Lodging resistance

The ability of plants to
withstand high-velocity winds,
such as those from annual
typhoons in the tropics.
Typically, lodging resistance
occurs by breeding for stiffer
stalks, short stature or both.

Heterosis

Also known as hybrid vigour.

A phenomenon whereby the
hybrid produced by crossing
two genetically distinct
breeding lines (normally
inbred) agronomically
outperforms each of its parents
(for example, in terms of higher
yield and faster growth).
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The rice genome revolution: from an
ancient grain to Green Super Rice

sustainable crops known as Green Super Rice.

As one of the world’s major staple crops, rice is an
essential component of the diets and livelihoods of
over 3.5 billion people. At its current rate of growth, the
global population is set to reach ~10 billion people by
2050 (REF'). Much of this increase will occur in poor,
densely populated regions of the world that are already
highly dependent on rice (such as Africa and southern
Asia)', which underscores the crucial role rice will play
in this looming humanitarian crisis.

Traditional crop improvement programmes rely
on identifying and crossing plants with agronomically
desirable phenotypes. These approaches have resulted
in the adoption of semi-dwarf varieties for better
lodging resistance and the exploitation of heterosis, which
has seen rice yields increase substantially over the past
half century. However, these rises in productivity have
been costly in terms of resources and their adverse envi-
ronmental effects in many rice-producing areas; such
effects stem from the excessive use of pesticides, fertiliz-
ers and water, among other inputs. The concept of Green
Super Rice (GSR) was first proposed 10 years ago” as
a means to meet future demands while also reducing
the costs and the ecological footprint associated with
increased productivity. Key attributes of GSR varieties
include reduced requirements for fertilizers, pesticides
and water; increased yield; more palatable and nutri-
tious grains; the ability to grow on marginal lands; and
reduced greenhouse gas emissions (FIC. 1a).

To achieve this goal, it will be necessary to better
understand, manage and utilize existing genetic varia-
tion present in domesticated rice and its wild relatives.
In this regard, functional and comparative genomics
studies will be key to identifying and understanding
the genetic components responsible for agronomically
beneficial traits (FIG. 1b). Rice is well positioned to lead
the way in these new genomic breeding approaches for a
number of reasons. At ~400 Mb, the diploid rice genome
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Abstract | Rice is a staple crop for half the world’s population, which is expected to grow by

3 billion over the next 30 years. It is also a key model for studying the genomics of agroecosystems.
This dual role places rice at the centre of an enormous challenge facing agriculture: how to
leverage genomics to produce enough food to feed an expanding global population. Scientists
worldwide are investigating the genetic variation among domesticated rice species and their wild
relatives with the aim of identifying loci that can be exploited to breed a new generation of

is the smallest among the domesticated cereals, making it
particularly amenable to genomic studies. Furthermore,
rice was the first crop plant to be completely sequenced’,
and the availability of a high-quality genome enables
evolutionary, functional and population genomic
studies. Additionally, the genus Oryza comprises wild
and domesticated species with a long evolutionary
trajectory that contains a virtually untapped reservoir
of genes and traits that can be used for crop improve-
ment (FIC. 2a,b). Indeed, rice has been cultivated in the
Old World for thousands of years and in the New World
for hundreds of years, during which time it has adapted
to a range of geographical locations and a plethora of
environmental conditions (FIC. 2¢); the genes selected
for during domestication and adaptation can poten-
tially be systematically harnessed for crop improvement.
Indeed, although difficult to cross, hybrids between all
non-AA genome types have been successfully produced,
resulting in the introgression of many valuable traits into
cultivated rice’.

Here, we review how comparative and functional
genomic studies of domesticated and wild rice
germplasm collections can be used to inform breed-
ing programmes, with an emphasis on how they are
contributing to the development of GSR varieties. We
discuss insights gained from studying the domestication
of Asian rice (Oryza sativa) and African rice (Oryza
glaberrima), which occurred on two different continents
~6,000 years apart. We describe how entire germplasm
collections are now being sequenced and phenotyped to
identify genomic regions that are important for crop pro-
ductivity and adaptation and how this process has been
facilitated by advances in field phenotyping technologies
and the availability of an increasing number of nearly
gap-free reference genomes covering the breadth of cul-
tivated and wild Oryza diversity. Finally, we address
the need for a functional genomics and breeding
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Examples of
relevant traits

* Number of panicles

* Number of grains per panicle
¢ Grain weight

e Plant architecture
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e Eating quality
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e Efficient nitrogen use
o Efficient phosphorus use

* Insect resistance
¢ Disease resistance

¢ Drought resistance
¢ Flood tolerance
¢ Cold resistance
* Heat resistance
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Fig. 1| Genomics-based strategies for developing Green Super Rice. a |
Understanding which genes regulate desirable ‘green’ traits can help generate improved
crops, such as new varieties of Green Super Rice, through genomic breeding approaches.
b | An outline of genomics research in the global rice community and how it relates to
genomic breeding. The arrows indicate the workflow and information flow. The ultimate
goalis to identify and understand the function of the full complement of genes in the rice
genome. Progress made at any stage of the workflow can be applied to genomic breeding.

pipeline to accelerate the pace of crop improvement via
genomic breeding technologies once candidate genes

have been identified.

Genomics of domestication

Genomic breeding
Approaches that use the data,
knowledge, resources, genes
and technologies generated by
genomic research to enhance
breeding programmes.

During the Neolithic period, which began ~11,500 years
ago, early farmers transformed wild plants into domesti-
cated species with increased yield and yield stability’. For
example, before the Green Revolution, yields of domes-
ticated Asian rice (O. sativa) averaged 4.1 tonnes per
hectare, which is 3.7 times more than the 1.12 tonnes
per hectare average yield of its wild ancestor, Oryza
rufipogon’. Furthermore, crop populations underwent
adaptive diversification as they expanded beyond their
original species ranges and encountered both new envi-
ronments and new human cultural contexts. The study

of these past events can identify beneficial agronomic
traits that have been selected for over the course of crop
domestication and diversification. Comparative, popu-
lation and functional genomics approaches can be used
to determine what genes are responsible for the selected
traits, and this genetic information can potentially be
used to shape future breeding efforts.

Introgression of genes during domestication and
diversification of Asian rice. O. sativa displays genetic
differentiation into subspecies or varietal groups, which
have been validated by genomic studies®. These varietal
groups include tropical japonica, temperate japonica
and indica, aromatic and the lesser-known aus group’
(FIG. 2b). However, it has been unclear whether these
varietal groups arose from one or multiple de novo
domestication events’~'’. Recent population genetic
modelling and phylogenomic analyses based on high-
quality whole genome sequences from the different
varietal groups and from wild Oryza species suggest a
complex picture of rice evolution, in which extant rice
populations originated from different ancestral popula-
tions of O. rufipogon and/or Oryza nivara that diverged
~300,000-400,000 years ago'’ (FIC. 3a). In this model,
de novo domestication seems to have occurred only
once — in japonica — and the subsequent introgression
of japonica alleles into either wild rice or a proto-indica
and/or proto-aus population gave rise to other Asian
rice populations that today make up the different rice
varietal groups™'’.

The origin of indica (and possibly aus)'’ illustrates the
role of introgression in moving selected domestication
alleles among distinct populations and represents
an early Neolithic example of rice improvement by
hybridization between divergent populations. Analysis
of the genomic regions introgressed from japonica to
indica has shown that they contain a number of genes
that are responsible for agronomically desirable traits,
some of which are still used in breeding programmes
today. These genes include the non-shattering allele of
SH4 (REF."), which enhances the retention of mature
seed on the rice panicle and which arrived in the South
Asian subcontinent through the movement of early
japonica rice, possibly through the ancient Silk Road
into northwest India'?; the colour gene RC, which leads
to the culturally desirable white grain colour'’; and the
gene for erect growth PROGI, which prevents yield loss
from lodging'.

Independent domestication events in Asia and Africa
selected for similar genes. Independent domestications
within the genus Oryza provide a comparative context
for the study of the evolution of key agronomic traits.
While O. sativa evolved in Asia, a separate domesti-
cation occurred in West Africa that gave rise to Oryza
glaberrima from its wild ancestor Oryza barthii®
(FIG. 3b). Population genomic and phylogenetic analyses
of whole-genome sequences suggest a primary inland
domestication event for this species ~3,500 years ago,
followed by diversification between inland and coastal
populations, and between northern and southern
groups'>'S.
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Indica 2

circum-Aus

Genome types

The Oryza genus is composed
of ~27 extant species that
harbour 11 distinct genome
types (GTs), 6 of which are
diploid (n=12; GTs: AA, BB,
CC, EE, FF and GC) and 5 of
which are polyploid (n=24;
GTs: BBCC, CCDD, HHJJ, HHKK
and KKLL). These GTs were
defined based on cytogenetics
(that is, chromosome number,
size and shape), fluorescence
in situ hybridization (FISH) and
genetic hybridization.

Fig. 2| Phylogeny and distribution of the Oryza genus. a | Phylogenetic tree of the Oryza genus (modified from REFS*'11),
The Oryza genus contains 27 species, two of which are domesticated. The genus harbours 11 extant genome types

(6 diploid and 5 polyploid) that have a 3.6-fold variation in genome size (ranging from ~350 to 1283 Mb). Arrows indicate
origin of the polyploids, closed circles represent maternal parents and open circles represent unidentified diploid

genomes. b | Genomic analysis confirms that Oryza sativa can be subdivided into nine subpopulations*’; shown is

an analysis of the 3000 Rice Genomes Project (3K RGP) accession data set using the software program ADMIXTURE*

c| World map showing that the genus Oryza is widely distributed. Indicated on the map are the growth limits of cultivated
rice (dashed lines) and endemic locations of seven recently sequenced species, including the outgroup Leersia perrieri.

Part ais adapted with permission from REF.**, Elsevier and REF.""!, PNAS. Part c is adapted from REF.**, Macmillan Publishers

Limited, CC-BY-4.0.

Sequencing of the African rice genome has provided
key insights into the genes underlying parallel evolu-
tion of domestication traits'’. Comparative genomic
analysis, for example, confirms that HDI (also known
as SEI), a gene that controls flowering time, has been

lost in African rice compared with its wild progenitor
O. barthii and may explain the photoperiod insensitiv-
ity and synchronized flowering time of this crop spe-
cies". Scans for signatures of selection in the African
rice genome implicate many loci that also seem to be
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Fig. 3 | Domestication of Oryza sativa and Oryza glaberrima. a | Relationships
between various Oryza sativa subspecies and their ancestors, Oryza rufipogon and

Oryza nivara. The red asterisk indicates the time of divergence of japonica from

extant O. rufipogon lineages (~18 kya). This early date may reflect divergence between
current O. rufipogon populations and extinct wild rice populations that were the
progenitors of O. sativa variegata japonica. Evidence suggests that hybridization resulted
in introgression of genes from japonica to indica and aus (indicated by the blue arrows)™.
b | Asian and African rice were domesticated independently ~6,000 years apart. kya,
thousand years ago. Part ais adapted from REF.'%, Choi, J. Y. The rice paradox: multiple origins
but single domestication in Asian rice. Mol. Biol. Evol. 2017, 34(4), 969-379, by permission of
Oxford University Press. Part b is adapted from REF.**>, Macmillan Publishers Limited.

Introgression

The transfer of genes and
genomic segments from one
species or population to
another through hybridization.

important for key agronomic traits in Asian rice, includ-
ing the semi-dwarf gene SD1, the stress response gene
NACG6 and the shattering SH4 locus'. Interestingly, at
least two genes involved in the non-shattering trait in
Asian rice (SH1 and SH4) are associated with mutations
that are potentially responsible for the non-shattering
phenotype in O. glaberrima'®. The SHI gene is deleted
in African rice, while the O. glaberrima SH4 orthologue
shows reduced expression and is found in proximity to
a selective sweep, which is consistent with selection for
non-shattering in this domesticated crop species. These
studies suggest that, for certain key traits, only a limited

number of genes are selected for during and after domes-
tication. Thus, genes identified as regulating important
agronomic traits in one species (here, African rice) could
be used to develop those traits in GSR.

Adaptive evolution: genes involved in the spread of
Asian and African rice. After the onset of domestica-
tion, a crop species begins to spread from its centre of
origin and move into regions with distinct environmen-
tal features; therefore, it needs to adaptively evolve to
these new environments. Moreover, some loci in a given
ancestral population might be selected for in new envi-
ronments because they generate key traits that remain
desirable in distinct cultures and locations. Some of
these phenotypes (such as abiotic stress response and
grain quality) could therefore be extremely important
for breeding GSR.

For example, studies of the evolutionary history of
rice reveal the action of postive selection for the WAXY
gene'”'s. Alleles of this gene have major effects on the
main determinants of cooking and eating quality of rice:
amylose content, gelling temperature and gel length of
the rice grain". Variation in these traits has contrib-
uted greatly to the culinary diversity of rice and how it
is consumed. Molecular evolutionary studies reveal that
glutinous (sticky) rice carries an allele of WAXY with
a mutant splice site, which likely originated in main-
land Southeast Asia and spread across East Asia and
was eventually incorporated into temperate japonica;
the geographical spread of the allele is associated with
cultural desirability for sticky rice'”'.

Another clear association of an important agronomic
trait and geographic adaptation is salinity tolerance in
O. glaberrima'®. Cultivars from across the geographic
range of African rice possess some level of salt tolerance,
with the exception of southerly coastal populations'®.
Genome-wide association studies (GWAS) have identified
11 loci associated with salinity tolerance'®, one of which
overlaps HAKS5, a high-affinity potassium transporter
gene associated with rice salt tolerance® that is induced
in O. glaberrima upon salt stress'®. Moreover, two of
the GWAS loci span genomic regions that have under-
gone selection associated with geographic adaptation in
African rice; one of these regions contains 41 genes',
including the PPL locus, which is a member of a gene
family associated with rice salt tolerance”.

GWAS have also been performed on the two major
indica rice groups that have been generated by independ-
ent breeding activities in China (indica I) and Southeast
Asia (indica II, which has largely been generated by
the International Rice Research Institute, IRRI)??. This
study identified ~200 regions that contained signatures
of domestication or artificial selection and which spanned
7.8% of the rice genome. These regions harbour around
4,000 non-transposable element genes, including many
with functions that are associated with important agro-
nomic traits. Examples include GN1A*, which affects
the number of grains per panicle; SD1 (REF**), which
affects plant height; AMT1;1 (REF*), which regulates
nitrogen uptake; XA4 (REF*) and XA26 (also known as
XA3) (REF?), which are involved in disease resistance;
and RFI (REF*), which restores fertility to hybrid rice.
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Field phenotyping

The use of state-of-the-art
sensor and camera systems,
mounted on tractors, gantries
and drones, to measure plant
phenotypic traits (such as
height, leaf angle, 1,000-grain
weight, disease pressure and
canopy temperature, among
others) over the course of a
growing season.

Reference genomes

Also referred to as a reference
sequence (RefSeq). A genome
assembly that is used to
represent the full genome
sequence of a given organism.
Ideally, a RefSeq will be gap-
free and have zero sequence
errors. However, genome
assemblies can potentially be
missing up to 50% of the full
genome sequence, primarily
owing to the sequencing
technology used (for example,
short read sequencing) and the
assembly tools available.

Green Revolution

The substantial increase in
grain production that began in
the late 1960s and early
1970s. It was a result of
widespread adoption of high-
yielding wheat and rice
varieties bred to incorporate
semi-dwarf genes and a more
systematic use of nitrogen
fertilizers and pesticides.

Hybridization

The process or outcome of
performing genetic crosses
between individuals from
distinct species or highly
divergent populations.

Selective sweep

A genomic region that appears
to be under natural or artificial
selection. In the context of this
Review, we consider it to be a
region of the genome including
and surrounding a
domestication trait (for
example, yield or grain
shattering).

Abiotic stress

A stress considered to be of
non-biological origin, such as
heat, salt, drought, nutrient,
light and dark, among others.

Genome-wide association
studies

(GWAS). A mapping approach
that relies on an observed
statistical correlation between
individual genomic variants
(such as single nucleotide
polymorphisms (SNPs)) and
specific phenotypes in a
natural population.

Furthermore, grain yield was positively correlated with
the number of selection signatures, which indicates
that the signatures could be useful for predicting agro-
nomic potential and implicates the selected loci as
potential targets for crop improvement programmes.

Maximizing the utility of genebanks

Alogical extension to the evolutionary studies discussed
above is to perform systematic comparative genomic
analyses of Asian and African rice populations to identify
genes associated with local adaptation to abiotic stresses
and other environmental and cultural pressures, thereby
providing new targets for breeding efforts. Such analyses
require both extensive genotyping (that is, resequencing)
combined with high-throughput field and laboratory
phenotyping under multiple environmental conditions
with the goal of translating genotype to phenotype in a
breeder friendly format.

Generating digital genebanks. Virtually all crops
have germplasm collections, called genebanks, that
are used to store, preserve and maintain germplasm as
seed and/or live plants for breeding and conservation
purposes. Such banks are essential to ensure that crop
diversity is preserved in the long term and can be easily
accessed, typically through a universal material transfer
agreement. The majority of crop genebanks are national,
and their seed is not always easily accessed by the inter-
national community. However, the Consultative Group
and International Agricultural Research (CGIAR) part-
nership maintains a number of international genebanks
where researchers from around the world can access
and deposit valuable germplasm for research pur-
poses. There are three international rice genebanks: the
International Rice Genebank (IRRI, Philippines), which
holds ~128,000 rice accessions and 4,464 wild relatives;
the Africa Rice Genebank (Africa Rice Center (ARC),
Ivory Coast), which holds ~20,000 accessions; and
Oryzabase (Japan) which holds ~22,000 accessions,
including cultivated, wild, mutant and genetic stocks
and populations.

Resequencing large populations is an important tool
used to unravel population structure, detect signatures of
selection and map quantitative trait loci (QTL). As sequenc-
ing costs plummet and the throughput of technology plat-
forms continues to increase, crop communities are now
contemplating resequencing entire germplasm collections
to create digital genebanks. In 2014, the Chinese Academy
of Sciences (CAS), the Beijing Genomics Institute
(BGI) and the IRRI performed a pilot digital genebank
experiment (termed the 3000 Rice Genomes Project
(3K RGP)) in which >3,000 diverse rice accessions from
89 countries were resequenced, with an average cover-
age of 14 x (REF.”). The resulting >17 Tb of raw data were
filtered down to 18.9 million single nucleotide polymor-
phisms (SNPs) when mapped to the Nipponbare reference
sequence (RefSeq)’ alone. In their paper, they proposed
the use of ‘xian” and ‘geng’ as the varietal group names,
in place of indica and japonica respectively, in recogni-
tion of the fact that these names have been used in China
for several thousand years, which we corroborate. Initial
phylogenetic analysis of 200,000 random sets of SNP
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variants enabled the 3,000 accessions to be subdivided
into 5 distinct varietal groups: 2 major groups (geng
(or japonica) and xian (or indica)); 2 small groups
(aus/boro and basmati/sadri); and a small interme-
diate (admixed) group. These five groups have now
been further resolved into nine groups using popula-
tion structure analysis® (FIC. 2b). In total, we estimate
that more than 10,000 domesticated and wild rice
accessions have been resequenced to date, and con-
sortia are nucleating to secure funding to make digital
genebanks a reality for most major crops over the next
5 years.

Towards platinum standard reference genomes. Efforts
to generate digital genebanks will be most powerful in
combination with high-quality, near gap-free refer-
ence genomes (known as Platinum Standard Reference
Sequences, PS-RefSeqs) that span the spectrum of cul-
tivated and wild rice. Mapping resequencing data to
these reference genomes will enable the vast majority
of allelic and haplotype diversity across the Oryza pan-
genus genome to be detected. This approach would also
help to identify redundancy, enabling the most diverse
accessions to be targeted for future use. PS-RefSeqs are
available for the African rice O. glaberrima' and for
the two main varietal groups of cultivated Asian rice:
O. sativa japonica® and O. sativa indica’"*?. Draft
genomes were first published for japonica® and indica
(known as 93-11)** in 2002, but the first true reference
genome for rice, and in fact of any crop species, was
that of the japonica cultivar Nipponbare, published
in 2005 (REF?). This Nipponbare RefSeq’ remained the
highest quality RefSeq of any crop genome until 2016,
when two reference genomes of similar quality were
released for indica: Minghui 63 and Zhenshan 97 (REF™).
Comparative analyses of these two indica genomes
uncovered extensive structural differences, especially
with respect to inversions, translocations, insertions and
deletions, and segmental duplications. More recently, a
de novo assembly of the indica cultivar Shuhui498 has
been reported with only five gaps and seven complete
end-to-end chromosomes®. These three indica reference
sequences have essentially replaced the original 93-11
indica sequence released in 2002.

Efforts are now underway to generate high-quality
genome assemblies for representatives of all six wild
AA genome Oryza species, as well as representative
accessions from species that harbour ten other genome
types. Indeed, over the next 2 years, the Oryza com-
munity can expect to have access to PS-RefSeqs for
2-4 representative accessions of each of the 9 subpop-
ulations of cultivated rice, as defined by the 3K RGP*,
and a complete set of PS-RefSeqs for all 25 defined wild
Oryza species, including 10 polyploid species (FIC. 2a,b).
To date, assemblies have been published for 35 cultivated
and wild species'>*"*>%-* (FIC. 2c; see Supplementary
Table 1), and de novo sequencing and upgrades are
ongoing for at least 30 genomes. These projects include
de novo sequencing of three CC genome species
(N. Kurata and M. Shenton, personal communication,
and R.A.W,, unpublished data) and the first Oryza poly-
ploid species, Oryza coarctata (KKLL genome type), a
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Artificial selection
Selection for desirable traits
that is consciously and
deliberately carried out by
humans.

Resequencing

A technique used to sample an
individual genome without the
need to generate a full genome
sequence. Resequencing data
typically consists of short
(250bp) sequence reads at low
(0.1-10-fold) genome
coverage that are mapped by
sequence complementarity to
a reference sequence (RefSeq)
to detect genetic variation
(such as single nucleotide
polymorphisms (SNPs) and
indels) between the
resequenced individual and the
RefSeq.

Quantitative trait loci
(QTL). Genetic loci that
contribute (positively or
negatively) to non-discrete
traits, such as yield, grain
quality, water and heat stress.

highly salt-tolerant species (R.A.W., unpublished data).
The majority of the wild Oryza genome sequencing
efforts have been spearheaded by the International Oryza
Map Alignment Project (I-OMAP), and a permanent,
publicly available collection of living voucher specimens is
maintained at the IRRI*>*,

Generating phenomic data. While digital genebanks are
valuable in their own right, the ability to link genotypic
information to phenotypes in a high-throughput format
is of utmost importance for the rapid identification of
new allele combinations suitable for the development
of GSR cultivars. High-throughput greenhouse and field
phenotyping platforms, in both academic and industrial
settings, have advanced rapidly over the past 10 years
and are continuously improving. For instance, a
greenhouse-based high-throughput rice phenotyping
facility has been developed in China, which includes
a novel yield traits scorer that can automatically meas-
ure total spikelet number, filled grain number, spikelet
fertility, yield per plant, 1,000-grain weight, and grain
shape and size at a rate of one plant per minute* (FIC. 4a).
Recently, tractor-mounted multispectral ultrasonic
and reflectance sensors were used to generate pheno-
type data for a high-throughput field experiment on a
rice population comprising 1,516 recombinant inbred

lines" (FIG. 4b). Compared with taking measurements
manually, the high-throughput tractor system was
just as accurate for traits such as plant height, flow-
ering time, grain yield and harvest index but took a
fraction of the time to gather data. Other field-based
high-throughput systems include gantry platforms,
such as the TERRA-REF Field Scanalyzer in Arizona
(FIG. 4c) and the LeasyScan Phenotyping Platform at the
International Crops Research Institute for the Semi-
Arid Tropics (ICRASAT)* in India, and unmanned
aerial vehicles" (FIC. 4d).

Regardless of the high-throughput platform, there
is a pressing need to coordinate intensive phenotyping
activities on a common set of accessions under multi-
ple biotic stress and abiotic stress conditions. In 2011,
15 partner institutions established the Global Rice
Phenotyping Network to phenotype well-characterized
sub-panels (such as the ORYTAGE and Phenomics
of Rice Adaptation and Yield Potential (PRAY) pan-
els) that represent indica, tropical japonica and aus
subpopulations and that can be genotyped using a
variety of methods™*, including a common 700,000
SNP high-density array”. Recently, interrogation of
two indica and aus PRAY panels for loci associated
with early responses to salinity tolerance identified a
previously undetected locus on chromosome 11 that
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Days to flowering, canopy height,
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1.0

Mobile multipurpose platform,
ease of use, efficient data
handling and field environment

Semi-automated, unstable
platform, fixed layouts and
weather-dependent

*Capacity includes time for basic data processing

Gantry

Canopy height and temperature,
flowering time, 3D structure,

nitrogen and chlorophyll content,

yield components and biomass

0.1

Fully automated, high precision,
many sensor options and field
environment

Expensive, slow, fixed location
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Fig. 4 | High-throughput phenotyping platforms. a | High-throughput rice phenotyping greenhouse facility (HRPF) in
Wuhan, China. The HRPF can phenotype ~4,000 plants per day. b | High-throughput field scanner (HTFS) phenotyping a
paddy rice field at the International Rice Research Institute (IRRI), Los Bafios, Philippines. The HTFS can phenotype 3,000
25-plant plots (of identical genotype) per hour. ¢ | TERRA-REF field scanner phenotyping wheat. The Lemnatec Field
Scanalyzer at the University of Arizona Maricopa Agricultural Center and US Department of Agriculture Arid Land
Research Station in Maricopa, Arizona, is the largest field crop analytics robot in the world. This high-throughput
phenotyping field-scanning robot has a 30-ton steel gantry that autonomously moves along two 200-metre steel rails
while continuously imaging the crops growing below it with a diverse array of cameras and sensors. d | Autonomous
flight drone used for phenotyping at the IRRI. Automated image processing produces 3D model and high resolution
geo-referenced orthomosaics used for plot-level data analysis. Ha/hr, hectares per hour. Part a is courtesy of Wanneng
Yang, Huazhong Agricultural University, China. Parts b and d are courtesy of Stephen Klassen, IRRI, Philippines. Part c is

courtesy of Mark Yori, Phoenix Drone Services, USA.
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Xian

Also known as indica, a major
group of Asian cultivated rice
that is widely grown in tropical
and subtropical regions of Asia
and is partially reproductively
isolated from the geng rice.

Geng

Also known as japonica, a
major group of Asian cultivated
rice that is widely grown in
temperate regions of Asia and
other areas and is partially
reproductively isolated from
Xian rice.

Living voucher specimens
Single-plant accessions
selected to be representative
of a particular species. In the
case of most wild Oryza
species, vouchers can be
clonally propagated
indefinitely.

Biotic stress

A stress considered to be of
biological origin, such as plant
pathogens (bacteria, fungi and
viruses) and animal pests
(insects and nematodes),
among others.

Nucleotide binding site
and leucine-rich repeat
(NBS-LRR) proteins
Members of a large class of
proteins encoded by many
disease-resistance or insect-
resistance genes (R genes) of
plants. An NBS-LRR protein
contains a nucleotide binding
site (NBS) domain and a
leucine-rich repeat (LRR)
domain, which are believed to
confer the specificity of
resistance.

Effector-triggered immunity
A defence response that is
initiated when a pathogen
effector molecule is recognized
by a cytoplasmically localized
host nucleotide binding site
and leucine-rich repeat
(NBS-LRR) protein.

Pattern-triggered immunity
A defence response that is
initiated when a pathogen-
associated molecular pattern is
recognized by the
corresponding host pattern
recognition receptor.

promotes efficient transpiration®. The IRRI has recently
announced another much larger effort called the Global
Rice Array (GRA), which proposes to phenotype the 3K
RGP accession data set at multiple locations around the
world and under numerous field, greenhouse and lab-
oratory conditions. For example, efforts are underway
to import the 3K RGP accession data set into the USA
for phenotyping not only in rice-growing regions of the
USA but also in other regions such as the TERRA-REF
Field Scanalyzer in Maricopa, Arizona (FIG. 4c), to detect
and map phenotypes under semi-arid environmental
conditions.

Accessing and integrating genomic and phenomic
data. Easy access to genomic and phenotypic data is of
critical importance for both applied and basic research
in rice. A number of resources are available for accessing
and exploring single rice reference genomes. For exam-
ple, the Rice Annotation Project (RAP)* and Michigan
State University DB (MSU-DB) data portals are consid-
ered the primary go-to sites for access to the Nipponbare
RefSeq and all associated annotations. These sites were
created independently at the onset of the original
International Rice Genome Sequencing Project (IRGSP)
and culminated in an assembly unification in 2013
(REF*%), which has since been used for all subsequent
Nipponbare RefSeq annotation updates. A database for
the PS-RefSeqs for indica rice cultivars Minghui 63 and
Zhenshan 97 can be found at Rice Information GateWay
(RIGW)*7% and R498 at MBKBase®. Alternatively,
these and many other rice genome assemblies can be
accessed through Genbank.

Although these databases and assemblies are
extremely useful, they tend to be focused on single
genomes and are not set up to integrate or interrogate
other cultivated rice and wild rice genomes as they
come on line. To meet this need, Gramene and Ensemble
Plants contain genome information for both cultivated
and wild Oryza accessions as well as multiple ana-
lytical tools for data analysis. For example, these sites
allow researchers to easily compare and download large
genomic regions of interest across multiple genome
assemblies. Gramene also hosts the Rice Diversity data-
base, which contains genotype and phenotype data for
grain length and panicle architecture from 1,568 diverse
rice varieties™.

As digital genebanks continue to grow, databases
that can store, map and deliver SNP, structural variation
and phenotypic data on demand are needed. One such
database for rice is called SNP-Seek® (FIG. 5). SNP-Seek
can display millions of SNPs across hundreds to thou-
sands of accessions in real time and contains phenotype
scores for 72 traits. In a 2016 update, SNP-Seek mapped
the 3K RGP accession data set to four additional draft
genome assemblies (IR 64 (indica), 93-11 (indica),
DJ 123 (aus) and Kasalath (aus)), resulting in the dis-
covery of ~11 million new SNPs and ~0.5 million new
insertions and deletions™. These results argue strongly
that continued resequencing and mapping to multiple
RefSeqs are needed if we are to gain a complete under-
standing of the genetic variation that exists in cultivated
and wild rice.
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From candidate locus to gene

So far, we have reviewed the use of evolutionary and asso-
ciation studies to identify regions of the genome that are
under selection. However, many agriculturally important
genes relevant for breeding GSR have already been isolated
and functionally characterized using more traditional
approaches, such as map-based cloning of naturally occur-
ring or induced mutations or transposon tagging. By the
end of 2017, a total of 2,996 genes had been analysed for
biological functions using various approaches (data from
funRiceGenes®') and can be classified into functional
categories pertaining to the goals of GSR® FIC. 6).

Resistance to diseases or pests. Utilization of disease-
resistance and insect-resistance genes provides the most
economical and effective approach for reducing pesti-
cides and is therefore one of the primary targets in GSR
breeding. Approximately 8% of rice genes that have been
functionally characterized to date have roles in disease
resistance or pest resistance (FIG. 6b). The two major dis-
eases that frequently lead to heavy yield losses in most
rice-growing areas are bacterial blight and fungal blast,
which are caused by Xanthomonas oryzae pv. oryzae
and Magnaporthe oryzae, respectively. In the past dec-
ade, 11 genes for bacterial blight resistance and 27 genes
for fungal blast resistance have been characterized and
are available for breeding purposes®=°. Comparison
of the predicted gene products revealed very different
features of plant-pathogen interactions between these
two diseases. All but three of the fungal blast resistance
loci encode nucleotide binding site and leucine-rich repeat
(NBS-LRR) proteins, which are assumed to provide effector-
triggered immunity and function singly or in pairs to confer
race-specific resistance. By contrast, only one of the bacte-
rial blight resistance genes encodes an NBS-LRR protein.
Three of the remaining ten genes activate expression of
other rice resistance genes rather than directly conferring
resistance; four are recessive resistance genes that pre-
vent invasion of the pathogen via various processes; two
are assumed to confer pattern-triggered immunity; and the
final gene encodes a wall-associated kinase that improves
lodging resistance in addition to providing resistance to
bacterial blight®. Clearly, the molecular mechanisms
underlying bacterial blight resistance are much more
diverse than for fungal blast resistance, suggesting that
different strategies should be adopted to achieve dura-
ble resistance to these two diseases. Pyramiding of genes
belonging to different functional categories may provide
aviable solution to breeding resistance to bacterial blight,
while developing a multiline series of near isogenic lines,
each carrying a different resistance gene, may be the
solution for durable resistance to rice blast.

Thirty genes that provide resistance to the brown
planthopper, one of the most damaging rice pests, have
been identified, and 12 of them have been cloned®*.
The molecular features of these genes are surprisingly
like those that confer fungal blast resistance: 8 of the
12 genes encode NBS-LRR proteins, which presumably
provide effector-triggered resistance as is observed for
plant-pathogen interaction. Thus, adopting a similar
multiline approach might also be an effective strategy
for achieving durable resistance to this insect. Several of
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Fig. 5 | Characterization of the 3K rice genomes through the SNP-Seek database. Rice SNP-Seek Database output
profiling single nucleotide polymorphism (SNP) calls and allele frequencies across a region of the SH1 shattering gene.
Top panel shows specific SNPs (in red) relative to the Nipponbare reference sequence (RefSeq) at 28 nucleotide positions
across 15 accessions in the SH1 gene. The lower panel shows the allele frequencies across the SH1 gene (~8.6 kb region)
on chromosome 3 for the entire 3000 Rice Genome Project (3K RGP) accession data set. Note the low allelic diversity from
SNP 25197521 to 25204041 followed by a large increase in diversity, especially in temperate japonica at SNP 25204788
and indica-2, indica-1B and indica-x at SNP 25205648. These data indicate that these two SNPs are under strong artificial

selection in those subpopulations.

these genes have been widely used in rice breeding pro-
grammes. For example, BPH1, BPH2, BPH3 and BPH4
have been incorporated into a number of rice varieties
released by the IRRI, and BPHI4 and BPH15 have been

incorporated into several superior cultivars in China®.

It should also be mentioned that numerous genes
have been identified that provide quantitative, durable
and race non-specific or pathogen non-specific resist-
ances, and they might also be of utility for improving

resistance to pests or pathogens®®.
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6 | Many rice genes have been characterized and classified by function. a| Graph

showing the number of rice genes functionally analysed in the published literature by
year based on PubMed data accessed and analysed using funRiceGenes®'. b | Functional
classification of those genes according to traits that are desirable for developing Green
Super Rice.

Resistance to abiotic stress. Providing resistance to
abiotic stresses, such as drought, flood, temperature
and salinity, is an intrinsic goal of GSR, and more than
360 genes have been identified that are involved in stress
responses (FIC. 6b). Drought in particular has been identi-
fied as a major constraint for rice production®, but despite
tremendous efforts over the past 2 decades, very few genes
have been identified that might be of practical use for
breeding drought-resistant rice”. However, important
progress has been made in identifying genes conferring
resistance to a variety of abiotic stresses, including drought
avoidance (DRO1)"', submergence or flood tolerance
(SUBI (REF.”%), SNORKELI (REF.”’) and SNORKEL2
(REF7%), low temperature tolerance (qLTG3-1 (REF"%),
LTGI (REF7) (also known as HBD2) and COLDI (REF"?),
heat tolerance (TT1 (REF”’) and HTAS"®) and salt tolerance
(SKC1, also known as HKT8)”. Several of these genes
have been incorporated into breeding programmes’’, and
the best-known example is the introgression of SUBI from

REVIEWS

the landrace variety FR13A into a number of cultivars to
greatly improve submergence tolerance’.

Efficient nutrient use. More than 200 genes have been
identified that improve the efficiency of nutrient use in
crop plants (FIG. 6b), and developing plants containing
such genes may provide the most effective approach to
reducing fertilizer application. The molecular mecha-
nisms underlying nitrogen and phosphorus use are better
understood than for other nutrients and are therefore the
main focus of GSR breeding efforts at present. A num-
ber of potentially useful genes involved in nitrogen use
have been identified. For example, a naturally occurring
allele of the nitrate transporter gene NRT1.1B from indica
rice has been shown to improve nitrate uptake in japon-
ica rice under field conditions®. A naturally occurring
mutant of DEP1-1, which encodes a Gy protein, exhibits
nitrogen-insensitive vegetative growth with increased
nitrogen uptake and assimilation®'. Overexpression of
NRT2.3b (also known as NRT2.3), a pH-sensitive nitrate
transporter gene, enhances uptake not only of nitrogen
but also of iron and phosphorus®™. Other genes involved
in efficient use of phosphorus include the protein
kinase-encoding gene PSTOLI, which increases yields
in phosphorus-deficient soil by conferring tolerance
to phosphorus deficiency™; and the gene encoding the
SULTR-like phosphorus distribution transporter, which
when impaired in the nodes of rice plants reduces the
allocation of phosphorous to the grain and lowers its
phosphorus content without incurring a yield penalty®*.

Improved yield. The yield of an individual rice plant is
determined by three component traits: the number of
panicles, the number of grains per panicle, and the grain
weight®. At the population level, the architecture of the
plant is also an important component trait of yield as it
determines the number of panicles per unit area®. Genes
that regulate yield tend to be highly pleiotropic®, that is,
they affect many different traits. Thus, obtaining optimal
yield often involves balancing the different phenotypic
effects. For example, the gene GHDY regulates the num-
ber of grains per panicle but also has a large effect on
plant size and flowering time®*. Similar effects have also
been found for DTHS8 (REFS ***) (also known as GHD8
and HD5) GHD?7.1 (REF”) (also known as HD2) and HDI
(REF.?), and manipulating the flowering time using dif-
ferent combinations of these four genes has been shown
to be predictive of the performance of the plants®. It has
also been shown that downregulation of the gene SGDP7
(also known as FZP) by natural variation decreases the
grain size but increases the number of grains per pani-
cle”. Moreover, optimal expression levels of the IPA1 gene
(also known as WFP) are needed to achieve an ideal plant
architecture that has fewer but more productive tillers
resulting in higher yield”". The pleiotropy associated with
genes affecting yield means that they can seem to be under-
represented in functional classifications (FIC. 6b); however,
genes categorized as affecting growth and development™
and flower organ and heading date also affect yield directly
or indirectly. It is important, therefore, to characterize
entire regulatory networks, rather than component traits
or individual genes, when considering yield. Hybrid rice
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Breeding chip

A microarray that enables high-
throughput genotyping and
selection of offspring in
breeding programmes.

has contributed greatly to the increased grain produc-
tion globally, and exploiting heterosis between indica and
japonica subspecies and/or varietal groups has long been
considered to be the next step towards further boosting
yield levels. Unfortunately, advances have been limited by
inter-subspecific hybrid sterility. However, several loci for
hybrid sterility have now been identified and characterized,

which promises to stimulate progress in this area’ .

Enhanced grain quality. Grain quality consists of a group
of traits that are important to consumers and, to some
extent, rice producers (that is, farmers and millers).
Although preferences vary in different parts of the
world, the quality of the rice grain is generally charac-
terized by the following features: appearance (shape and
translucence); milling quality (chalkiness and intactness
of milled rice); cooking and eating quality (the combi-
nation of amylose content, gel consistency and gelling
temperature); and nutritional quality (macronutrient and
micronutrient content). Extensive genetic studies have
identified many loci that regulate grain quality traits'®
(FIC. 6b), including WAXY, which has major effects on
culinary quality”; ALK, which regulates gelling temper-
ature'’’; and CHALKS, which affects translucence of the
grains'””. In addition, genes identified for their effects on
grain size (length and width), such as GS3 (REF.'”) (also
known as LK3) and GW5 (REFS '°*'%9), also affect many
aspects of grain quality because the appearance and mill-
ing quality of grains are closely related to grain size and
shape. With the increased awareness of health-promoting
effects of plant products and demands for more nutri-
tious rice, functional genomic research should also
address the need for rice grains enriched in macronutri-
ents and micronutrients, such as iron and zinc, as well as
special classes of metabolites such as f-carotenoid and
anthocyanin. Major progress has been made in increas-
ing the levels of some of the nutrients using transgenic
approaches'*'”’; however, public acceptance of geneti-
cally modified foods remains low. Thus, the availability
of nutrient-enhanced rice varieties may depend on the
identification and incorporation of naturally occurring
alleles using genomic breeding approaches.

Genomic breeding of Green Super Rice

Each year for the past half century, conventional
breeding approaches have generated hundreds of rice
cultivars with improved yield and quality to keep pace
with increased demands for food from a growing world
population. In addition to increased yield and quality,
the development of GSR varieties also focuses on pro-
viding resistance to multiple biotic and abiotic stresses
and on the efficient use of nutrients. A large number
of genes from various sources is required to confer all
these traits, and combining them all in a single cultivar
would be very difficult to accomplish with conventional
technologies. However, our rapidly increasing under-
standing of the evolution, function and regulation of key
rice genes and traits, and the development of sophisti-
cated technical platforms for phenotyping and molecular
breeding, means that it is increasingly becoming scientif-
ically feasible and technically practical to generate GSR
by genomic breeding (FIG. 1).

Conceptually, genomic breeding comprises two major
components: genomic design and whole-genome selec-
tion. Using a specific elite cultivar as the starting point,
the design phase involves matching a list of required trait
improvements (such as targeted growing areas, high yield,
high grain quality, efficient nutrient use, efficient water
use and resistance to major diseases and insects, among
others) to a list of genes that can generate the desired
phenotypes. Germplasm resources for these target genes
should be identified, and strategies for assembling the
genes and introducing them into the elite cultivar should
be determined. Clearly, different rice-growing regions face
different challenges in terms of resources and environ-
ment, and each region will therefore require its own com-
bination of green traits and the development of its own
GSR variety. GSR design will also be affected by the rapid
socio-economic development that is occurring in many
rice-producing countries, such as China, where drastic
changes in rice production systems are taking place. Thus,
GSR breeding programmes should be updated regularly
to include traits that would increase the efficiency of rice
production in the new agricultural systems.

The selection system has two components: a platform
for genotyping the plants with respect to target genes
and genomic background and a gene-specific selection
system. The genotyping platform takes the form of a
breeding chip. Several breeding chips'**-'" have been
developed based on genetic variation data obtained from
large-scale resequencing projects and on gene function
data obtained from the literature reporting character-
ization of individual genes. The gene-specific selection
system should comprise a functional marker to select for
each target gene and tightly linked DNA markers that
flank each target gene (FIC. 7) to detect recombination
between the donor and recipient genomes and to facilitate
selection of lines in which the target gene has been incor-
porated precisely. The scientific literature contains a large
amount of functional information about rice genes, which
can be used to develop gene-specific selection systems.

This selection system provides an efficient means for
targeted improvement of any traits in rice for which a
causative locus has been identified. For example, genomic
breeding has been used to generate a fungal blast-resistant
multiline series (Q.Z., unpublished data and E Zhou, per-
sonal communication): four blast-resistance genes (PI1,
PI2 (also known as PIZ), PI9 and PIGM) were individu-
ally incorporated into the genome of Kongyu131, the most
widely cultivated rice cultivar in the Heilongjiang province
of northeast China. The entire process involved one cross,
four backcrosses and one generation of selfing (FIG. 7).
During the breeding process, the 6K breeding chip'® and
the gene-specific selection system developed for each gene
facilitated selection for the target genes, recombination
events and the genomic background. Four near isogenic
lines (NILs) were obtained, each of which contained a very
short DNA fragment (<200kb) that contained one of the
relevant blast-resistance genes from the corresponding
donor line. A large-scale (~500 Ha) field test showed that
these lines were phenotypically highly uniform with the
required levels of resistance, both in pure stands of individ-
ual lines and as a mixture of all four lines. This promising
strategy for generating multilines with durable resistance
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Fig. 7 | A genomic breeding scheme for precisely introducing a gene into the background of an elite cultivar. A target
gene (R) is introduced into the background of Cultivar A by successive backcrossing. Selection is performed using a gene-
specific selection system consisting of a functional marker for selecting the target gene (forward selection) and DNA markers
on each side of the target gene (M1 and M2) to identify recombination between the target gene and the genetic background
(backward selection). The DNA markers should each be <100kb from the target gene. The numbers of plants indicated for
each generation are expectations based on an average physical to genetic distance ratio of 250 kb/cM across the rice genome.

under large-scale production conditions illustrates two
distinct advantages of genomic breeding compared with
conventional breeding. The first is speed: improved
homozygous lines were obtained in 2.5 years (with three
generations per year), whereas 5-6 years are required
using conventional breeding methods. The second, and
most distinct, advantage is the precise incorporation of the
target gene into the genome of the recipient line. This fea-
ture allows a series of NILs to be generated, each differing
from the others by only a very small genomic fragment,
which provides genetically diverse but phenotypically uni-
form resistance in a rice field. A large number of genes
that confer blast resistance have been cloned in rice that
could be used to generate a large number of NILs via this
multiline approach. Spatial and/or temporal rotation of
different mixtures comprising four to five NILs from the
larger group might provide a strategy for durable resist-
ance in rice production. In addition, genes for different
traits can be easily combined into a homogenous genetic
background with a single cross. Thus, GSR varieties could
be developed by incorporating multiple genes, each for a
different green trait, into a single line.

Conclusions and future perspectives
Cultivars with individual GSR traits (such as blast resist-
ance, brown planthopper resistance, drought resistance
or more efficient nitrogen use) have already been devel-
oped and planted in large areas of China and other Asian
countries and in demonstration trials in several African
countries. Furthermore, major projects for developing
GSR have been initiated in China and by the Bill and
Melinda Gates Foundation for International Cooperation.
Recent technological advances in genome biology
(such as sequencing, genome editing and molecular
breeding) have opened the door for plant biologists to
rapidly explore and test an unlimited supply of natural
variation across the Oryza genus at the DNA sequence
level. The most urgent and challenging task facing the
community now is how to associate this natural sequence
variation with phenotypes under varied ecosystems. To
close this genotype-to-phenotype gap, we propose that
rice researchers around the world partner with inter-
national rice centres (such as IRRI, AfricaRice and
International Center for Tropical Agriculture (CIAT)).
Each centre would perform baseline high-throughput
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phenotyping on large panels of resequenced rice acces-
sions (such as the 3K RGP accession data set) under
varied field conditions. International topic-specific
teams would interrogate these panels for their specific
suite of traits, such as agronomic performance, root
architecture, grain quality and microbiomes, among
others. All data would be deposited in a central database
(such as SNP-Seek at the International Rice Informatics
Consortium (IRIC)) and used to guide and accelerate
the genomic breeding process to develop GSR cultivars
adapted to anywhere in the world. Baseline phenotyp-
ing work could be funded by the CGIAR centre donors
and topic-specific interrogations by national granting
agencies. This approach, if adopted, could serve as a
model for other crop systems.

Indeed, progress towards the development of GSR is
already setting a paradigm for breeding goals in other
crops. For example, in 2017, the Ministry of Agriculture
in China implemented Green Varieties, a new varietal
evaluation and certification system for the release of
major crop varieties that require less fertilizer, pesticide
or water. This scheme has, for the first time, opened the
door for the recognition of green varieties in an official
varietal certification system. Such initiatives will fos-
ter the development of green agriculture systems and
contribute to the ultimate aim of ensuring sustainable
food production for the 10 billion people predicted to
populate the world by 2050.
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