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Developing crops that are better adapted to abiotic
stresses is important for food production in many parts
of the world today. Anticipated changes in climate and
its variability, particularly extreme temperatures and
changes in rainfall, are expected to make crop improve-
ment even more crucial for food production. Here, we
review two key biotechnology approaches, molecular
breeding and genetic engineering, and their integration
with conventional breeding to develop crops that are
more tolerant of abiotic stresses. In addition to a multi-
disciplinary approach, we also examine some con-
straints that need to be overcome to realize the full
potential of agricultural biotechnology for sustainable
crop production to meet the demands of a projected
world population of nine billion in 2050.

Why is crop improvement necessary?
The intensification of agriculture in many parts of the
world over the past five decades, supported by appropriate
research, institutions and policies, has led to an increase in
global food grain production from approximately 850 mil-
lion tons in 1960 to 2350 million tons in 2007 [1]. Although
global food production has kept pace with population
growth over the past 40 years, almost a billion people,
most of who live in the developing world, remain under-
nourished [2]. It has been projected that global food pro-
duction must increase by 70% by 2050 to meet the demand
caused by this growing global population, increasing
incomes and consumption. Food insecurity has also in-
creased in recent times in several regions of the world
owing to competing claims for land, water, labor, energy
and capital, which is leading to more pressure to improve
production per unit of land [1]. Global climate change is
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Glossary

Allele mining: the identification and isolation of novel allelic variants

associated with the phenotype of interest that exists within large

germplasm collections.

Aquaporins: integral proteins of the cell membrane that are required

for regulating the movement of water in and out of the cell while

excluding ions and metabolites.

Association mapping or linkage disequilibrium (LD) mapping: map-

ping methods that rely on the historical recombination and nonran-

dom association of alleles or LD that persists in random mating

populations. Association genetics facilitates the identification of

marker–trait association based on whole-genome or candidate

gene-based LD analysis.

Best linear unbiased prediction: statistical method to calculate ran-

dom effects in linear mixed models that is widely used for estimating

breeding values in plant breeding.

Candidate genes: genes that might be related to the trait of interest.

Candidates genes can be identified through either map-based meth-

ods such as QTL analysis (positional candidate genes) or functional

genomics approaches such as transcriptomics and expression ge-

netics (functional candidate genes).

Cis-genics: GE approach that relies on the identification and transfer

of natural indigenous genes or cis-genes, isolated from the same

species of the plant or other sexually compatible species.

Cold shock proteins (CSPs): family of proteins that are induced by a

decrease in temperature. During cold shocks, most of the cellular

protein synthesis processes slow down; however, the number of

protein synthesis processes operating in CSPs increases to a maxi-

mum during the ‘acclimation’.

Constitutive expression: the continuous expression of genes (i.e. no

control over expression).

C-repeat binding factors (CBFs): also known as dehydration respon-

sive element binding factors. They are activated by cold stress and

have a conserved ‘CCGAC’ core sequence, which is found in the

promoter of many cold-inducible genes.

Food insecurity: the lack of access to an adequate food supply,

leading to a deficient food supply at the household level and mal-

nourishment at the individual level.
Gene pyramiding: the process of introducing desirable genes into a
single genotype from different donor sources. This is also known as

gene stacking.Corresponding author: Varshney, R.K. (r.k.varshney@cgiar.org)
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Genetic engineering (GE): the manipulation of the genetic material of

an organism using recombinant DNA technology.

Genetic enhancement: the broadening of the genetic base of a

species using breeding and/or GE methods.

Genome-wide selection (GWS) or genomic selection (GS): works at

the whole genome level without the need for the identification of a

subset of markers associated with the traits as in the case of MAS,

MABC and MARS. GWS relies on the fact that the genomic regions

containing the same rare haplotypes are usually identical by de-

scent, harboring the same QTL allele, and thereby these markers or

marker haplotypes, which are in close LD with QTL, can be used for

selection.

Genomic estimated breeding values (GEBVs): estimates of the breed-

ing values of genotyped individuals (breeding population), calculated

based on marker effects derived from the genotyping and phenotyping

data obtained from trained individuals (training population).

Intergovernmental Panel on Climate Change (IPCC): scientific and

intergovernmental organization, developed as a collaborative effort of

the UN Environment Programme and the World Meteorological Orga-

nization. The aim of the IPCC is to review the scientific, technical and

socioeconomic impacts of climate change.

Marker-assisted backcrossing (MABC): marker-aided foreground se-

lection to introgress precisely the donor segment into the elite

breeding line accompanied by marker-assisted background selection

to ensure the maximum recovery of recurrent parent genome.

Marker-assisted recurrent selection (MARS): marker-aided popula-

tion improvement scheme relying on the recovery of superior or ideal

genotypes, which are generally made up of various genomic fragments

harboring smaller effectQTLs. The isolationofsuchanidealgenotypeis

not possible in simple biparental mapping populations.

Molecular breeding (MB): theprocessofgenetic improvementthrough

the deployment of molecular tools such as DNA markers in traditional

breeding. MB enhances genetic gain by increasing the selection effi-

ciency coupled with the reduced length of breeding cycles.

Next-generation sequencing (NGS) technologies: high-throughput

sequencing technologies such as Roche/454 (http://www. 454.com/),

Solexa/Illumina (http://www.illumina.com/) and AB-SOLiD (http://

www.appliedbiosystems.com/), which provide reduced cost per data

point. NGS techniques are ideal for resequencing genomes, but

currently these are being used for de novo whole-genome sequenc-

ing in many crops.

Nitrogen use efficiency (NUE): expressed in terms of grain yield per

unit of available soil nitrogen. NUE can be divided into two compo-

nents: uptake efficiency (to take nitrogen from the soils) and usage

efficiency (to convert the nitrogen uptake into protein).

Quantitative trait loci (QTLs): genomic regions associated with com-

plex quantitative traits governed by several large effect as well as

smaller effect genes. Special statistical software is needed to identify

the locations and effects associated with these regions.

RNA chaperones: class of proteins required for the proper folding of

RNA or for resolving incorrectly folded RNA structures.

RNAi: the natural mechanism of silencing the expression of genes

with the help of RNA molecules such as miRNA and siRNA. RNAi

facilitates the rapid identification of gene functions.

Targeted gene replacement: the in vitro modification of a cloned

DNA fragment and subsequent introduction into the host cell

through homologous recombination or gene targeting.

Training population: one of the components of a GS scheme. Geno-

typing and phenotyping data are recorded for ‘model’ or ‘trained’

individuals, which are subsequently used to calculate the GEBVs of

individuals.

Transgenic or genetically modified organism: contains a foreign

gene that has been introduced into its genome by GE.

Wild relatives: wild species, particularly those closest to domesticat-

ed plants that might harbor lots of novel variations not available in

the cultivated germplasm pool.
likely to increase the problems of food insecurity, hunger
and malnutrition for millions of people, particularly in
south Asia, sub-Saharan Africa and small islands [3–5],
and also further aggravate the current trends in land
degradation, especially in semi-arid tropical regions [6].
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Whereas global temperatures are predicted to increase
by 2.5–4.3 8C by the end of the century [3], with significant
effects on food production [4,5,7,8] and malnutrition [5], it
is also evident that agriculture is currently affected by
increasing climate variability, especially temperature
[9,10]. For example, it has been estimated that rising
global temperatures between 1981 and 2002 reduced the
yields of major cereals by $5 billion per year [9]. Heat
waves and drought in Europe in 2003 [11] significantly
reduced productivity [e.g. maize (Zea mays) yield in north-
ern Italy by 36%]. In 2009/2010, heat waves also affected
wheat (Triticum aestivum) production in central Asia, and
extreme flooding affected agricultural production in south
Asia. In addition to the challenge of temperature extremes
(hot and cold) and drought or water stress as well as
flooding associated with climatic variability, the incidence
and severity of biotic stresses such as pests, diseases and
the invasion of alien weed species are also likely to be
greater. Cropping systems at greatest risk include wheat
and rice (Oryza sativa) in south and southeast Asia and
maize in southern Africa [8,12–14].

In the context of current climate variability, as well as
predicted increases in mean temperature and annual pre-
cipitation, what do recent advances in agricultural biotech-
nology offer the genetic enhancement of agricultural crops
so that they are better adapted to biotic and abiotic stres-
ses, leading to higher crop productivity? In this review, we
critically examine the role that agricultural biotechnology
could play in addressing biotic and abiotic constraints to
greater food productivity.

Biotechnological interventions
The objective of plant breeding for stress environments is
to accumulate favorable alleles that contribute to stress
tolerance in a plant genome. Genes that confer stress
resistance can be sourced from germplasm collections,
including wild relatives of crops that are held in genebanks
or organisms that currently live in the habitats of water
deficit or excess, extreme temperature and salinity that
have evolved to cope with those conditions [15]. Although
some progress has been made through conventional breed-
ing [16], breeding for abiotic stress tolerance is con-
strained: (i) by the complex nature of abiotic stress
tolerance (timing, duration, intensity, frequency) and
thereby its quantification and repeatability; (ii) because
undesirable genes are also transferred along with desir-
able traits; and (iii) because reproductive barriers limit the
transfer of favorable alleles from diverse genetic resources.

Biotechnology is a viable option for developing geno-
types that can perform better under harsh environmental
conditions, particularly for (ii) and (iii) above. For instance,
advances in genomics coupled with bioinformatics and
stress biology can provide useful genes or alleles for con-
ferring stress tolerance.

Superior genes or alleles where they have been identi-
fied in the same species can be transferred into elite
genotypes through molecular breeding (MB). Moreover,
by using an approach such as genetic engineering (GE),
there is no barrier to transferring useful genes or alleles
across different species from the animal or plant kingdoms.
As a result, biotechnology approaches offer novel strategies
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Figure 1. An integrated approach to developing crops that are better adapted to abiotic stresses. Germplasm collections including tolerant crops, landraces and wild

relatives of crops can be used to identify or isolate QTL(s), gene(s) or allele(s) that confer tolerance to abiotic stresses such as drought and high temperature by using

modern genomics approaches. Although candidate QTL(s) can be deployed through MB approaches such as MABC, MARS and GS, the most promising candidate genes

along with appropriate promoters can be used by using a GE approach in conventional breeding programs. It is anticipated that the use of an integrated approach, as

suggested here, should facilitate the development of designer crops that are better adapted to abiotic stresses and thereby better able to tolerate future climate variability.

Box 1. Key biotechnological strategies for improving abiotic

stress tolerance

MB approach

(i) The development of genomic resources such as molecular

markers including simple sequence repeats, single nucleotide

polymorphisms and marker genotyping platforms.

(ii) The development of biparental mapping populations by using

genetically and phenotypically diverse parental lines or the

selection of a natural population representing diversity for

abiotic stress tolerance traits.

(iii) The use of linkage mapping or association mapping approaches

to identify the QTLs or markers associated with abiotic stress

tolerance-related parameters, such as leaf water retention, high

rates of leaf photosynthesis, stomatal conductance, osmotic

adjustment and faster canopy and root development.

(iv) The validation of the QTLs or markers in a breeding germplasm

that have a different genetic background.

(v) The use of an appropriate MB approach such as MABC, MARS

or GWS to develop superior crop genotypes.

GE approach

(i) The identification of genes encoding signaling proteins, TFs and

effector proteins, and novel stress responsive promoters

controlling multiple stress tolerance.

(ii) The identification of genes regulating stomatal opening and

closure and stress-induced expression to enhance water use

efficiency in crops.

(iii) The genetic transformation and development of elite crop

genotypes with tolerance to high temperature stress and other

environmental stresses.

(iv) The assessment of promising transgenic lines for multiple

stress tolerance under field conditions.

(v) The deregulation of transgenic lines to enable the release of a

superior line or variety.
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for producing suitable crop genotypes that are able to resist
drought, high temperature, submergence and salinity
stresses (Figure 1). Key strategies where genetic enhance-
ment for abiotic stress tolerance has led to crop improve-
ment are outlined in Box 1.

Several key approaches for improved crop productivity
in an environment with high temperatures and high CO2

have been discussed in recent reviews [17,18]. Similarly,
Ainsworth and colleagues critically analyzed the biotech-
nological approaches that could be used to develop crops
with potentially improved productivity in an environment
with high temperature, high CO2 and high ozone [19].
These included manipulating leaf photosynthesis, photo-
synthate partitioning, total biomass production and nitro-
gen use efficiency (NUE) (see Glossary). Improved NUE in
crops should lead to reduced fertilizer application and
thereby lower emissions of greenhouse gases into the
atmosphere. More than 50% of all US greenhouse gas
emissions from agriculture are associated with fertilizer
application and other cropping practices [20]. Rather than
focusing on individual stresses, the biotechnology commu-
nity should use biotechnological approaches to tackle mul-
tiple stresses directly under field conditions [21]. Our
increased understanding of the molecular and genetic
bases of abiotic stress responses in plants should enable
us to use crop-specific MB, GE and preferably integrated
programs to introduce resistance to multiple stresses.

Key agricultural biotechnology approaches: prospects
and progress
Molecular breeding

Significant advances have been made in the area of geno-
mics over the past ten years. Genome sequences are avail-
able now for many crop species such as rice, [22–24], poplar
(Populus trichocarpa) [25], sorghum (Sorghum bicolor)
[26], maize [27] and soybean (Glycine max) [28]. Further-
more, the advent of so-called ‘next-generation sequencing’
(NGS) technologies have made it possible to sequence the
transcriptomes or genomes of any species (and for any
number of individuals) relatively quickly and cheaply
[29]. As a result, genome sequences have started to become
available for less studied crops such as cucumber (Cucumis
365
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sativus) [30], pigeonpea (Cajanus cajan) (http://www.
icrisat.org/gt-bt/IIPG/home.html) and large and complex
genome species such as wheat (http://www.genomeweb.
com/sequencing/wheat-genome-sequenced-roches-454)
and barley (Hordeum vulgare) (http://barleygenome.org/).
These genome or transcriptome sequences coupled with
genetic approaches can be used for identifying suitable
genes conferring stress tolerance that can be deployed in
crop improvement either by using MB or GE approaches.
The use of genome sequences to identify genes associated
with drought tolerance can be demonstrated by taking the
example in sorghum, a species well adapted to drought-
prone regions. Sorghum genome analysis has indicated
that the characteristic adaptation of sorghum to drought
might be partly related to the expansion of one miRNA and
several gene families. Rice miRNA 169 g, upregulated
during drought stress [31], has five sorghum homologs
(sbi-MIR169c, sbi-MIR169d, sbi-MIR169.p2, sbi-
MIR169.p6 and sbi-MIR169.p7). The computationally pre-
dicted target of the sbi-MIR169 subfamily comprises mem-
bers of the plant nuclear factor Y (NF-Y) B transcription
factor family, linked to improved performance under
drought by Arabidopsis (Arabidopsis thaliana) and maize
[32]. Cytochrome P450 domain-containing genes, often
involved in scavenging toxins such as those accumulated
in response to stress, were found to be abundant in sor-
ghum (326 cf 228 in rice). Expansins, enzymes that break
hydrogen bonds and are responsible for a variety of growth
responses that could be linked to the drought tolerance of
sorghum, occurred in 82 copies in sorghum cf 58 in rice and
40 each in Arabidopsis and poplar [26].

The MB approach involves first identifying quantitative
trait loci (QTLs) for traits of interest, such as tolerance to
abiotic stresses. Until recently, QTLs were identified by
linkage mapping [33], but now association genetics has
started to supplement these efforts in several crops [34,35].
Nested association mapping, which combines the advan-
tages of linkage analysis and association mapping in a
single unified mapping population, is also being used for
the genome-wide dissection of complex traits in maize [36].
Association mapping, compared with linkage mapping, is a
high-resolution and relatively less expensive approach. In
the near future, it is likely to be routinely used for identi-
fying traits associated with abiotic stresses [34], particu-
larly given the availability of high-throughput marker
genotyping platforms [37]. An example of the systematic
use of association mapping for drought tolerance is the
collaborative project between Cornell University and CIM-
MYT (http://www.maizegenetics.net/drought-tolerance).
After identifying the markers associated with QTLs or
genes for traits of interest, the candidate QTLs or genes
can be introgressed in elite lines through marker-assisted
backcrossing (MABC).

Although MABC has been successful in developing
superior genotypes for traits controlled by major effect
gene(s) or QTLs, for example bacterial blight and blast
resistance in rice [38–48], few examples are available for
complex traits such as tolerance to drought and heat,
which are the key traits that need to be targeted for
developing crops that are adapted to low rainfall and high
temperature conditions. However, MB has been success-
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fully used in rice, with one major effect QTL each for
submergence tolerance [49] and drought tolerance [50]
identified and used in this approach.

One of the difficulties of developing superior genotypes
for abiotic stresses such as drought or heat is that these
traits are generally controlled by small effect QTLs or
several epistatic QTLs [51]. MABC does not seem to be
an effective approach for introgressing QTLs such as these,
especially because of the large sizes of the backcross popu-
lations required to pyramid several QTLs in the same
genetic background. However, two newer MB approaches
–marker-assisted recurrent selection (MARS) and genome-
wide selection (GWS) or genomic selection (GS) – can be
used to overcome this problem [37,52].

The estimated genetic gain that is feasible using MARS
or GWS is greater than can be obtained using MABC for
transferring or pyramiding superior QTLs or gene alleles
for complex traits such as drought or heat tolerance in one
genetic background [53,54]. Although the MARS approach
is used routinely in private sector breeding programs
[54,55], there are no published reports on the use of MARS
in public breeding programs. Another comprehensive ap-
proach for improving complex traits is based on GWS.
Although MABC and MARS require QTL information
for complex traits, information on marker–trait associa-
tions is not necessarily required for GWS [56,57]. Basically,
GWS deals with the prediction of the genomic-estimated
breeding values (GEBVs) of progeny. In this context, there
is first a need to have the phenotyping data as well as
genome-wide marker profiling on a ‘training population’;
subsequently, GEBVs can be calculated based on pheno-
typing and marker datasets. These GEBVs are then used
to select the superior progeny lines for advancement in the
breeding cycle [57,58]. Several computational tools are
available or are being developed to calculate GEBVs, such
as the Best Linear Unbiased Prediction method and the
geostatistical mixed model [59] (http://genomics.cimmyt.
org/#Software). However, at present there is little
information available on the use of GWS in crop plants
in public sector breeding programs, although some groups
have started to explore this approach in crops such as
maize (http://genomics.cimmyt.org/, http://www.synbreed.
tum.de/index.php?id=31).

Genetic engineering

The upsurge of genomic information and the use of associ-
ated computational biology tools over the past decade have
led to the identification of signaling pathways and regula-
tory genes and networks controlling complex traits related
to environmental stresses. Crop GE with signaling compo-
nents and transcription factors (TFs) leads to the expres-
sion of their target transcriptome that consists of several
genes involved in stress adaptation. For example, the
enhanced production of the signaling hormone abscisic
acid (ABA) by the overexpression of the LOS5/ABA3 gene
encoding a Molybdenum Cofactor Sulfurase, required for
ABA synthesis, conferred enhanced drought tolerance in
transgenic rice plants under field conditions [31]. Similarly,
the overexpression of the rice AP37 (an APETALA2-type
TF) gene resulted in the enhanced expression of several
target genes and produced 16–57% higher grain yield
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Figure 2. Trends in publications related to MB and GE approaches used to develop crops that are better adapted to abiotic stresses. Although publications on QTL

identification and genetic transformation are increasing every year, only a limited number of publications have become available on QTL validation or introgression and the

field testing of transgenics. (Source: Google Scholar, Sept 20, 2010).
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under field drought stress conditions [60]. Hence, tran-
scriptome engineering seems to be promising for the de-
velopment of abiotic stress-tolerant crops. However,
inducible expression rather than the constitutive over-
expression of TFs is preferable owing to the severe growth
retardation and reduction in seed production that can
occur even under normal environmental conditions in
transgenic crops with constitutive expression of TFs
[61]. Nonetheless, several transgenic crops have been
engineered using C-repeat binding factors (CBFs) and
other TFs without a yield penalty [62,63]. Transgenic rice
plants overexpressing Arabidopsis CBF3/DREB1A or
ABF3 TF showed improved tolerance to drought and
salinity without growth retardation [64]. However, only
a few crops such as rice [31,60,65], maize [32,66,67] and
canola (Brassica napus) [66,68], expressing the desired TF
and other genes, have been tested under real field stress
conditions [63] (Figure 2).

RNA chaperones known for their active role, particu-
larly in mediating transcription and translation both in
bacteria and plants, have also been shown to increase
yield under multiple stresses. For instance, Monsanto
(http://www.monsanto.com/) researchers showed that
bacterial cold shock proteins (Csps) can confer improved
stress adaptation in multiple plant species. For instance,
CspB codes for and is responsible for an RNA chaperone,
which is a commonly occurring protein molecule that
binds to RNAs and facilitates their function. The gene
was first identified in bacteria subjected to cold stress
conditions, and further research has demonstrated that
CspB helps plants cope with drought stress. In maize and
rice, CspB works by helping the plant maintain growth
and development during times of inadequate water sup-
ply [67].

Recently, a gene encoding aquaporin (NtAQP1) was
identified in tobacco (Nicotiana tabacum) and shown to
provide protection against salinity stress in transgenic
tomatoes (Solanum lycopersicum) [69]. NtAQP1 plays a
key role in preventing root/shoot hydraulic failure, enhanc-
ing water use efficiency and thereby improving salt toler-
ance. It simultaneously increased both water use and
photosynthetic efficiency in plants. Moreover, the NtAQP1
gene, which increases stomatal conductance, might also
lower canopy temperature and thereby reduce the level of
heat stress experienced by plants. By contrast, decreased
stomatal conductance and thereby transpiration by the
suppression of farnesyltransferase genes (FTA or FTB)
by RNAi in transgenic canola resulted in significantly
higher yields compared with controls in a 3-year field trial
[68,70]. To make up for the water loss owing to higher
stomatal conductance in the NtAQP1 transgenic plants,
pyramiding genes for osmolyte biosynthesis expressed
specifically in roots could lead to the growth of deeper
roots, potentially enabling water uptake from deeper soil
layers [71].

A combination of genes is required to offset the adverse
impact of climate variability on plants. Apart from genes
encoding effector proteins, signaling proteins and/or TFs,
there is a need for a repertoire of promoters to drive
transgene expression in a precise and predetermined fash-
ion in specific tissues or plant organs. Appropriate promo-
ters need to be selected, depending upon the gene used, to
obtain desirable transgenic plants with high yield stability
under stress conditions. For example, as discussed earlier,
the constitutive expression of ZmNF-YB2 in maize con-
ferred enhanced drought tolerance [32]. By contrast, trans-
genic rice plants overexpressing OsNAC10 under the root-
specific promoter RCc3, but not under the control of the
constitutive GOS2 promoter, conferred a yield advantage
under drought stress conditions in the field [32,72,73]. The
use of appropriate promoters might enable gene pyramid-
ing through GE to tackle the issue of tolerance to multiple
367
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stresses at different stages of plant growth and develop-
ment [74].

TFs implicated in more than one type of stress might
also be identified. The role of TFs in enhancing agricultural
productivity via increased leaf photosynthesis, modified
plant architecture and faster plant growth rates has been
discussed in several articles [62,75]. Other TFs, such as
DREB2A with diverse roles in both biotic and abiotic
stresses, could possibly be deployed for engineering multi-
ple stress tolerance along with enhanced yields [63]. How-
ever, the key concern about TF transgenics is whether they
will perform consistently under drought and/or heat stress
conditions in the field.

Integrated biotechnology approach

Although the biotechnology community has remained fo-
cused on either MB or GE approaches [44,76], it is evident
that there is a need to target complex problems caused by
drought and heat by using integrated biotechnology
approaches. In this context, the maize community repre-
sents an excellent example, undertaking several major
projects including Water Efficient Maize in Africa (WEMA,
http://www.aatf-africa.org/wema/en/), Drought Tolerant
Maize for Africa (DTMA, http://dtma.cimmyt.org/) and
Improved Maize for African Soils (IMAS, http://www.
cimmyt.org/en/projects/improved-maize-for-african-soils).
These projects are using conventional breeding, MB and
GE approaches in collaboration with international part-
ners, including multinational companies such as Monsanto
(www.monsanto.com/) and Pioneer (http://www.pioneer.
com/). Under the WEMA initiative, CIMMYT is providing
high-yielding maize cultivars that are adapted to African
conditions as well as expertise in conventional breeding
and testing for drought tolerance. Monsanto is providing
proprietary germplasm, advanced breeding tools and ex-
pertise, and drought-tolerant transgenes developed in col-
laboration with BASF (http://www.basf.com/). The
cultivars developed through the initiative will be distrib-
uted to African seed companies through the African Agri-
cultural Technology Foundation (AATF) without royalties,
and made available to smallholder farmers as part of their
seed businesses. For example, over 50 new maize hybrids
and open-pollinated maize cultivars have been developed
and provided to seed companies and nongovernment orga-
nizations for dissemination under the DTMA initiative.
These drought-tolerant maize cultivars produce approxi-
mately 20–50% higher yields under drought than do other
maize cultivars and several of them have already reached
farmers’ fields. The IMAS initiative, by contrast, is devel-
oping maize varieties that are better at capturing the small
amount of fertilizer that African farmers can afford and
that use the nitrogen they take up more efficiently to
produce grain (i.e. to increase NUE).

In addition to MB and GE, some new approaches have
recently become available that should be integrated with
MB and GE to tackle complex stresses in a concerted
manner. These approaches include (i) NGS or transcrip-
tomics and proteomics approaches for isolating novel genes
and promoters for multiple abiotic stress tolerance [29]; (ii)
gene targeting for the genetic modification of crops [77,78];
(iii) marker-free transgenic crop development [79]; (iv) the
368
development of cis-genics [80]; (v) allele mining for candi-
date genes in germplasm collections [81]; and (vi) the
creation and use of mutations by deploying Targeted In-
duced Local Lesions in Genomes (TILLING) [82].

Constraints and opportunities for the use of
biotechnology approaches
Although several technological advances have been made
in the recent past in the field of biotechnology, one of the
major challenges is the widening gap between the rate of
the development of new technologies and their deploy-
ment in applied breeding programs for crop improve-
ment. For instance, many genes for different stresses
have been cloned and characterized in models as well
as some crop plant species, and in some cases, successful
reports on the development of transgenics have also been
reported, e.g. rice for LOS5/ABA3 [31] and AP37 [60]
(Figure 2). However, to date, no reports of a released
transgenic variety for drought tolerance have been pub-
lished, even though Bt-transgenic crops have been widely
adopted globally [83].

Although several reports are available on the identifi-
cation or even validation of QTLs or markers for abiotic
stress tolerance, their successful deployment in the devel-
opment of a superior cultivar has had only limited success.
Even in the case of rice, there are only two examples where
QTLs for abiotic stress tolerance, namely submergence
tolerance [49] and drought tolerance [50], have been suc-
cessful. This limited success of biotechnology for develop-
ing abiotic stress-tolerant cultivars indicates one or more
of the following points: (i) The nature of abiotic stress is
complex with variations in the timing, duration and in-
tensity of stress interacting with different stages of plant
development. (ii) Abiotic stress tolerance is often mea-
sured using traits, such as yield under stress, that are
integrators over time of many processes or mechanisms.
Therefore, approaches involving the introgression of one
gene or QTL using GE or MB is usually not sufficient to
develop drought- or heat-tolerant lines unless that gene or
QTL has a large effect on a particular key process (e.g.
disease resistance [44,45]. (iii) Our capacity to phenotype
is limited by our understanding of abiotic stress tolerance
mechanisms, which ultimately limits all conventional or
molecular plant breeding efforts. There is also a lack of
appropriate and large-scale phenotyping facilities in pub-
lic research institutes, particularly in developing coun-
tries. (iv) The appropriate MB method (i.e. MARS or GWS)
needs to be used instead of MABC for achieving higher
genetic gain for complex traits. (v) GE requires the iden-
tification of appropriate promoters, particularly for gene
stacking.

It is now time to use interdisciplinary approaches to
tackle the serious challenges of complex abiotic stresses,
and the scientific community and science policymakers
should consider the following approaches: (i) selection of
the most appropriate set of genes or QTLs for either a GE
or a MB approach; (ii) emphasis on precise and large-scale
phenotyping based on a good understanding of the key
processes for drought and heat tolerance either alone or in
combination. Field-based facilities such as Temperature
Free Air CO2 Enrichment (or T-FACE) [17,18] will be

http://www.aatf-africa.org/wema/en/
http://dtma.cimmyt.org/
http://www.cimmyt.org/en/projects/improved-maize-for-african-soils
http://www.cimmyt.org/en/projects/improved-maize-for-african-soils
http://www.monsanto.com/
http://www.pioneer.com/
http://www.pioneer.com/
http://www.basf.com/
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increasingly important in this regard because they allow
for phenotyping under more natural conditions; (iii)
deployment of integrated biotechnology approaches, in-
cluding appropriate MB and GE methodologies, together
with new genomics and conventional breeding [81]; (iv)
long-term investments in the public sector to develop the
next generation of biotech crops; (v) emphasis on the
adoption of biotechnology research in breeding programs
[54,84]; (vi) simplifying the process of the biosafety regula-
tion of transgenic crops [84–86] and (vii) creating appro-
priate public awareness in developing countries about the
use of biotechnology approaches.

Lastly, we should not forget that ultimately all products
of plant breeding, conventional, MB or GE, have to be
delivered to farmers in the form of the seed of improved
cultivars. At the present time, many small farmers do not
have access to seed of improved cultivars, and in the short-
term it is the failure of seed systems as much as the lack of
abiotic stress-tolerant cultivars that is the major limitation
[1,87].

Future of biotechnology approaches for crop
improvement
Biotechnology approaches have the potential to enhance
crop production under different stress conditions. On
the one hand, abiotic stresses are complex in nature;
on the other hand, there are several challenges that
have restricted the realization of the full potential of
using biotechnology approaches in crop breeding. Never-
theless, with current and fast emerging technologies such
as RNAi [88], targeted gene replacement using zinc-finger
nucleases, chromosome engineering, MARS and GWS,
NGS and nanobiotechnology, the future seems bright with
respect to the development of designer crops with improved
features that can use natural resources such as water, soil
nutrients, atmospheric carbon and nitrogen with a far
greater efficiency than ever before. Although MB-derived
products have been accepted and adopted, GE-derived
crops still have a long way to go to gain universal accep-
tance and reach farmers’ fields. Even though the benefits to
small and resource-poor farmers have been demonstrated
and the GE technology is becoming more popular, the
political will to facilitate this process is weak [84]. Indeed,
there have been many calls for the global harmonization of
regulations, which would make the requirements compat-
ible and consistent [89]. Regulatory harmonization would
help remove artificial trade barriers, expedite the adoption
of GE crops, protect developing countries from exploitation
and bring the benefits of GE products to the consumer.
Eventually, the adoption of biotech crops to mitigate abi-
otic stresses that are expected to increase in frequency and
intensity in coming years will depend on public perceptions
and public acceptance, as well as on cultural and institu-
tional processes in developing countries.

Acknowledgments
We record our special thanks to the Indian Council of Agricultural
Research (ICAR) and the Department of Biotechnology (DBT) of
Government of India. We also thank the CGIAR Generation Challenge
Programme and CGIAR Challenge Programme on Climate Change,
Agriculture and Food Security for financial support for different research
projects in the laboratories of the authors. We thank Mr Abhishek Bohra,
Dr Reyaz Mir, Ms Anuja Dubey and Ms Sri Swathi for their help with
preparing the article and two anonymous reviewers for improving the
manuscript with their constructive criticism.

References
1 Godfray, H.C.J. et al. (2010) Food security: the challenge of feeding 9

billion people. Science 327, 812–818
2 Hazell, P. and Wood, S. (2008) Drivers of change in global agriculture.

Philos. Trans. R. Soc. B 363, 495–515
3 IPCC (2007) Synthesis: Contribution of Working Groups I, II and III to

the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change, Cambridge University Press, Cambridge

4 Parry, M. et al. (2009) Climate Change and Hunger: Responding to the
Challenge, World Food Programme, (Rome)

5 Nelson, G.C. et al. (2009) Climate Change: Impact on Agriculture and
Costs of Adaptation, International Food Policy Research Institute,
(Washington, D.C.)

6 Sivakumar, M.V.K. and Ndiangui, N., eds (2007) Climate and Land
Degradation, Springer, (Berlin

7 Nelson, G.C. et al. (2010) Food Security, Farming, and Climate Change
to 2050: Scenarios, Results, Policy Options, IFPRI, (Washington)

8 Lobell, D. et al. (2008) Prioritizing climate change adaptation needs for
food security in 2030. Science 319, 607–610

9 Lobell, D. and Field, C. (2007) Global scale climate-crop yield
relationships and the impacts of recent warming. Environ. Res. Lett. 2

10 Peltonen-Sainio, P. et al. (2010) Coincidence of variation in yield and
climate in Europe. Agric. Ecosyst. Environ. 139, 483–489

11 Ciais, Ph. et al. (2005) Europe-wide reduction in primary productivity
caused by the heat and drought in 2003. Nature 437, 529–533

12 Hyman, G. et al. (2008) Strategic approaches to targeting technology
generation: assessing the coincidence of poverty and drought-prone
crop production. Agric. Syst. 98, 50–61

13 Ortiz, R. et al. (2008) Climate change: can wheat beat the heat? Agric.
Ecosyst. Environ. 126, 46–58

14 Wassmann, R. et al. (2009) Regional vulnerability of climate change
impacts on Asian rice production and scope for adaptation. Adv. Agron.
102, 91–133

15 Nevo, E. and Chen, G.X. (2010) Drought and salt tolerances in wild
relatives for wheat and barley improvement. Plant Cell Environ. 33,
670–685

16 Blum, A. (1985) Breeding crop varieties for stress environment. Crit.
Rev. Plant Sci. 2, 199–238

17 Zhu, X.G. et al. (2010) Improving photosynthetic efficiency for greater
yield. Annu. Rev. Plant Biol. 61, 235–261

18 Long, S.P. and Ort, D.R. (2010) More than taking the heat: crops and
global change. Curr. Opin. Plant Biol. 13, 241–248

19 Ainsworth, E.A. et al. (2008) Targets for crop biotechnology in a future
high-CO2 and high-O3 world. Plant Physiol. 147, 13–19

20 EPA (2009) United States Environmental Protection Agency.
Inventory of US greenhouse gas emissions and sinks: 1990–2007.
EPA 430-R-09-004

21 Mittler, R. and Blumwald, E. (2010) Engineering for modern
agriculture: challenges and perspectives. Annu. Rev. Plant Biol. 61,
443–462

22 Goff, S.A. et al. (2002) A draft sequence of the rice genome (Oryza sativa
L. ssp. japonica). Science 296, 92–100

23 Yu, J. et al. (2002) A draft sequence of the rice genome (Oryza sativa L.
ssp. indica). Science 296, 79–92

24 The International Rice Genome Sequencing Project (IRGSP) (2005)
The map-based sequence of the rice genome. Nature 436, 793–800

25 Tuskan, G.A. et al. (2006) The genome of black cottonwood, Populus
trichocarpa (Torr. & Gray). Science 313, 1596–1604

26 Paterson, A.H. et al. (2009) The Sorghum bicolor genome and the
diversification of grasses. Nature 457, 551–556

27 Schnable, P.S. et al. (2009) The B73 maize genome: complexity,
diversity, and dynamics. Science 326, 1112–1115

28 Schmutz, J. et al. (2010) Genome sequence of the paleopolyploid
soybean. Nature 463, 178–183

29 Varshney, R.K. et al. (2009) Next-generation sequencing technologies
and their implications for crop genetics and breeding. Trends
Biotechnol. 27, 522–530

30 Huang, S. et al. (2009) The genome of the cucumber, Cucumis sativus L.
Nat. Genet. 41, 1275–1281
369



Review Trends in Plant Science July 2011, Vol. 16, No. 7
31 Xiao, B.Z. et al. (2009) Evaluation of seven function-known candidate
genes for their effects on improving drought resistance of transgenic
rice under field conditions. Mol. Plant 2, 73–83

32 Nelson, D.E. et al. (2007) Plant nuclear factor Y (NF-Y) B subunits
confer drought tolerance and lead to improved corn yields on water-
limited acres. Proc. Natl. Acad. Sci. U.S.A. 104, 16450–16455

33 Varshney, R.K. and Tuberosa R. eds. (2007) Genomics-Assisted Crop
Improvement: Genomics Approaches and Platforms (Vol. I), Springer,
The Netherlands

34 Gupta, P.K. et al. (2005) Linkage disequilibrium and association
studies in plants: present status and future prospects. Plant Mol.
Biol. 57, 461–485

35 Hall, D. (2010) Using association mapping to dissect the genetic basis of
complex traits in plants. Brief. Funct. Genomics 9, 157–165

36 Yu, J. et al. (2008) Genetic design and statistical power of nested
association mapping in maize. Genetics 178, 539–551

37 Varshney, R.K. and Dubey, A. (2009) Novel genomic tools and modern
genetic and breeding approaches for crop improvement. J. Plant
Biochem. Biotechnol. 18, 127–138

38 Chen, S. et al. (2001) Improving bacterial blight resistance of ‘6078’, an
elite restorer line of hybrid rice, by molecular marker-assisted
selection. Plant Breed. 120, 133–137

39 Cao, L. et al. (2003) Hybrid rice resistance to bacterial blight developed
by marker assisted selection. Chin. J. Rice Sci. 17, 184–186

40 He, Y. et al. (2004). Gene pyramiding to improve hybrid rice by
molecular marker techniques. Poster 344. Fourth International Crop
Science Congress, Australian Society of Agronomy (http://www.
cropscience.org.au/icsc2004/poster/3/4/4/1041_heyuqing.htm)

41 Gopalakrishnan, S. et al. (2008) Integrating marker assisted
background analysis with foreground selection for identification of
superior bacterial blight resistant recombinants in Basmati rice.
Plant Breed. 127, 131–139

42 Basavaraj, S.H. et al. (2010) Marker-assisted improvement of bacterial
blight resistance in parental lines of Pusa RH 10, a superfine grain
aromatic rice hybrid. Mol. Breed. 26, 293–305

43 Romero, G. et al. (2009) Genetic fingerprinting: advancing the frontiers
of crop biology research. Philippine Sci. Lett. 2, 8–13

44 Narayanan, N.N. et al. (2004) Molecular breeding: marker-assisted
selection combined with biolistic transformation for blast and bacterial
blight resistance in Indica rice (cv. CO39). Mol. Breed. 14, 61–71

45 Sundaram, R.M. et al. (2009) Introduction of bacterial blight resistance
into Triguna, a high yielding, mid-early duration rice variety.
Biotechnol. J. 4, 400–407

46 Singh, S. et al. (2001) Pyramiding three bacterial blight resistance
genes (xa5, xa13 and xa21) using marker assisted selection into indica
rice cultivar PR106. Theor. Appl. Genet. 102, 1011–1015

47 Joseph, M. et al. (2004) Combining bacterial blight resistance and
basmati quality characteristics by phenotypic and molecular marker
assisted selection in rice. Mol. Breed. 13, 377–387

48 Toenniessen, G.H. et al. (2003) Advances in plant biotechnology and its
adoption in developing countries. Curr. Opin. Plant Biol. 6, 191–198

49 Septiningsih, E.M. et al. (2009) Development of submergence-tolerant
rice cultivars: the Sub1 locus and beyond. Ann. Bot. 103, 151–160

50 Steele, K.A. et al. (2006) Field evaluation of upland rice lines selected
for QTLs controlling root traits. Field Crops Res. 101, 180–186

51 Messmer, R. et al. (2009) Drought stress and tropical maize: QTL-by
environment interactions and stability of QTLs across environments
for yield components and secondary traits. Theor. Appl. Genet. 119,
913–930

52 Tester, M. and Langridge, P. (2010) Breeding technologies to increase
crop production in a changing world. Science 327, 818–822

53 Bernardo, R. and Charcosset, A. (2006) Usefulness of gene information
in marker-assisted recurrent selection: A simulation appraisal. Crop
Sci. 46, 614–621

54 Ribaut, J-M. et al. (2010) Molecular breeding in developing countries:
challenges and perspectives. Curr. Opin. Plant Biol. 13, 213–218

55 Ribaut, J-M. and Ragot, M. (2006) Marker-assisted selection to
improve drought adaptation in maize: the backcross approach,
perspectives, limitations, and alternatives. J. Exp. Bot. 58, 351–360

56 Jannink, J-L. et al. (2010) Genomic selection in plant breeding: from
theory to practice. Brief. Funct. Genomics 9, 166–177

57 Heffner, E.L. et al. (2009) Genomic selection for crop improvement.
Crop Sci. 49, 1–12
370
58 Meuwissen, T.H. et al. (2001) Prediction of total genetic value using
genome-wide dense marker maps. Genetics 157, 1819–1829

59 Schulz-Streeck, T. and Piepho, H-P. (2010) Genome-wide selection by
mixed model ridge regression and extensions based on geostatistical
models. BMC Proceedings 4 (Suppl. 1), S8

60 Oh, S.J. et al. (2009) Overexpression of the transcription factor AP37 in
rice improves grain yield under drought conditions. Plant Physiol. 150,
1368–1379

61 Liu, Q. et al. (1998) Two transcription factors, DREB1 and DREB2,
with an EREBP/AP2 DNA binding domain separate two cellular signal
transduction pathways in drought- and low-temperature-responsive
gene expression, respectively, in Arabidopsis. Plant Cell 10, 1391–1406

62 Century, K. et al. (2008) Regulating the regulators: the future prospects
for transcription-factor-based agricultural biotechnology products.
Plant Physiol. 147, 20–29

63 Yang, S. et al. (2010) Narrowing down the targets: towards successful
genetic engineering of drought-tolerant crops. Mol. Plant 3, 469–490

64 Oh, S.J. et al. (2005) Arabidopsis CBF3/DREB1A and ABF3 in
transgenic rice increased tolerance to abiotic stress without stunting
growth. Plant Physiol. 138, 341–351

65 Hu, H. et al. (2006) Overexpressing a NAM, ATAF, and CUC (NAC)
transcription factor enhances drought resistance and salt tolerance in
rice. Proc. Natl. Acad. Sci. U.S.A. 103, 12987–12992

66 Vanderauwera, S. et al. (2007) Silencing of poly(ADP-ribose)
polymerase in plants alters abiotic stress signal transduction. Proc.
Natl. Acad. Sci. U.S.A. 104, 15150–15155

67 Castiglioni, P. et al. (2008) Bacterial RNA chaperones confer abiotic
stress tolerance in plants and improved grain yield in maize under
water-limited conditions. Plant Physiol. 147, 446–455

68 Wang, Y. et al. (2005) Molecular tailoring of farnesylation for plant
drought tolerance and yield protection. Plant J. 43, 413–424

69 Sade, N. et al. (2010) The role of tobacco Aquaporin1 in improving
water use efficiency, hydraulic conductivity, and yield production
under salt stress. Plant Physiol. 152, 245–254

70 Wang, Y. et al. (2009) Shoot-specific down-regulation of protein
farnesyltransferase (alpha-subunit) for yield protection against
drought in canola. Mol. Plant 2, 191–200

71 Sinclair, T.R. et al. (2004) Crop transformation and the challenge to
increase yield potential. Trends Plant Sci. 9, 70–75

72 Jeong, J.S. et al. (2010) Rice NAC proteins act as homodimers and
heterodimers. Plant Biotechnol. Rep. 3, 127–134

73 Jeong, J.S. et al. (2010) Root-specific expression of osnac10 improves
drought tolerance and grain yield in rice under field drought
conditions. Plant Physiol. 153, 185–197

74 Datta, K. et al. (2002) Pyramiding transgenes for multiple resistance in
rice against bacterial blight, yellow stem borer and sheath blight.
Theor. Appl. Genet. 106, 1–8

75 Semenov, M.A. and Halford, N.G. (2009) Identifying target traits and
molecular mechanisms for wheat breeding under a changing climate. J.
Exp. Bot. 60, 2791–2804

76 Narayanan, N.N. (2002) Molecular breeding for the development of
blast and bacterial blight resistance in rice cv. IR50. Crop Sci. 42, 2072–

2079
77 Zhang, F. et al. (2010) High frequency targeted mutagenesis in

Arabidopsis thaliana using zinc finger nucleases. Proc. Natl. Acad.
Sci. U.S.A. 107, 12028–12033

78 Osakabe, K. et al. (2010) Site-directed mutagenesis in Arabidopsis
using custom-designed zinc finger nucleases. Proc. Natl. Acad. Sci.
U.S.A 107, 12034–12039

79 Parkhi, V. et al. (2005) Molecular characterization of marker free
transgenic lines of Indica rice that accumulate carotenoids in seed
endosperm. Mol. Gen. Genomics 274, 325–336

80 Jacobsen, E. and Schouten, H.J. (2007) Cisgenesis strongly improves
introgression breeding and induced translocation breeding of plants.
Trends Biotechnol. 25, 219–223

81 Varshney, R.K. et al. (2005) Genomics-assisted breeding for crop
improvement. Trends Plant Sci. 10, 621–630

82 Till, B.J. et al. (2007) TILLING and Eco-TILLING for crop
improvement. In Genomics-Assisted Crop Improvement: Genomics
Approaches and Platforms (Varshney, R.K. and Tuberosa, R., eds),
pp. 333–349, The Netherlands, Springer

83 James, C. (2009) Global Status of Commercialized Biotech/GM crops,
ISAAA Brief No. 41, ISAAA: Ithaca, New York

http://www.cropscience.org.au/icsc2004/poster/3/4/4/1041_heyuqing.htm
http://www.cropscience.org.au/icsc2004/poster/3/4/4/1041_heyuqing.htm


Review Trends in Plant Science July 2011, Vol. 16, No. 7
84 Farre, G. et al. (2010) The humanitarian impact of plant biotechnology:
recent breakthroughs vs bottlenecks for adoption. Curr. Opin. Plant
Biol. 13, 219–225

85 Potrykus, I. (2010) Regulation must be revolutionized. Nature 466, 561
86 Fedoroff, N.V. et al. (2010) Radically rethinking agriculture for the 21st

century. Science 327, 833–834
87 WDR (2008) World Development Report: Agriculture for Development,
World Bank, (Washington)

88 Ali, N. et al. (2010) RNAi in designing transgenic crops. GM Crops 1,
1–7

89 Ramessar, K. et al. (2008) Trace and traceability – a call for regulatory
harmony. Nat. Biotechnol. 26, 975–978
371


	Agricultural biotechnology for crop improvement in a variable climate: hope or hype?
	Why is crop improvement necessary?
	Biotechnological interventions
	Key agricultural biotechnology approaches: prospects and progress
	Molecular breeding
	Genetic engineering
	Integrated biotechnology approach

	Constraints and opportunities for the use of biotechnology approaches
	Future of biotechnology approaches for crop improvement
	Acknowledgments
	References


