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Abstract Land use management is a central challenge for the
21st century with unprecedented and competing demands to
produce food, feed/fodder, fibre, fuel, and essential ecosystem
services which sustain life. Global change requires rapid ad-
aptation in current and emerging crops as well as in the foun-
dation species of natural ecosystems. Revolutions in genomics
and high throughput experimentation are transforming breed-
ing so that adaptive traits in new environments can be predict-
ed and selected more directly from germplasm collections of
crops and wild species. This genomic breeding is now feasible
in almost any species and has promise to help meet the need to
feed and nourish over 9 billion people by 2050. Genomic
techniques can accelerate our response to food security chal-
lenges of yield, quality and resilience and also address envi-
ronmental security challenges. To achieve its potential there
will need to be widespread and ongoing investments in the
human capital to promote genomic breeding.
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Introduction

Food security is defined as having Bphysical and economic
access to sufficient, safe and nutritious food, for an active and
healthy life^ (FAO 1996). To ensure continued food security,
we must continue improving plant (i.e. crop) productivity, the

basis of world agriculture, by exploiting the new genetic-
sequencing and ‘big data’ technologies that are underpinning
the ‘genomics revolution’ in life sciences (Varshney et al.
2014; Enriquez 1998). Application of advanced ‘genomic
breeding’ technologies will accelerate crop improvement,
and holds the promise of ‘personalised agriculture’ - crop spe-
cies and varieties that are tailor-made for particular climates
and environments. Such technologies will also allow plant
breeders to effectively and simultaneously target new crop
species and traits such as resilience, quality and yield which
are crucial to food security. This plant breeding ‘revolution’
requires more human capital, ensuring sufficient and qualified
plant breeders to carry out this work. It also needs further
improvements in data collection, analysis, dissemination and
re-usability.

Agriculture and the genomics revolution

Breeding using genomic tools, or ‘genomic breeding’, has the
potential to revolutionise plant breeding, providing farmers
with more productive crops in a shorter amount of time.
Plant breeders and scientists now utilise unprecedented
amounts of information from high-throughput genetic se-
quencing and phenotyping technologies. Due to the low cost
and high resolution, genomics-assisted breeding can move
beyond traditional targets of narrow, single variable character-
istics, toward breeding for whole-plant characteristics previ-
ously regarded as too technically-challenging (Zamir 2013).
These approaches are analogous to the promise of
‘personalised medicine’ where treatment and lifestyle recom-
mendations are tailored to the individual, based on his or her
genetic sequence (Offit 2011). A parallel ‘personalised agri-
culture’ would look up which crop varieties and species are
most-suitable to farmers for their specific current and future
on-farm conditions (Furbank and Tester 2011).
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The race is on to sequence the genomes of crop varieties
and wild relatives (Zamir 2013; DivSeek 2014; specific ex-
amples: Krishnan et al. 2014; Lin et al. 2014) in an effort to
describe the extent of genetic variation in current collections.
With this information, powerful experiments can be designed
to draw links between genomic sequence and crop perfor-
mance and potential (Nordborg and Weigel 2008; Bergelson
and Roux 2010; Myles et al. 2009).

So-called Genome Wide Association Studies (GWAS)
comprehensively scan for genetic components that control
heritable traits (Brachi et al. 2011; Myles et al. 2009;
Nordborg and Weigel 2008). In GWAS, the historical related-
ness of the individual lineages is first determined.
Subsequently the causal trait loci are identified at high resolu-
tion such that markers tag specific genes, which control a
particular trait. These so called Quantitative Trait Loci
(QTL) may be quickly drawn from a wild relative into an elite
line, bypassing tedious phenotypic screening. Genomic se-
quencing of baseline diversity populations are an essential
prerequisite step. Techniques for gene and QTL discovery
have been reviewed elsewhere (Varshney et al. 2014). These
loci are genetic markers that can help predict traits via in-silico
selection of breeding material, and accelerate the breeding
process. We can predict, for example, the performance of a
particular plant variety under various environmental condi-
tions, without actually growing plants under those conditions,
by examining the QTLs present in that variety’s genome. As
this trait prediction improves, we can quickly recognize the
value of new combinations of genetic variants without having
to plant and measure each variety at each generation as is
typical in traditional breeding.

GWAS and QTL mapping have already contributed sub-
stantially to crop improvement. QTL mapping studies have
helped enrich vitamin A content of tomato (Ronen et al.
2000), sorghum (Fernandez et al. 2008) and melon (Cuevas
et al. 2008), for example. In these studies, researchers applied
QTL-mapping techniques to identify regions of the crop ge-
nomes that correlated with increased accumulation of specific
carotenoid plant pigments, some of which are metabolic pre-
cursors of vitamin A.

Two factors, however, have substantially improved the use-
fulness of genomic breeding in recent years: next-generation
sequencing (Smith et al. 2010) and high-throughput
phenomics (Yang et al. 2013). The cost, in time and money,
of genetic sequencing has dropped precipitously in the last
few years through combined innovations in chemistry, robot-
ics and computing (Smith et al. 2010; Harakalova et al. 2011).
Genomic sequencing is faster, cheaper and more reliable than
ever before. As a result, much more genetic data can be ac-
quired by plant breeders and scientists, which means that the
genetic make-up of individual lines and populations can be
quickly assessed with near base pair resolution. Entire collec-
tions of key (crop) species are being sequenced. These can be

exploited in several ways: one is to select powerful core sets of
lines to be used for trait mapping across multiple farm loca-
tions and management practices (Brachi et al. 2011). In many
cases, the output of these experiments, are becoming accessi-
ble to scientists everywhere (Schmitz and Zhang 2011; Wang
et al. 2009; Varshney et al. 2014), but more widespread shar-
ing of these kinds of data is necessary to accelerate progress.

Physical plant characteristics are also becoming easier to
quantify. What would have once involved hours of labour by
scientists armed with rulers and scales is now accomplished in
minutes using robots and advanced imaging (Finkel 2009).
This has meant greater volume and reliability of phenotypic
data: measuring plant characteristics in the lab, greenhouse
and even in the field has become far less subjective.

By exploiting these parallel technological advances in
Genomics and Phenomics, plant breeding has the potential
to become far more quantitative and predictive. The statistical
power inherent in large coordinated sets of data allows antag-
onistic gene/QTL effects to be separated; an inability to do this
has limited traditional breeding. It also means that multi-trait
metrics of crop performance, for example resilience and nu-
tritional quality, can be jointly selected rather than combining
sequentially, saving several generations

Vast progress has also been made in techniques to analyse
proteins and chemical compounds and the synergies between
genomics (DNA), metabolomics (small compounds), tran-
scriptomics (RNA), proteomics (proteins), and phenomics
(physical characteristics) are expected to further enrich and
accelerate plant breeding (Yang et al. 2013).

Genomic breeding for new (and old) target traits

Beyond producing sufficient quantities, or yield, farms will be
expected to provide a stable supply of high-quality, nutritious
food (Godfray et al. 2010). Reducing the environmental foot-
print and catering for local consumer preferences, are also
worthy goals (Godfray et al. 2010; Swinton et al. 2007).
Genomic breeding will be particularly useful for the introduc-
tion of wild traits into domesticated plants, and the improve-
ment of orphan crops. In both cases, genomics and phenomics
will accelerate breeding programs by helping predict plant
performance reducing the need for onerous field studies.
Table 1 shows a brief list of traits that can be targeted by
genomic breeding for food and environmental security.

Quality

The nutritional quality of food is one of the pillars of food
security (FAO 1996). It is thus sobering to note that malnutri-
tion affects over 2 billion people worldwide (FAO 2013).
Problems relating to poor diet are not limited to the poor:
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20 % of the world’s population is obese (Obesity and over-
weight, WHO Factsheet 2014) and 80 % of all obesity-related
deaths occur in developed countries. Pockets of malnutrition
are scattered throughout even wealthy countries such as the
United States (Obesity and overweight,WHOFactsheet 2014;
Key Statistics and Graphics, Food and Nutrition Assistance,
USDA 2014; Dubé et al. 2012)

An emphasis of plant breeding has been on yield for the
global commodity market (feed, fuel, etc.) at the expense of
nutrient quality or cultural preference such as fragrant rice
(Bradbury et al. 2005). In the face of dietary problems and
preferences, plant breeders and scientists are challenged to
breed crops that are nutritious, which in some cases means
reducing concentrations of saturated fats and easily-
metabolised sugars. Several notable attempts have been made
to enrich or bio-fortify crop plants.

One notable example of food quality-improvement is the
breeding of high-fibre barley. Fibre is an essential component
of the human diet, promoting beneficial intestinal bacteria
(Tuohy et al. 2012). Preservation of such microbes has, in
turn, been associated with decreased risk of bowel cancer
and other health benefits (Kendall et al. 2010). The
Commonwealth Scientific and Industrial Research
Organisation in Australia (CSIRO) recently led a large barley
breeding effort, which has resulted in a commercialised barley
variety with roughly twice the fibre content of other barley
varieties (The BARLEYmax Better Nutrition Report 2009).

This and other breeding efforts have demonstrated that crop
nutritional quality is a multi-genic trait. Many genes and gene
combinations that could have improved quality were lost dur-
ing initial domestication (Xiao et al. 1996). This is because the
genetic potential cannot always be seen in the phenotypes
selected for in traditional breeding. Now with genomic breed-
ing, coupled with high-throughput metabolomics for example,
loci controlling specific metabolites such as essential oils can
be screened and predicted in crop and wild populations
(Henery et al. 2007; Fernandez et al. 2008). In conclusion,
quality and quantity do not have to be a trade-off or optimized
sequentially; both can be directly selected with genomic
breeding.

Resilience

For better food security, crops of the future will also need to be
more resilient to overcome the threats posed by changing and
suboptimal growth conditions, such as resource limitation,
and unfavourable weather. Past breeding efforts produced
so-called ‘elite’ varieties, to be grown under ‘optimal’ condi-
tions. However, farmers must create these desired environ-
ments through irrigation and fertiliser application, leaving a
large environmental footprint. Not only will we need to reduce
this footprint, but also most of the world’s food production,
does not, and will not, take place under optimal conditions.
Most farmers have only limited agronomic options.

Fertilisers and other inputs are limiting factors for food
production in many developing countries; elite varieties thus
almost always fail to reach their yield potential in many
African, South American and Asian countries (Cassman
1999). Even in developed countries, volatility in fertiliser,
chemical and fuel prices can limit crop inputs, with flow-on
effects for production and food availability on world markets
(Piesse and Thirtle 2009).

In addition, extreme weather events, including droughts,
heatwaves, floods and heavy storms have increasingly con-
tributed to dramatic food shortages in recent decades
(Schmidhuber and Tubiello 2007). Every International Panel
on Climate Change report, including the latest, warn that such
events will be more frequent in the future, as the world’s
climate changes (IPCC 2014). Many ‘resilience’ traits are be-
ing bred into crops: drought-resistant cereals which can sur-
vive water shortage, harsh heat, and light, and proceed to yield
a crop, are very important for the future of Australian farming
(Chaves et al. 2003). Flood-tolerant rice varieties are another
example (Bailey-Serres et al. 2010).

Another way genomic breeding could contribute to resilient
crops is through the increased potential to design generalist
genotypes that can deal with a large variety of environments.
In other words: instead of elite varieties that produce excep-
tional yields under ideal conditions, we could aim at breeding
for resilient varieties that can deliver ‘good’ yields across a
range of environmental conditions, spatial and temporal.

Table 1 Novel breeding targets
for genomic breeding Breeding target Food and environmental security goals

Yield Availability

Crop resilience Stability/Access

Sustainable perennial yield Stability/Access, environmental sustainability

Tailoring to local management practices/consumer preferences Food quality and utilisation

Nutrition Food quality and utilisation, health

Water/nutrient efficiency Environmental sustainability

Other ecosystem services (e.g., erosion control, soil fertility,
biodiversity)

Environmental sustainability
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Defining these resilience traits as compound phenotypes of
sustainable yield allows their quantitative measurement and
exploitation by genomic breeding. These resilient genotypes
would contribute to food security in several ways: because they
grow in a range of environments, they will be more widely
available; because they are resilient to extreme weather events,
they potentially make farming more predictable, which would
not only stabilize the food supply but also the farmers’ income.

Although economic considerations have contributed to lack
of interest in ‘generalist’ crops, these crops would also be dif-
ficult to breed from existing crop varieties given the likely loss
of such traits during previous breeding efforts (Tanksley and
McCouch 1997). Moreover, resilience traits are multi-genic,
flood-tolerant rice being a notable exception (Septiningsih
et al. 2009; Bailey-Serres et al. 2010; Xu et al. 2006). Thus,
similar breeding considerations apply as described above for
nutritional quality breeding: genomic breeding will also play a
growing role in breeding for crop resilience.

Ecosystem services

Genomic breeding could also help improve food security by
accelerating plant breeding for ecosystem services.
Potentially, varieties from crop and non-crop species could
be selected for the ecosystem services they provide:
biodiversity-promotion (animals, plants and microbes), ero-
sion control, water and soil health, climate change mitigation,
etc. (Godfray and Garnett 2014; Sayer and Cassman 2013).
Targeted breeding of crop and natural vegetation for ecosys-
tem services may improve environmental security, both on-
farm and on larger scales (Swinton et al. 2007).

Breeding for plants that promote soil biology and chemistry,
for example (McSwiney et al. 2010), could become easier by
applying genomic plant-breeding techniques alongside high-
throughput microbiome sequencing (metagenomics) and non-
invasive, below-ground plant analyses (Chaparro et al. 2012).
Breeding towards perennial lifestyle is another strategy for im-
proving soil health, and is already showing great promise for
improving soil health on farms (Glover et al. 2010; Culman et al.
2013). Two strategies for generation of perennial crops have
been proposed: direct domestication of perennial plants (T. S.
Cox et al. 2006; DeHaan et al. 2005) and ‘wide hybridisation’ of
existing crops with wild relatives. Genomic breeding would
augment both these methods by helping to directly select useful
genetic material in a single generation, a dramatic improvement
for long lived species. QTLs that promote plant-microbe inter-
actions and perenniality have, for example, been identified in
backcross populations of Sorghum and their progenitor, ‘john-
songrass’ (Paterson et al. 1995; Cox et al. 2002).

Genomic breeding can also be applied to non-crop species
to improve food and environmental security. Remediation of
water tables via the planting of native tree species has been

demonstrated (Eldridge and Freudenberger 2005): improve-
ments in tree genomics may enable widespread breeding for
this ‘ecosystem service’ (Neale and Kremer 2011). Detailed
assessment of ecosystem services on a large scale is now pos-
sible through the use of cost-effective sensors and cameras.
Environmental parameters can be measured and ecosystem
development recorded through time lapse photography.
These data can then serve as phenotypes for selection and
breeding, greatly improving vegetation conservation efforts
with benefits for environmental health and thus food security
and society.

Orphan species

Breeding of non-mainstream crop (orphan) species will also be
easier with genomic tools: we expect a surge in research on
crop species that have received little or no attention so far. The
number of crop species consumed globally over the past fifty
years has narrowed (Khoury et al. 2014), which is the other
side of the coin of the plant breeding success of the past. While
food production has obviously increased overall, some have
raised concerns that the world’s reliance on a smaller number
of food crops may make global food security more susceptible
to local interruptions in production (Alston et al. 2009; Ray
et al. 2013). Moreover, for at least some populations, a shift
from traditional toWestern diets has decreased their nutritional
intake (Graham et al. 2007; Kennedy et al. 2005; Ruel 2003).

Application of genomic tools has become very accessible
(cheap and widespread), which should help expand breeding
from main staples into orphan crops by removing economic
barriers to their study (Varshney et al. 2012). A paucity of
genomic resources has, for example, limited lentil breeding;
a recent transcriptome sequencing effort will reverse this by
providing molecular markers to assist breeding efforts (Sharpe
et al. 2013). Traditional and/or regional crops that have been
overlooked by past, commercial, breeding efforts will thus
benefit from greater use of genomic breeding.

How to exploit the ‘omics revolution’ for better food
security

So, what needs to happen for agriculture and the world to get
the most out of genomic breeding?

More hands on deck, for a start. The world desperately
needs more plant breeders and scientists (Jones 2014).
Over the last three decades, and despite phenomenal advances
in life sciences, plant science has failed to capture the imagi-
nation of this generation’s (young) scientists. Whilst the
number of PhD students enrolled in biomedical research
doubled between 1982 and 2012, plant science PhD
enrolments flat-lined (Alberts et al. 2014; Jones 2014). This

378 J. Rivers et al.



is at least in part due to the much-lamented stagnation in
worldwide agricultural and plant science research funding
(Butler 2008). It is also likely due to a perception, in the
developed world, that the food security struggle is over.
Researchers, industry and governments must work together
to remind the public that food security cannot be taken for
granted, and to inspire more of our brightest young people
to pursue careers in agricultural and plant sciences.

Not only do we need more of them, tomorrow’s plant scien-
tists should also be data-savvy: the high-throughput approaches,
and all –omics disciplines, are already producing data amounts
that must be processed by computers. The immediate challenge
to integrate them all will require sophisticated approaches and
the ability to communicate across disciplines. Non-life science
technologies, such as remote and automated environmental ana-
lytic technologies by satellites, drones andminiaturised chemical
analysers (ConservationDrones.org 2014; Murphy et al. 2009)
will make important contributions.

Despite the flood of plant data already available, there is
room for more, and better, data collection, helping researchers
to work more closely with breeders, farmers and landholders.
Increasing the quality and availability of crop phenotypic data
will increase the potential of genomic informed breeding to
improve crops.

New, global scientific standards for biological data archiv-
ing and sharing are needed (Zamir 2013); there must also be
incentives to contribute. Large amounts of phenotypic data are
being collected each year as part of plant breeding research.
These data are frequently unavailable to the broader scientific
community, either because researchers are unwilling to share or
do not have the means to do so, with the consequence of un-
necessary duplication, and, more significantly, missed opportu-
nities. Even when such data are available, they are often of
limited use: disparate data formats and lack of detail regarding
how data were obtained (meta-data) mean it is often impractical
to analyse phenotypic data collected by others (Walls et al.
2012). Zamir has suggested reforms be made to funding con-
ditions and data standards to allow greater retention, curation
and distribution of such data, in the same way much data from
more-sophisticated biochemical and genetic experiments are
already available (Zamir 2013, 2014).

Plant research initiatives in many countries and regions are
conducting trials of crop varieties across various climates and
environments. High-throughput approaches could allow us to
increase the scale such that most agricultural regions in the
world would contribute data on crop varietal performance.
The performance of genotypes in real-life environments under
real life farming practices would provide a level of replication
that allows robust inference about genotype-environment-
management interactions. This will vastly increase the ability
to tailor genotypes and, for example, provide better-suited
crops for suboptimal environments, potentially benefitting
farmers in developing countries.

Conclusion

Advanced plant science and genomics have revolutionised
breeding and crop improvement, and will continue to do so.
Innovation in collecting genotypes, phenotypes, and interme-
diate characteristics, is allowing new crop varieties to be se-
lected faster and more accurately than ever before. With ge-
nomic techniques researchers can help address food security
challenges of yield, quality, resilience, and other environmen-
tal and social needs. Investing in the human capital to perform
genomic breeding is needed to improve food security, envi-
ronments and livelihoods.
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