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Demands for green technologies in future plant breeding
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Abstract Many issues need to be dealt with for future plant breeding. In this paper, 1 briefly dis-
cussed issues related to the concept of food security from the perspective of total demand both in quanti-
ty and quality and production sustainability. We are now facing great challenges in both demand and sus-
tainability. Food production needs to be greatly increased in the coming decades to cope with the popula-
tion explosion,while the environmental sustainability requires reduction of input including chemical fer-
tilizers, pesticides, water,labor and other resources. Increased awareness of the relation between nutrition
and health also requires crop products to better meet the need of human population by producing more
nutritious food. The goals and directions of plant breeding have to evolve accordingly to address all these
needs. To this end,] briefly reviewed the recent progress in plant genomic research and technology devel-
opment and discussed how these advances can be applied to breeding programs to address food security
issues.
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Abstract Many issues need to be dealt with for future plant breeding. In this paper, I briefly discussed issues related
to the concept of food security from the perspective of total demand both in quantity and quality and production
sustainability. We are now facing great challenges in both demand and sustainability. Food production needs to be greatly
increased in the coming decades to cope with the population explosion, while the environmental sustainability requires
reduction of input including chemical fertilizers, pesticides, water, labor and other resources. Increased awareness of
the relation between nutrition and health also requires crop products to better meet the need of human population by
producing more nutritious food. The goals and directions of plant breeding have to evolve accordingly to address all
these needs. To this end, I briefly reviewed the recent progress in plant genomic research and technology development
and discussed how these advances can be applied to breeding programs to address food security issues.
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1 Introduction

Plant breeding has made great contributions to the
increase of food production especially in the past century.
For example, in the period from the year 1966 to 2000,
the population of densely populated low-income countries
increased by almost 100%, but the food production
increased by 125%. It took almost 10 000 years for
food grain production to reach 1 billion tons in 1960,
and only 40 years to reach 2 billion tons in 2000,
This achievement is largely credited to the “green
revolution” of developing and widespread adoption of
genetically improved varieties.

Entering the new century and looking into the future,
the demand for increasing food production continues
to increase. However, environmental pressure is more
intense now than anytime in the history. On the bright
side, there have been tremendous advances in plant
science research and technology development, which
may provide knowledge and technology to help plant
breeding to cope with the issues by providing new crop
varieties.

The objective of this paper is to provide an overview
on the current situations of food demand, environmental
pressure and technology development in plant science
research, and discuss how science and technology can
be translated to address the issues of food demand and

Received date: September 22, 2014
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sustainable production.

2 The concept of food security

Two requirements have to be addressed for food
security:the total demands and sustainability of the
production. I will address these two issues briefly with
the focus on the scenario in China.

2.1 Food demand

The world population was 7.2 billion in mid-2012 and
is projected to reach 9.6 billion in 2050 and further
increase to 10.9 billion in 2100™.

FAO projected that the aggregate volume of
world agricultural production needs to increase by
70% (nearly 100% in developing countries) by 2050
compared with 2007 to cope with a 40% increase
in world population and to raise average food
consumption to 3 130 kcal per person per day"™. This
requires an increase of the production by 1.2% per
year. Ninety percent (80% in developing countries)
of the growth in crop production would be a result of
higher yields and increased cropping intensity,with the
remainder coming from land expansion.

However, Tilman et al', based on the relationship
between per capita demand for crops measured as
caloric or protein content of all crops combined and
per capita real income (GDP) since 1960, forecasted
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that global demand for crop calories would increase
by 100% and global demand for crop protein would
increase by 110% from 2005 to 2050. This forecast
would require the global increase of crop yield to be
1.5%-1.6% per year, which is higher than the progress
that has been realized in the last decades for most of
the commodities, especially the major cereals”’.

The population of China is projected to increase
from 1.386 billion (2012) to 1.449 billion by 2025
and declines to 1.385 by 2050 The demand of
China for agricultural products to 2050 has also been
predicted”), based on four main drivers for food
demand: population, urbanization, income growth and
consumption trends. According to this prediction, the
real value of food consumption in China will increase
by 104% between 2009 and 2050, of which the demand
for cereals will increase by 52%, approximately 1.0%
per year.

2.2 Sustainability of production

I will address this issue mainly based on the scenario
of China from the perspective of resource and
environment. In the past half century, there has
been great increase in total production and yields of
many major commodities, including the three major
cereals, rice, wheat and maize. For example, rice yield
increased more than three times from 1961 to 2000,

and the yields of wheat and maize increased more than
5 times™. Consequently, China has created a miracle of
feeding 20% to 25% of the world population with only
8% to 9% of the arable land.

The cost, however, is huge (Fig.1). In recent years
China has been continuously consuming 55-60 million
tons of chemical fertilizers annually'’, which accounts
for more than a third of total fertilizers (e.g.172 million

tons in 2009) consumed globally"’

. Similarly, China
has also been consuming 31% (1. 46 million tons in
2005) of the 4. 6 million tons pesticides produced
worldwide!"”. Thus on a per unit area basis, China
uses>4 times of the global average of fertilizers and
pesticides, which has created widespread pollutions in
soil, air, water and crop products. Such pollutions also
cause hazards related to human health.

Despite the excessive uses the fertilizers and
pesticides, the yield increase for major crops has
leveled out over the last decade (Fig.1). In addition
to environmental damage, heavy use of fertilizers
has caused deterioration of soil quality and crop
productivity. Pesticides have not been effective in
controlling the insects and diseases, and instead, heavy
uses have increased the frequencies of outbreaks of
major diseases and insects, due to development of
resistance to the pesticides in the pathogen and insects
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Data from the State Statistical Bureau of China (http://www.stats.gov.cn/) accessed September 15, 2014.

Fig.1 Yields of rice, maize and wheat during 1998-2012 compared
to the total consumption of fertilizers and pesticides in China

populations.

Looking into the future, the constraints to further
increase of agricultural production in China are severe.
From the perspective of resource and environment,
there are three major ones.

The first constraint is the arable land. It was
estimated that China had 130 million ha arable land
in 2007, and would reduce to 122 million ha by
2050, despite that the total arable land of the world is

projected to expand slightly from 1 548 million ha to
1 661 million ha during this period”’. Thus much more
has to be produced in less land in China.

The second constraint is perceived as the dilemma
in input use, especially fertilizers and pesticides.
For example, the total global fertilizer production is
projected to be 263 million tons in 2050, while the
current amount of ~60 million tons used in China in
recent years already makes 23% of the projected global
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total in 2050. Clearly, there is no room for China to
further increase fertilizer production and application in
the future, especially with the already heavily polluted
environments. The same is the case for pesticide use.

In addition, the per capita water resource of China
is only a quarter of world average. Drought frequently
occurs in many parts of China and has been a major
threat to agriculture for centuries'".

Thus, sustainability of the agricultural production
has to be addressed as a high priority in order to meet
the future demand.

3 Evolving breeding goals to
address food security

3.1 Our definition of “second green revolution”

In the late 1990s’, Chinese scientists already perceived
the potential conflict of agricultural production with
resource and environment and proposed the notion
for a “second green revolution” in agriculture with
the key words:less input, more production and better
environment, as the goal for plant science research and
crop improvement!'”.

3.2 The breeding strategies of major crops should
be drastically modified for achieving potential yield
For quite a long time, the breeding goals for major
crops have been dominated by yield increase. In major
cereals, “fertilizer-tolerance and lodging resistance” has
been regarded as a desirable trait of breeding. Varietal
tests for certification have been conducted in fields of
high fertility with irrigation and good management.
However two-thirds of agricultural land in China
belong to the categories of “medium-to-low yielding

lands”™"

, where varieties released based on test data
from favorable conditions do not fit and it is not
possible for these varieties to realize the yield potential
under such conditions. This explains a large portion of
the yield gap between the yield potential of the released
varieties and the real yield in farmers’ field in the past
decades. Modification of breeding strategies is strongly
recommended to address improving productivity of the
“medium-to-low yielding lands”.

3.3 Sustainability should be a major part of the
breeding goals

Substantial modification should also be endorsed to
the goals of future breeding to address sustainability,
in order to achieve resource saving and environment
protection. For sustainability of agricultural production,
crops should be produced with less input, including
great reduction of fertilizers, pesticides, water, labor
and other resources. This requires crop varieties to

possess resistances to multiple biotic stresses such as
major diseases and insects, and abiotic stresses such
as drought, salinity, extreme temperature and other
unfavorable conditions, in addition to yield and quality.
To reduce fertilizer consumption, new varieties should
also have improved nutrient-use efficiency, including
nitrogen, phosphorus and potassium, at the least.

3.4 The case of Green Super Rice

An example of such new breeding goals is the notion
of “Green Super Rice” (GSR) that addresses both the
demand and sustainability, proposed by rice scientists

in China"

. GSR aims to produce more rice of good
quality to meet the consumers’ demands with reduced
consumption of fertilizers, pesticides, and water. Thus
the new rice varieties should possess the following
traits: resistances to major insects and diseases in
various rice producing regions, improved N-and
P-use efficiency, and resistance to drought and other
environmental stresses in areas needed. Clearly the
science and technology involved in the development
of GSR are more comprehensive than the ordinary rice
breeding programs. Even more challenging is the need
for societal environment and governmental policy to
promote and encourage the development and adoption
of GSR or other Green Super Crops. The Chinese
Government has endorsed the will for developing
agricultural systems to be “resource saving and
environment friendly” by 2020. However, the progress
has been limited so far in societal construction and
public awareness, despite the tremendous achievements
in plant science research and varietal development of
GSR.

3.5 Further expansion of breeding goals

With the increase of knowledge and the development
stages of human society, the view of human society
on the roles of food for human being is evolving.
Therefore the breeding goals for food crops including
the major cereals also have to evolve accordingly to
address the further needs by both the consumers and
producers.

From consumers’ standpoint, crop products need
to be more nutritious to improve consumers’ health,
in addition to providing calories. For example, the
international Harvest Plus project took iron, vitamin A
and zinc as targets of improvement to address the need
for micronutrients by the consumers, especially those
in developing countries'”. Other phyto-nutrients such

[16] I have also been

as antioxidants' "' and resistant starch
regarded as having beneficial effects on human health.
Plant science research and breeding need to address

the issue of human health by enhancing such beneficial
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phyto-nutrients, a goal referred to as biofortification.

Labor saving, mechanization and less intensive field
management in crop production are now emerging
as deemed necessary with the rapid urbanization
in new economies like China. In rice, for example,
such changes require the crop varieties to have
traits for facilitating direct seeding and machine
transplantation and harvest; it may also be desirable
for the crop to have herbicide-tolerance and reduced
grain water content at maturity to reduce labors in
field management and grain drying. This together
with the green traits, which aim to decrease fertilizer
and pesticide consumption and water use, can greatly
reduce the cost for the production, thus providing huge
benefit to the farmers.

4 Crop breeding in the post
genomics era

4.1 Genomic research

The databases now are full of genome sequences and
other genomic information. High quality genome
sequences have been available for major crops
including rice and maize, and draft sequences have
been produced for many other crops. Large numbers
of accessions have been re-sequenced providing the
basis for a range of studies and development, including
genome-wide association study (GWAS) and allele
mining.

There have also been huge advances in functional
genomic research in crops, aiming to characterize
the functions of the genomes. In rice, for example,
the functional genomics project has developed
technological and resource platforms for high
throughput characterization of gene functions
including:large collections of mutant libraries
generated by T-DNA and transposon insertions as well
as chemical and physical inductions, transcriptomes of
various tissues from numerous genotypes, full length
c-DNAs of both indica and japonica rice, metabolomes
of diverse germplasms, and genome sequences for
thousands of accessions of both wild and cultivated
rice. Such developments have enabled the rapid
progress in isolation and characterization of rice genes.
Hundreds of genes have been isolated and functionally
characterized in the last decades with accelerated pace
in recent years'*"”,

4.2 Genomic breeding

The development in genomic research has provided
unprecedented opportunities for genomic breeding to
become reality. The notion of genomic breeding may

be viewed as composed of two major parts:genome
design, and genome engineering, both of which will
take long and gradual processes to evolve.

1" outlined, with

1) Genome design. Zhang et a
modification here, the concept of genome-based varietal
design, which comprises four different levels:(1)the
yield limit that can be achieved through a population
structure that can make maximum use of the solar
energy under a given ecological condition; (2)the plant
architecture to realize the population structure; (3)the
traits to construct the plant architecture and to achieve
high quality, high nutrient-use efficiency, resistances
to multiple biotic and abiotic stresses, and other traits
according to diverse breeding goals; and (4)the genes
and regulatory network to produce the traits. Clearly
the ability of such varietal design is critically dependent
on the understanding of the genes and the regulatory
network of the genome, and also the development in a
range of technology.

2)Genomic engineering. The breeding process is
similar to engineering in many ways. At present level of
development and understanding, genomic engineering
may involve the following classes of technologies
including:(1l)genomic prediction;(2)genomic
selection;(3)gene editing; and (4)transgenics.

(DGenomic prediction. Depending on the targets of
selection in the breeding program, genomic prediction
may vary in complexity. For simple cases of improving
simple traits involving single genes such as major
genes controlling disease resistances, the results are
usually highly predictable without the need for complex
prediction technology. For complex traits like yield
and heterosis, prediction technology deems needed
not only for improving the efficiency of selection, but
also ultimately essential for genome design. Progress
has been made in recent years in statistical prediction
of the trait performance making use of phenotypes
from field experiments, and genotypes of the whole

29 Data from other-omes

genome from re-sequencing
such as transcriptomes, proteomes, metabolomes may
also be useful for predicting the performance. Analysis
of the relationship of the multi-omes with agronomic
performance may eventually lead to the development
of crop versions of systems biology, which may further
help predicting and designing.

@Genomic selection. Genomic selection is a
natural extension of marker-assisted selection. Based
on development of technologies for high throughput
detection of DNA polymorphisms and making
maximum use of information about genetics, functions
and phenotypic effects of the genes, genomic selection
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aims at simultaneously selecting for the targets
(genes and traits), non-targets, and the entire genome
backgrounds, according to the goals of breeding
programs.

Two key technologies are needed to perform precise
genomic selection, (1)cost-effective genotyping of
the whole genome, and (2)a gene-specific selection
system for each gene. Microarrays based on large
genome re-sequencing have been designed and used in
breeding programs in several crop species” *?, which
can precisely determine the genotypes of the parental
origin for thousands of SNPs distributed in the entire
genome and identify the recombination breakpoints in
the progeny plants. A gene-specific selection system
consists of two parts: forward selection for the target
gene, which is usually a functional marker within
the gene, and backward selection for recombinations
using closely linked markers bracketing the target
gene. These two technologies together could provide
a powerful tool for precise introgression of genes into
the genetic backgrounds of elite varieties with well
defined genomic segments without linkage drag, thus
producing isogenic lines, or desired variant forms.
This may be particularly useful for deploying disease
resistance genes by the multiline strategy, which may
provide an effective means for durable resistance.

(3 Gene editing. Concurrently, there have been
rapid developments in recent years in gene editing
technology, such ZFNs, TALENs and CRISPR/
Cas9™. It has now become a reality to modify the
DNA sequence of any gene, especially to create
loss-of-function mutations. Since many desired
traits are controlled by recessive genes in crop
plants as elucidated by functional genomic research,
such modifications hold great promise in varietal
improvement. Future development in the technology
may make it possible to modify the sequence with less
restriction, so that the gene sequence can be modified
in both ways, either loss of function or gain of function.
This may lead to new paradigm in plant breeding.

@Transgenics. Research, development and large-
scale adoption of transgenic crops have produced
huge impacts in plant breeding, seed industry and crop
production. In future breeding, transgenic technology
may have an indispensible role at least in the following
respects: (1) for traits that do not exist in the crop, like
the case of introducing genes from Bacillus to crops
for insect resistance, which has generated tremendous
economical and environmental benefits; (2)for traits
involving pathways each regulated by multiple genes,
like in the case of provitamin A which has great potential

for improving the nutritional status for a large segment
of the world population; and (3)for simultaneous
improvement of multiple traits with one transgenic
event, by producing constructs harboring multiple
genes, like the case of SmartStax”*! with multiple
resistances to insects and broad spectrum tolerance to
herbicides.

4.3 Integration of the technologies and seed
industry

The ability for constructing the technological platforms
and utilization of the technologies critically depends on
the capacity of the seed industry. Although each of the
single technologies may individually contribute to the
plant breeding programs to certain extent, integration
of these technologies into breeding programs together
with field breeding would make the technologies really
powerful and deliver. However such integration would
require large investment in infrastructure, facilities,
human resources and also team work, which means the
operation model of large seed companies rather than
small mills. Seed industry is in general quite weak in
almost all the developing countries, although there has
been tremendous progress in plant science research in
countries like China.

In China, there is a trend supported by the
government to enhance the seed industry by
encouraging the seed companies to develop research
capacity to set up their own breeding programs and
to make use of the latest developments of genomic
research and biotechnology in breeding activities.
Clearly, there is a long way to go in order for such
development to reach an industrial scale, and to make
impact on crop production.

5 Perspective

With the increased population, elevated living
standard, and intensified resource and environment
pressure, breeding goals will also evolve dynamically
to address the needs of human societies for calories,
nutrition, environmental sustainability, and other
demands. Plant breeding should also take into account
of the benefits of the producers including the small
household farmers for the need of improving efficiency
in crop production by diversifying field management
practice to reduce the labor and cost, and also for
mechanization. With the advance in plant science
research and genomic technology, crop breeding is
becoming increasingly more based on broad, sound
and cutting edge sciences. Development in science and
technology will also enable more efficient exploitation
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of the diverse germplasms including those of distantly
related species, much of which has been presently
untapped. Information technology, bioinformatics and
systems biology will also have important roles in future
plant breeding. And last but not the least, the trend
of globalization and commercialization of breeding
activities is irreversible and will continue to serve as
an engine for the development of seed industry and
breeding technology.
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