as dormant seeds or as tubers. This eventually led to 
agriculture as we know it today, in the Fertile Crescent, around 11000 years ago, and soon after in other areas. 

The fourth climate change is the so-called Holocene flooding, which took place about 9000 years ago and is 
now believed to be associated with the final collapse of the ice sheet, resulting in a global sea level rise of up to 
1ꞏ4 m (Turney & Brown 2007). Land lost from rising sea levels drove mass migration to the North West and this 
could explain how domesticated plants and animals, which by then had already reached modern Greece, started 
moving towards the Balkans and eventually into Europe. 

During the last 5000 years, drought, or more generally limited water availability, has historically been the 
main factor limiting crop production. Water availability has been associated with the rise of multiple civilizations, 
while drought has caused the collapse of empires and societies such as the Akkadian Empire (Mesopotamia, c. 
6200 years ago), the Classic Maya (Yucatan Peninsula, c. 1400 years ago), the Moche IV–V Transformation 
(coastal Peru, c. 1700 years ago) (de Menocal 2001) and the early bronze society in the southern part of the Fertile 
Crescent (Rosen 1990). 

Projections to the year 2100 indicate that CO2 emissions are expected to increase by 400% and CO2 
atmospheric concentration is expected to increase by 100% (Fig. 1, modified from Cline 2007). Some studies have 
predicted increasingly severe future impacts with potentially high extinction rates in natural ecosystems around 
the world (Williams et al. 2003; Thomas et al. 2004). 
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2.2 Climate Changes, Food and Agriculture 
Using the results from formal economic models, it is estimated (Stern 2005) that, in the absence of effective 
counteraction, the overall costs and risks of climate change will be equivalent to a 5% decrease in global gross 
domestic product (GDP) each year. The majority of the world’s rural poor (about 370 million of the poorest people 
on the planet) live in areas that are resource-poor, highly heterogeneous and risk-prone.  

The worst poverty is often located in arid or semi-arid zones, and in mountains and hills that are ecologically 
vulnerable (Conway 1997). In many countries, more people, particularly those at lower-income levels, are now 
forced to live in marginal areas (i.e. floodplains, exposed hillsides, arid or semiarid lands), putting them at risk 
from the negative impacts of climate variability and change. 

Climate changes are predicted to have adverse impacts on food production, food quality (Atkinson et al. 2008) 
and food security. One of the most recent predictions (Tubiello & Fischer 2007) is that the number of 
undernourished people would have increased by 150% in the Middle East and North Africa and by 300% in sub-
Saharan Africa by the year 2080, compared to 1990 (Table 1). 
Table 1. Expected number of undernourished in millions, incorporating the effect of climate (data taken from 
Tubiello & Fischer 2007).  

 
Agriculture is extremely vulnerable to climate change. Higher temperatures eventually reduce crop yields 

without discouraging weed, disease and pest challenges. Changes in precipitation patterns increase the likelihood 
of short-term crop failures and long-term declines in production. Although there will be gains in some crops in 
some regions of the world, the overall impact of climate change on agriculture is expected to be negative, 
threatening global food security (Nelson et al. 2009) 

Food insecurity would probably increase under climate change, unless early warning systems and 
development programmes are used more effectively (Brown & Funk 2008). Currently, millions of hungry people 
subsist on what they produce. If climate change reduces production while populations increase, there is likely to 
be more hunger. Lobell et al. (2008) showed that increasing temperatures and declining precipitation over semi-
arid regions are likely to reduce yields of maize, wheat, rice and other primary crops in the next two decades. 
These changes could have a substantial negative impact on global food security. 

In addition, the impacts of climate change include reductions in calorie consumption and increases child 
malnutrition. Thus, aggressive agricultural productivity investments are needed to raise calorie consumption 
enough to offset the negative impacts of climate change on the health and well being of children (Nelson et al. 
2009). 

 
2.3 How do Crops respond to Climate Changes?  
Adapting crops to climate changes has become an urgent challenge which requires some knowledge on how crops 
respond to those changes. In fact, plants have responded to increasing CO2 concentration from pre-industrial to 
modern times by decreasing stomatal  density – reversing the change described earlier which led to the appearance 
of leaves – as shown by the analysis of specimens collected from herbaria over the past 200 years (Woodward 
1987). 

In Arabidopsis thaliana, the ability to respond to increasing CO2 concentration with a decrease in the number 
of stomata is under genetic control (Gray et al. 2000); with the dominant allele (HIC=high carbon dioxide) 
preventing changes in the number of stomata. In the presence of the recessive hic allele, there is an increase of up 
to 42% in stomatal density in response to a doubling of CO2. Stomatal density varies widely within species: for 
example, in barley, stomatal density varies from 39 to 98 stomata/mm2 (Miskin & Rasmusson 1970) suggesting 
that the crop has the capacity to adapt. 

Currently, it is fairly well known how plants respond to an increase in CO2 concentration, which has both 
direct and indirect effects on crops. Direct effects (also known as CO2-fertilization effects) are those affecting 
crops by the presence of CO2 in ambient air, which is currently sub-optimal for C3-type plants like wheat and 
barley.  

In fact, in C3 plants, mesophyll cells containing ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO) 
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are in direct contact with the intercellular air space that is connected to the atmosphere via stomatal pores in the 
epidermis. Hence, in C3 crops, rising CO2 increases net photosynthetic CO2 uptake, because RuBisCO is not 
CO2-saturated in today’s atmosphere and because CO2 inhibits the competing oxygenation reaction, leading to 
photorespiration.  

CO2-fertilization effects can include an increase in photosynthetic rate, reduction of transpiration rate through 
decreased stomatal conductance, higher water use efficiency (WUE) and a lower probability of water stress 
occurrence. As a consequence, crop growth and biomass production may increase by up to 30% for C3 plants at 
doubled ambient CO2; however, other experiments show biomass increases of only 10–20% under doubled CO2 
conditions. In theory, at 25 °C, an increase in CO2 from the current 380–550 ppm (air dry mole fraction), projected 
for the year 2050, would increase photosynthesis by 38% in C3 plants. In contrast, in C4 plants (e.g. maize and 
sorghum) RuBisCO is localized in the bundle sheath cells in which CO2 concentration is 3 to 6 times higher than 
atmospheric CO2. 
Table 2. Percentage increases in yield, biomass and photosynthesis of crops grown at elevated CO2 (adapted from 
Long et al. 2006) 

 
Indirect effects (also known as weather effects) are the effects of solar radiation, precipitation and air 

temperature. Keeping management the same, cereals yields typically decrease with increasing temperatures and 
increase with increased solar radiation. If water is limited, yields eventually decrease because of higher 
evapotranspiration. Precipitation will obviously have a positive effect when it reduces water stress but can also 
have a negative effect such as, for example, through water logging. 

In addition to CO2, nitrogen (N) deposition is also expected to increase further (IPCC 2007) and it is known 
that increasing N supply frequently results in declining species diversity (Clark & Tilman 2008). In a long-term 
open-air experiment, grassland assemblages planted with 16 species were grown under all combinations of ambient 
and elevated CO2 and ambient and elevated N. Over 10 years, elevated N reduced species diversity by 16% at 
ambient CO2 but by just 8% at elevated CO2. 

 
2.4 Plant breeding and climate change 
The most likely scenario within which plant breeding targets need establishing is the following: 

 . Higher temperatures, which will reduce crop productivity, are certain 
 Increase in CO2 concentration is certain with both direct and indirect effects 
 . Increasing frequency of drought is highly probable 
 . Increase in the areas affected by salinity is highly probable 
  Increasing frequency of biotic stress is also highly probable 
Given this scenario, and given that plant breeding has been a success story in increasing yield (Dixon et al. 

2006), plant breeding may help in developing new cultivars with enhanced traits better suited to adapt to climate 
change conditions using both conventional and genomic technologies (Habash et al. 2009). These traits include 
drought and temperature stress resistance; resistance to pests and disease –which continue to cause crop losses 
(Oerke 2006), salinity and water logging (Humphreys 2005). Breeding for drought resistance has historically been 
one of the most important and common objectives of several breeding programmes for all the major food crops in 
most countries (Ceccarelli et al. 2004, 2007). Opportunities for new cultivars with increased drought tolerance 
include changes in phenology or enhanced responses to elevated CO2. 

With respect to water, a number of studies have documented genetic modifications to major crop species (e.g. 
maize and soybeans) that have increased their water-deficit tolerance ( Cheikh et al. 2000), although this may not 
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extend to a wide range of crops. In general, too little is known currently about how the desired traits achieved by 
genetic modification perform in real farming and forestry applications (Sinclair & Purcell 2005). 

Thermal tolerances of many organisms have been shown to be proportional to the magnitude of temperature 
variation they experience: lower thermal limits differ more among species than upper thermal limits (Addo-
Bediako et al. 2000). Therefore, a crop, such as barley, which has colonized a wide diversity of thermal climates, 
may harbour enough genetic diversity to breed successfully for enhanced thermal tolerance. 

Soil moisture reduction due to precipitation changes could affect natural systems in several ways. There are 
projections of significant extinctions in both plant and animal species. Over 5000 plant species could be impacted 
by climate change, mainly due to the loss of suitable habitats. By 2050, the extent of the Fynbos Biome (Ericaceae-
dominated ecosystem of South Africa, which is an International Union for the Conservation of Nature and Natural 
Resources crisis. The expected increase of biofuel monoculture production may lead to increased rates of 
biodiversity loss and genetic erosion. Another serious consequence of the loss of biodiversity has been the 
displacement of locally adapted varieties which may hold the secret of adaptation to the future climate (Ceccarelli 
& Grando 2000; Sarker & Erskine 2006;Fetien  & Bjørnstad 2009). 

While it is estimated that there are  250000 plant species, of which about 50000 are edible, in fact not more 
than 250 are used – out of which 15 crops provide 0ꞏ9 of the calories in the human diet and three of them, namely 
wheat, rice and maize, provide 0ꞏ6%. In these three crops, modern plant breeding has been particularly successful 
and movement towards genetic uniformity has been rapid – the most widely grown varieties of these three crops 
are closely related and genetically uniform (pure lines in wheat and rice and hybrids in maize). The major 
consequence of the dependence of modern agriculture on a small number of varieties for the major crops (Altieri 
1995) is that the main sources of food are more genetically vulnerable than ever before, i.e. food security is 
potentially in danger. A number of plant breeders have warned that conventional plant breeding by continuously 
crossing between elite germplasm lines would lead to the extinction of diverse cultivars and non-domesticated 
plants(Vavilov 1992; Flora 2001; Gepts 2006; Mendum & Glenna 2010) and climate change may exacerbate the 
collection sites at the time the collection was made, while the second is dynamic, because landraces and wild 
relatives are heterogeneous populations and, as such, they evolve and can generate continuously novel genetic 
variation.  

Adaptive capacity in its broadest sense includes both evolutionary changes and plastic ecological responses. 
In the climate change literature, it also refers to the capacity of humans to manage, adapt and minimize impacts 
(Williams et al. 2008). All organisms are expected to have some intrinsic capacity to adapt to changing conditions; 
this may be via ecological (i.e. physiological and/or behavioral plasticity) or evolutionary adaptation (i.e. through 
natural selection acting on quantitative traits). There is now evidence in the scientific literature that evolutionary 
adaptation has occurred in a number of species in response to climate change both in the long term as seen earlier 
in the case of stomata (Woodward 1987) or over a relatively short term.  Recently, Morran et al. (2009) used 
experimental evolution to test the hypothesis that outcrossing populations are able to adapt more rapidly to 
environmental changes than self-fertilizing organisms as suggested by Stebbins (1957), Maynard Smith (1978) 
and Crow (1992), explaining why the majority of plants and animals reproduce by outcrossing as opposed to 
selfing. The advantage of outcrossing is to provide a more effective means of recombination and thereby generating 
the genetic variation necessary to adapt to a novel environment (Crow 1992). The experiment of Morran et al. 
(2009) suggests that even outcrossing rates lower than 0ꞏ05, therefore comparable with those observed in self-
pollinated crops such as barley, wheat and rice (outcrossing rates as high as 0ꞏ07 have been reported in barley 
(Marshall & Allard 1970; Allard et al. 1972) and 0ꞏ035 in wheat (Lawrie et al. 2006) allowed adaptation to stress 
environments as indicated by a greater fitness, accompanied by an increase in the outcrossing rates. 

During periods of drought, the yield of bulk populations increases over commercial cultivars selected under 
high input, but these yield advantages do not hold when conditions are agronomically favorable (Danquah & 
Barrett 2002). The positive effect on the control of persistent and flexible diseases of increasing genetic diversity 
has been shown with the use of multiline (Wolfe 1985; Garrett & Mundt 1999;Zhu et al. 2000).   A genetically 
diverse bulk population allows for adaptation to disease through the establishment of a self-regulating plant–
pathogen evolutionary system (Allard 1990). 
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Figure 2.  Combination of Breeding Approaches Needed to Advance Yield in a Changing Climate (Reynolds et al 
2009).   N.B FIGS: Focused Identification of Germplasm Strategy,DARTs: Diversity arrays traits and NIR:Near 
Isogenic Race. 
 
3 CONCLUSION 
Climate change is now unequivocal, particularly in terms of increasing temperature, increasing CO2 concentration, 
widespread melting of snow and ice and rising global average sea level, while the increase in the frequency of 
drought is very probable but not as certain. The climate changes that are occurring at present will have – and are 
already having – an adverse effect on food production and food quality with the poorest farmers and the poorest 
countries most at risk. The adverse effect is a consequence of the expected or probable increased frequency of 
some abiotic stresses such as heat and drought, and of the increased frequency of biotic stresses (pests and diseases). 
In addition, climate change is also expected to cause losses of biodiversity, mainly in more marginal environments. 

Plant breeding has addressed both abiotic and biotic stresses. Strategies of adaptation to climate changes may 
include a more accurate matching of phenology to moisture availability using photoperiod-temperature response, 
increased access to a suite of varieties with different duration to escape or avoid predictable occurrences of stress 
at critical periods in crop life cycles, improved water use efficiency and a re-emphasis on population breeding in 
the form of evolutionary participatory plant breeding to provide a buffer against increasing unpredictability. 
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