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Abstract: Rice is one of the most important food crops worldwide. Population growth and climate
change posed great challenges for further rice production. In the past decade, we have witnessed
an explosive development in novel sequencing and genomic technologies. These technologies have
been widely applied in rice genomic study and improvement processes, and contributed greatly
to increase the efficiency and accuracy of rice breeding. On the other hand, novel sequencing and
genomic technologies also promote the shift of breeding schemes from conventional field selection
processes to genomic assisted breeding. These technologies have revolutionized almost every aspect
of rice study and breeding. Here, we systematically sorted out and reviewed the progress and
advancements of sequencing and genomic technologies. We further discussed how these technologies
were incorporated into rice breeding practices and helped accelerate the rice improvement process.
Finally, we reflected on how to further utilize novel sequencing and genomic technologies in rice
genetic improvement, as well as the future trends of advancement for these technologies. It can be
expected that, as the sequencing and genomic technologies will develop much more quickly in the
future, and be combined with novel bioinformatics tools, rice breeding will move forward into the
genomic assisted era.
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1. Introduction

Rice (Oryza sativa L) is one of the most important crops, feeding nearly half of the
world population. As the world population is expected to reach 10 billion by 2050, there is
an urgent need to enhance rice production by 50% in the coming decade [1]. Furthermore,
the climate changes pose another great challenge to the stabilization of rice production.
Rice’s adaptation to climate change and other imperatives will need to keep pace with the
rate of change [2]. To overcome these challenges, it is an urgent task to breed more resilient,
resource-use-efficient and ‘climate-smart’ varieties [3].

Tremendous efforts have been made worldwide in rice genetic study and molecular
breeding to understand and improve the agronomic traits of rice, such as grain yield,
environmental performance, biotic stresses resistance and nutrition quality. However, rice
breeding is still restrained by many factors. These restraints relate mainly to two core
questions, namely discovering the genetic variations and breeding tools for harnessing
these variations. First of all, the access and characterization of genetic variations conferring
the desired traits is the fundamental resource for rice improvement. However, the lack of
high-throughput genotyping tools and highly efficient genetic analysis methods make these
studies time- and cost-consuming. On the other hand, breeding methods and tools play key
roles in utilizing the characterized genetic variations to create cultivars with the desired
traits. Traditional rice improvement programs rely mainly on identifying and crossing
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plants with agronomically desirable phenotypes, and then selecting new varieties manually
in the field. The efficiency and the accuracy of this selection are low.

In the past two decades, rice genomic and genetic studies have progressed greatly
with the invention and development of novel sequencing technologies. Based on these new
technologies, many novel genomic approaches and methods were invented or developed
and have changed the landscape of rice study. For example, novel long-read sequencing
technologies, scaffolding methods and newly developed assembly algorithms have made
it much easier to obtain a complete genome of rice-specific resources. The availability
of complete genomes facilitated the identification of genomic variations, especially the
structural variations, which are very difficult to characterize without complete genome
sequences. These technological advancements also facilitated the emergence of novel
genomic concepts which fundamentally changed the framework of rice research. For
example, the concept of pan-genome and the related methodology were developed based
on the findings from modern genomic study, and were further enabled by new sequencing
technologies and novel algorithms. The pan-genome concept has changed the genomic
study framework from using single or a few reference genomes to using a pan-genome,
which can catalog and present more genomic diversity within a species [4].

These novel sequencing and genomic technologies have been widely applied and
revolutionized almost every aspect of rice basic and breeding researches: (1) Enabling
the assembly of a number of high-quality rice reference genomes, which can provide the
unified framework for further genomic and genetic research in rice. (2) Providing cost-
effective and efficient tools for accessing the sequences of accessions within a rice gene
bank. (3) Facilitating acquisition of genome sequences, and providing tools for the in-depth
exploration of genetic resources, as well as the molecular mechanism underlying important
traits. (4) Facilitating novel concepts and methodologies to study and harness genetic
variations in rice germplasms. (5) Enabling novel techniques to utilize genetic variances in
routine breeding processes and improve the efficiency and accuracy of rice breeding.

With a further reduction in costs and an increase in the quality of sequencing tech-
nologies, as well as a faster development of genomic and bioinformatics in the near future,
we can expect a deeper incorporation and implementation of these sequencing and ge-
nomic technologies into rice genomic studies and breeding programs. Enabled by these
technologies, genomics-assisted breeding in rice has come of age [5].

In this review, we systemically sort out and discuss the advancements of sequencing
and genomic technologies. We further reviewed how these technologies have helped
and shaped the landscape of rice genetic study and breeding efforts. We aim to provide
a full picture and outlook on how these sequencing and genomic technologies can be
incorporated into rice breeding, and the future shift of the rice breeding paradigm.

2. The Reference Genomes, the Fundamental Framework for Rice Genetic and
Breeding Research

2.1. The First Rice Reference Genome and Its Refinement by Next-Generation Sequencing Technologies

A reference genome provides a uniform and fundamental framework for genomic and
genetic study. A high-quality reference genome is therefore a prerequisite for genomics
studies. Benefitting from having the smallest genome among the major cereals, rice is the
first crop to have its whole genome sequenced. In 1997, the International Rice Genome
Sequencing Project (IRGSP) started to sequence rice’s whole genome using a map-based
clone-by-clone strategy [6]. Two draft genome sequences of the cultivated rice subspecies
japonica Nipponbare and indica 93-11 were released in 2002 [7,8]. In 2005, the IRGSP
reported the map-based and finished version of the Nipponbare sequence. In the same
years, a genome sequence of an indica variety, 93-11, was also released by sequencing
more bacterial artificial chromosomes (BACs) and P1-derived artificial chromosome (PACs)
clones and adopting new assembly algorithms [9]. The completeness of the rice reference
genome was the first step in a systematic and complete functional characterization of the
rice genome [10].
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As the Rice Genome Sequencing Project started, the next-generation sequencing (NGS)
technologies had not been invented. However, after the emergence of NGS technologies,
it helped researchers to further improve and refine the rice reference genome. In 2013,
the Nipponbare rice genome was updated and validated using data from two short-read
sequencing platforms, in which researchers found and corrected more than 4000 errors in
the previous version of the Nipponbare genome [11].

A high-quality reference genome is defined not only by the continuity and correct-
ness of the assembled sequences, but also by the annotation of the genome, which is the
biological function of a specific part of the genome. However, despite the fast advance in
the rice genome sequences available, the genome annotation has lagged far behind. Novel
sequencing technologies and algorithms play important roles in refining the annotation of
rice genomes. For example, an RNA-seq enabled by NGS technologies provides immense
information about the gene expression at the whole-genome scale, which can help identify
the transcription component of the genome. Using massive RNA-seq data, Sang et al. re-
fined the gene model prediction of the Nipponbare genome and achieved a higher integrity
and quality in genome annotation compared to the previous annotation system [12].

Successfully assembling a high-quality reference genome for rice was a milestone for
rice research, since it not only provides a uniform framework for rice genomic studies,
but also offers unprecedented information and insights into the genomics, evolution and
biology of rice [13]. Functional gene cloning is the most dramatically boosted field regarding
the availability of the rice reference genome and related resources. From 1990 to 1994, there
were 20-30 papers per year describing studies on gene cloning in rice. From 1995 on, when
the first rice BAC library was published, the number ranged from 40 to 80. After the full
genome was available, the number jumped to more than 100 per year [14].

2.2. Novel Sequencing Technologies and Assembly Strategies Facilitated the Assembly of More
High-Quality Rice Genomes

In the last decade, with the availability of a complete reference genome, the re-
sequencing method based on NGS has emerged as a powerful tool to identify genomic
variations across rice germplasms. The re-sequencing method maps NGS sequencing data
to the reference genome, and then calls the variants according to the reference. However,
most structural variations (SV) presented in rice germplasms cannot be detected by the
re-sequencing method. Furthermore, increasing evidence demonstrate that the single
reference genome is insufficient to fully capture the diversity within the rice gene pool,
as large amounts of genomic variances found in one or a few individuals have not been
found in genomes of other individuals. For example, the whole-genome assembly and
comparative analyses of Zhenshan97 and Minghui63 uncovered surprising structural dif-
ferences, especially with respect to inversions, translocations, presence/absence variations
(PAV) and segmental duplications [15]. Therefore, it is critical to capture and understand
genetic variations, especially SVs, in much more diverse rice gene banks, and higher-quality
reference genomes representing diverse genetic variation are needed [16].

The invention and development of novel sequencing technologies, including next-
generation sequencing technologies, and the third-generation sequencing technologies
have accelerated the genome assembly of other accessions from rice gene banks.

Before the invention of third-generation sequencing technologies, researchers have
tried to assemble rice genomes using NGS technologies. For example, Gao et al. used
the re-sequencing strategy and got an update version of the genomes of PA64 and 93-11,
which are parents of a pioneer super hybrid rice, LYP9 [17]. The emergence of third-
generation sequencing technologies, which can obtain sequencing data with much longer
reads, completely changed the landscape of rice genome assembly studies. The third-
generation sequencing platforms can obtain and sequence much longer reads (>10 Kb)
compared to NGS technologies (~150 bp). Much longer reads can solve the difficulties
encountered in genome assembly, especially in the repetitive regions, which are as high as
45% in rice genomes. At the same time, many scaffolding technologies were developed to
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further help to scaffold genomes into chromosome-scale assemblies. For example, optical
mapping can join assembled contigs to produce super-scaffolds by producing fingerprints
of DNA sequences and construct a consensual optical map [18].

With the help of these novel technologies, the complex genomic structure of rice
genomes can be easily solved, which will make the assembly of rice genomes a routine task.
In 2016, Zhang et al. assembled the genome of two indica cultivars by BAC sequencing using
a third-generation (PacBio) sequencing platform [15]. Then, in 2017, Du et al. reported
a near-complete genome of the indica rice Shuhui498 through the integration of third-
generation sequencing and mapping data, genetic map and fosmid sequence tags. The
assembled genome covers more than 99% of the estimated genome size and served as a
reference for the discovery of genes and structural variations in rice [19]. Since then, a
number of rice genome assemblies were reported with unprecedented speed, and more
than 100 de novo assembled rice genomes were released (Table 1) [20].

Table 1. High quality reference genomes of Asian rice.

Species Accession Name Year of Publication Reference
Japonica Nipponbare 2005 [10]
Indica 93-11 2005 [9]
Aus Kasalath 2014 [21]
Indica MH63 2016 [15]
Indica 7597 2016 [15]
japonica Suijing18 2017 [22]
indica R498 2017 [19]
Aus N22 2018 [23]
Indica IR8 2018 [23]
Japonica KitaakeX 2019 [24]
Indica Tetep 2019 [25]
Aromatic Basmatic 334 2020 [26]
Aromatic Dom Sufid 2020 [26]
All subpopulations 12 accessions 2020 [16]
Indica IR64 2020 [27]
Indica Taichung Native 1 2021 [28]
Indica Huazhan 2021 [29]
Indica Tianfeng 2021 [29]
All subpopulations 31 accessions 2021 [30]

2.3. Pan-Genome, a Novel Genomic Concept and Reference Genome for Rice Genomic Studies

De novo genome assemblies of diverse rice accessions provide suitable references for
probing genetic variations in diverse rice germplasms. However, routine analysis methods,
such as a re-sequencing analysis, can only use a specific single genome for reference.
As mentioned above, a single reference cannot present all genetic variations within a
population or species, since a lot of variations are absent in a specific single genome. These
problems raised the question of how to collect, present and characterize the highest number
of genetic variations existing in a population or species. The pan-genome and the related
methodology based on novel sequencing technologies are proposed as one of the feasible
concepts and tools to solve these problems.

A pan-genome refers to a complete collection of the genomic sequences found in a
biological clade, such as a species, or a sub-population, rather than a single individual [31].
The concept was first proposed by Tettelin et al., who found a lot of genes present and
absent variations among different strains of bacteria by comparing bacterial genomes. They
defined the pan-genome as the whole collection of genes found in all strains of bacteria [32].
Soon, the concept and the related methodology were extended to studies on humans,
animals and plants [33-35]. The pan-genome provide a whole set of methodologies for
estimating the genomic diversity of the dataset at hand and predicting the number of
additional whole-genome sequences that would be necessary to fully characterize that
diversity [36].
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At present, three kinds of strategies were established for pan-genome construction [31].
The first one includes iterative construction or map-to-pan strategies, in which reads from
NGS are mapped to a reference genome and then the unmapped reads are collected for de
novo assembly. The first rice pan-genome was constructed using this strategy, in which the
rice dispensable genome was constructed based on low-coverage (1-3x) sequencing data
of 1483 cultivated rice accessions [37]. Thousands of protein-coding genes are successfully
assembled, including most of the known agronomically important genes absent from the
Nipponbare reference genome. The constructed pan-genome was helpful for understanding
the rice dispensable genome and complementary to the reference genome for identifying
candidate genes associated with phenotypic variation. Using a similar strategy, another
rice pan-genome built on 3000 rice accessions was constructed [38,39].

The second strategy is based on identifying and collecting genomic differences among
different accessions by whole-genome comparison. The prerequisite for this strategy is the
availability of a number of de novo assembled genomes. With the completeness of de novo
assembled genomes, this strategy greatly improves the quality of the pan-genome in terms
of the completeness and continuity of genetic variations. In 2018, Zhao et al. applied this
strategy and constructed a rice pan-genome by deep sequencing and de novo assembled
66 divergent rice accessions [40]. The ever-evolving sequencing technologies, particularly
the third-generation long-read sequencing technologies, have made high-quality de novo
assembly much more accessible, thus favoring the utilization of this strategy for pan-
genome construction [41].

More recently, a third strategy, which utilized bi-directed variation graphs (VG), was
developed to construct a graph-based pan-genome [42]. VG uses sequencing reads sup-
ported by linear genome references to produce a graph representation of the variable
regions, avoiding assembly bias towards a reference genome [43,44]. Utilizing this ap-
proach, Qin et al. de novo assembled 31 high-quality genomes represented for genetic
diversity in a rice population and constructed a graph-based pan-genome of rice. By lever-
aging this pan-genome, they were able to analyze the SV distribution and assessed the
mechanisms of SV formation and their impacts on gene expression [30].

The constructed rice pan-genomes have deepened our understanding of rice genomic
diversification, and offer much more informative platforms that enable researchers to obtain
substantially more information than a single or a few reference genomes. They are also of
great help for sequencing-based analyses such as RNA-seq or SV identification.

3. Sequencing and Genomic Technologies Enabled Novel Tools for Rice Functional
Genomic Studies

Discovering genome components and further dissecting the regulatory mechanisms
underlying rice agronomic traits, which is also termed as functional genomic study, is
the base for rice molecular breeding. Functional genomics provides fundamental genetic
variation resources for rice improvement. By utilizing high-quality reference genomes and
the application of novel sequencing and genomic technologies, rice functional genomics
have made tremendous progresses in the past decade. These progresses were mainly
ascribed to the development of novel tools for the identification and characterization of the
genetic variations controlling important agronomic traits in rice germplasm [45].

First of all, sequencing technologies facilitate the genotyping of the high density of the
markers in a low-cost and high-throughput way. The availability of high-density markers
further enabled the development of other genetic approaches for identifying quantitative
trait locus (QTLs) or characterizing the underlying genomic variation effectively, such as
bulk segregant analysis (BSA) and genome wide association study (GWAS) [46].

3.1. High-Throughput Genotyping Tools Developed Based on Sequencing Technologies

Three factors, i.e., population size, phenotyping and number of markers, determine
the success of functional gene mapping and cloning. Two decades ago, these tasks relied
mainly on a conventional map-based cloning strategy using low-throughput molecular
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markers. The throughput and cost of acquiring and genotyping molecular markers was one
of the main constraints for map-based cloning in the pre-NGS era [47]. The re-sequencing
approach enabled by NGS technologies can genotype a massive number of DNA polymor-
phisms in a whole-genome scale. At the same time, the NGS technologies have allowed the
parallelization of the sequencing process, thereby reducing the sequencing cost 1000-fold
since its invention [48]. The cost for library construction and whole-genome sequencing is
below $30 for each rice accession at present, which makes the sequencing-based genotyping
approach a routine process used in rice [49].

These advancements facilitated high-density linkage mapping and the efficient accom-
plishment of genetic studies in a population scale [47]. For example, Gao et al. identified
43 yield-related QTLs, including 20 newly identified QTLs, by re-sequencing a recombinant
inbred line (RIL) population, whose approved sequencing-based approaches will greatly
facilitate QTL cloning [17].

High-density molecular markers also booted the emergence of many novel genetic
tools and approaches for a fast identification of causal genes conferring desirable agronomic
traits in rice. Feng et al. reported a genetic tool for directly targeting the specific causal
genes by using a single-gene resolution linkage map leveraging NGS technologies and a
large F2 population [50]. By implementing this tool, they not only successfully mapped
to their specific causal genes of QTLs, but also constructed a complex genetic interaction
network containing 30 QTL-QTL interactions [50].

3.2. Bulk Segregant Analysis

Bulk segregant analysis (BSA) was firstly reported by Michelmore et al., who identified
random amplified polymorphic DNA (RAPD) markers tightly linked to genes for resistance
to lettuce downy mildew [51]. Theoretically, BSA is amenable to any type of markers.
Zhang et al. reported detecting QTLs related to heat tolerance in rice by BSA using SSR
markers [52]. The invention of NGS technologies has made BSA much more rapid and cost-
effective. By sequencing bulks of offspring with contracting phenotypes in a segregating
population along with their parental lines, BSA can quickly and cost-effectively identify the
loci controlling the phenotype. This approach was successfully demonstrated for a faster
identification of QTLs for blast resistance in rice [53]. Soon, the method was widely and
successfully utilized in identifying QTLs of many important traits in rice [54-56].

The combination of the BSA approach and sequencing technologies further enabled
the invention of many alternative or novel methods for accelerating traditional positional
cloning for qualitative traits. Quantitative trait gene sequencing (QTG-Seq) was devised
by Zhang et al. to accelerate QTL fine-mapping by combing QTL partitioning and BSA
sequencing. QTG-Seq combines QTL partitioning to convert a quantitative trait into a near-
qualitative trait, sequencing bulked segregant pools from a large segregating population
and using a robust new algorithm for identifying candidate genes. QTG-Seq can fine-map
the genomic interval into a ~150 kb, whereas the mapping resolution of a traditional QTL
mapping is ~2 Mb [57]. Another method, MutMap, combines mutant generation, the BSA
method and sequencing technologies to accelerate functional gene identification in rice [58].
QTL-Seq is an extension of the BSA and MutMap methodology for mapping major effect
QTLs using the NGS platform. In QTL-Seq, Each bulk DNA will be sequenced and aligned
independently to reference the genome to calculate the SNP index. The SNP index of the
lowest bulk is subtracted from the SNP index of the highest bulk, which results in the
formation of a peak in the plot of the SNP index giving the position of the QTL [53]. Using
this method, Arikit et al. were able to rapidly identify QTLs controlling rice cook grain
elongation, as well as the candidate genes underlying the QTL [59].

3.3. Genome-Wide Association Study (GWAS)

GWAS was another genetic approach quickly developed according to the advancement
of sequencing and genomic technologies. The concept of GWAS was first developed
in humans and was subsequently introduced into plant genetics [60]. GWAS enabled
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researchers to quickly identify a limited interval of region controlling the phenotype, which
is normally 200400 kb, depending on the linkage disequilibrium of the population. Similar
results may take 3-5 years to get in traditional bi-parental QTL mapping. High-density
molecular markers are prerequisites for GWAS, since this method needs to consider the
relationship between the phenotype and the markers at the whole-genome level. In this
way, the high density of the molecular markers provided by NGS technologies facilitated
the wide implementation of GWAS in gene mapping and cloning in rice.

Rice has a few advantages in conducting GWAS: (1) It has abundant germplasm
resources with a much higher genetic diversity than that of other plants. An abundant
diversity is the fundamental factor determining the success of the identification of functional
genes by GWAS. (2) Rice is a self-pollinated and inbred species, which make GWAS more
efficient. With just a one-time genotyping of a population, the panel of inbred lines can
be kept immortal in seed banks and can be phenotyped for different traits in different
environments in both present and future studies [61].

The GWAS platform was well developed in rice a decade ago. The first GWAS study
in rice using NGS technologies was reported in 2010. The SNPs of 517 rice landraces were
identified by sequencing and used for GWAS for 14 agronomic traits [62]. GWAS was
then further refined and developed to investigate the genetic basis of natural variation in
biological traits in rice.

GWAS has helped accelerate QTL identification and the functional cloning of the
genes underlying the QTLs. OsSPL13 was the first functional gene identified in rice by
GWAS. OsSPL13 was firstly identified as a candidate gene for grain shape by combining
the results from GWAS and expression profiling. A further gene functional validation was
conducted by genetic complementarity [63]. Since then, more and more functional genes
were identified by GWAS. For example, by utilizing GWAS, a natural allele of a C2H2-type
transcription factor was identified to confer non-race-specific resistance to blast, and natural
variations in OsGSK2 were found to determine rice mesocotyl’s length variation [64,65].

A wealth of resources, including a number of diverse rice accessions, a dense genomic
variation map and a set of high-quality genotype and phenotype data are prerequisites for
an effective GWAS implementation. At present, two major international diverse rice panels
were established to facilitate large-scale GWAS study. The first one is a 2 K panel, which
contains 2000 international diverse accessions collected by the International Rice Research
Institute [66]. The other panel is a 3 K panel, which is parallel to the 2 K panel collected
by the International Rice Research Institute and the Chinese Academy of Agricultural
Science [39]. Both panels contain whole-genome SNP information and are suitable for
GWAS study. Previous, we selected a subset of the 2 K panel containing more than
500 accessions according to the diversity and phylogenic analysis. Based on this subset, we
conducted a GWAS on more than 30 phenotypes and succeeded in identifying many novel
QTLs and subsequently the candidate functional genes for important agronomical traits
of rice [67,68]. Our results proved this diverse panel is a valuable resource for identifying
QTLs by GWAS.

Despite many successfully cases, GWAS in rice also faces a number of challenges,
including missing genotypic data in some genome regions because of the coverage of
the NGS data, as well as the problems involved in solving G X E interactions [69]. The
development of new statistical analysis methods and the corresponding experimental
designs can help to solve these problems. As for the missing data problems, they can be
partially solved by genotypic data imputation methods, which can impute the missing
genotypic data through statistical methods, due to linkage disequilibrium among the
polymorphisms of local regions in rice [70]. The advancement in algorithms is another
aspect to fully exploit the potential of GWAS. Compared to the traditional statistical
modeling used in GWAS, Bayesin methods and machine learning methods are showing an
increasing performance when implemented in GWAS [71]. A few pioneering studies have
been conducted to utilize these new methods for GWAS and gain mechanistic insights into
the genotype—phenotype associations [72,73].
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4. Breeding Schemes Revolutionized by Sequencing Technologies and
Genomic Approaches

Reference genomes and novel functional genomic tools accelerated the identification
of the genetic components controlling rice traits, which serve as the source for rice improve-
ment. How to efficiently and accurately utilize these genetic resources in rice improvement
is another important aspect in rice breeding. A traditional rice breeding process depends
on crossing cultivars using germplasms with desired traits and then selecting plants mainly
by manual inspection in the field. The selection and subsequent homogenization of the
traits are often time- and cost-consuming, and it normally takes 5-10 years to bring out a
new variety [74]. What is more, if the trait is a complex trait with many low heritability
genes, the uncertainty of the selection increases significantly. Therefore, labor intensity,
time consumption, low efficiency, environment dependence, etc., are major barriers that
impede conventional rice breeding.

Sequencing and genomic technologies advancement provided many tools and meth-
ods which can incorporate into and accelerate the conventional breeding process. These
tools and methods also revolutionized the landscape and schemes of rice breeding, and led
to a new concept, ‘genomics-assisted breeding’ [75].

4.1. Sequencing Technologies Accelerate Rice Marker-Assisted Selection

In the past decade, as high-throughput DNA sequencing decreases in cost, the fo-
cus of plant breeding has gradually switched from phenotype-based to genotype-based
selection [76]. The high-density markers provided by NGS are now widely applied to
improve the breeding efficiency. On the one hand, as mentioned above, the utilization of
high-density markers can accelerate the identification of QTLs and superior haplotypes.
These identified relationships between phenotypes and genotypes facilitate phenotype
selection based on genotype selection, which is also termed as marker-assisted selection
(MAS). MAS is used extensively in breeding programs to track the desired traits using
linked molecular markers. Facilitated by NGS technologies, millions of SNP markers can
be detected with low cost and high throughput, and used to monitor genomic loci that are
linked to markers in breeding pedigrees in order to assemble combinations of loci.

‘Haplotype assembly” was another novel concept proposed and developed based on
MAS and NGS technologies. Recent re-sequencing of germplasm collections in a few crops
has facilitated the identification of a small number of strong marker-trait associations, as
well as haplotypes for the target traits, which facilitate ‘haplotype assembly’. "Haplotype
assembly’ means stacking or combining superior haplotypes of desired traits to develop
ideal varieties. This concept was proposed as a new approach for developing improved
crops through assembling superior haplotypes of the targeted traits [74]. ‘Haplotype
assembly” had been further suggested by Abbai et al., who reported superior haplotypes
upon phenotyping the subset of the 3000 rice panel [77].

4.2. Genomic Selection

The high-density molecular markers provided by NGS have also prompted the de-
velopment of ‘genomic selection’ (GS). GS is based on integrating germplasm accessions,
genomic resources, molecular technology and breeding tools [78]. Unlike MAS, GS used
genome-wide DNA markers to predict the genetic merit of breeding individuals for com-
plex traits.

In 1994, Rex Bernardo achieved an early milestone for the development of GS by
replacing pedigree-based kinship with a marker-based kinship estimated using Restriction
Fragment Length Polymorphism (RFLP) markers spanning the entire maize genome [79].
Meuwissen et al. introduced the second milestone of GS, in which effects of all markers
in a parental generation were estimated and added together to predict the performance
of future progeny [80,81]. In Meuwissen’s proposed framework, breeding values were
predicted using genome-wide marker information. However, the technology to generate
genome-wide markers did not exist at that time. High-throughput DNA sequencing
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technology fundamentally enables the power of GS by providing whole-genome high-
density markers and many other related genomic information at an affordable cost and a
large scale [82]. Genotyping-by-sequencing and commercially available SNP arrays are the
first two established and low-cost genotyping platforms allowing for the rapid genotyping
of large number of markers across a genome, which is the foundation platform for GS.

GS does not need markers specifically associated with a trait because breeding lines
are selected for crossing and advancing generations based on genomic-estimated breeding
values calculated from genome-wide marker data. GS has a higher accuracy of prediction
of elite genetic materials in the initial generations and permits shorter breeding cycles [83].
The key advantage of GS over MAS is that it considers all markers irrespective of their role
in the phenotype, which can consider all major and minor effects on the traits [84].

In 2015, Spindel et al. reported a GS application in rice breeding in which they
performed a GWAS in conjunction with a five-fold GS cross-validation on a population of
363 elite breeding lines from the IRRI-irrigated rice breeding program [85]. In their reports,
the prediction accuracies of GS ranged from 0.31 and 0.34 for grain yield and plant height to
0.63 for flowering time [85]. In addition to inbreed lines, GS has also been applied in hybrid
breeding in rice. Cui et al. used genomic best linear unbiased prediction to perform a
hybrid performance prediction using an existing rice population of 1495 hybrids. This study
showed that the prediction abilities on ten agronomic traits ranged from 0.35 to 0.92 [86].

The platforms of GS breeding in rice have been established based on the research
findings of genomics, breeding chips and high-throughput sequencing technologies. Specif-
ically, the Green Super Rice project, first proposed in 2005, and which aims to develop new
rice varieties with various green traits, has developed high-throughput breeding chips of
rice based on Illumina’s Infinium technology, which constitute a GS technical system in
rice [78]. The prediction accuracy of GS can be further improved by taking the significant
loci detected by GWAS and the functional genes verified by molecular biological experi-
ments into consideration as fixed effects in the GS model [87]. Furthermore, GS models can
be optimized by including other types of omic information, such as transcriptomic data [88].

4.3. Genome Editing

Genome editing is a novel technique, proposed to be the most efficient breeding
strategy today [89]. Genome editing allows the targeted modification of almost any crop
genome sequence to generate novel variation and accelerate breeding efforts, which is
totally different from traditional breeding strategies based on crossing [90]. Genome editing
is highly dependent on accurate sequence information for a precise determination of the
target position. This sequence information can be easily acquired by novel sequencing
technologies. The other great challenge for genome editing is to understand the extensive
and complicated genetic networks controlling agronomic traits and their interaction with
environmental factors. The development of sequencing and genomic technologies together
with the establishment of a large number of ‘omics’ databases will facilitate the identification
of feasible targets for genome editing in rice [91].

With the availability of precise genome editing tools and precise information on the
rice genome, as well as the knowledge about rice domestication, a novel concept, termed
as de novo domestication, was developed as a revolutionary breeding method in rice. The
theory behind this concept is that the initial morphological changes that occurred during
crop domestication are mainly controlled by a few large-effect loci. Therefore, genetic
modifications of a few major genes from ‘undomesticated” species could bring about a
rapid evolution [92]. The success of de novo domestication relies on fully understanding
the domestication process and the genes controlling these domestication traits. With the
advancement of sequencing and genomic technologies, the genomic study of Oryza species
can provide further insights into rice domestication, and also help to identify critical genes
controlling rice domestication traits [93,94]. With all the information available, Yu et al.
reported a successful example of de novo domesticating of an allotetraploid rice. They
rapidly improved six agronomically important traits by editing homologs of the genes
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controlling these traits in diploid rice [95]. De novo domestication can be developed and
used to create new staple rice varieties to strengthen global food security.

5. Summary of Sequencing and Genomic Technologies Incorporating and Accelerating
Rice Breeding Processes

In summary, with the deep incorporation of novel sequencing and genomic technolo-
gies into rice study and breeding practices, the scheme and framework of rice breeding
have changed profoundly. At present, rice germplasms and genetic resources are first char-
acterized by sequencing technologies, and then genomic approaches and bioinformatics
tools are applied to acquire masses of genomic data of these diverse resources. These data
are further investigated to gain deep insights about the molecular mechanisms of important
rice traits. Furthermore, these genomic data also provide large-scale tools and molecular
information to enable genomic-assisted breeding and genome editing. With this knowledge
about the molecular mechanisms of rice traits, combined with molecular information and
tools, the breeding and improvement will be much faster than the traditional breeding
scheme (Figure 1).
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Figure 1. Schematic diagram of novel sequencing and genomic technologies implemented into and
accelerating rice research and breeding practices. Rice germplasms or diverse genetic resources are
first characterized by novel sequencing and genomic technologies combined with bioinformatics
tools. The genomic data acquired from sequencing and genomic technologies, including genome
sequences, gene annotation, etc., will be further processed to gain biological insights about rice traits.
These insights and knowledge will be utilized to accelerate and enable genomic-assisted breeding
progress, as well as rice improvement by genomic editing to bring out new varieties.

6. Future Perspectives

Human explosion and adverse climatic changes are posing extreme challenges for
global food security. Breeding new rice varieties with stress resilience and high yielding is
an urgent demand to solve these problems. As reviewed above, many new concepts, tech-
niques and methods enabled by novel sequencing technologies and genomic approaches
have greatly improved the efficiency and effectiveness of rice breeding. These technologies
have actually reshaped the framework of rice genomic study and breeding practices. In the
near future, we can expect much faster advances in the field of sequencing and genomic
technologies. Sequencing and genomic approaches will likely be incorporated more deeply
into rice improvement programs. The development of novel tools development and a
revolution in breeding concepts will be the next trends for rice research and breeding.
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6.1. Novel Bioinformatics Tools and Platforms Play Key Roles in Translating Genomic Data into
Future Tools for Rice Breeding

The application of genomics for trait dissection is well established; however, trans-
lating the findings from genomic studies into breeding programs is challenging [96]. In
this process, bioinformatics tools and platforms play central roles, since they provide pow-
erful methods, theoretical approaches, standards and software tools to analyze the ever-
increasing genomic data. Databases host a combination of various genomic information
alongside analysis tools providing a useful platform for genomic information utilization in
breeding. In rice breeding studies, a large number of functional genes, QTLs and genomic
information have been identified. For an efficient usage, these data and information need to
be integrated into a suitable platform for further exploration and utilization [97]. However,
most of these databases lack supporting tools for breeders, which is an important aspect
for future database construction. Software solutions to integrate breeding and research
resources are another highly demanded field. With the rise in multi-omic technologies,
the future development of bioinformatics will focus more on enabling the integration of
multi-omics data to allow a system-level understanding of the agronomic traits in rice. This
will pave the way for multi-omic breeding schemes which can help to develop elite rice
cultivars much more rapidly.

In term of bioinformatic algorithm development, Artificial Intelligent (Al) is the most
expeditiously rising technology to deal with big biological data mining [98]. Machine
learning (ML) is an emerging and promising application of Al. Advanced ML algorithms
have revealed a great potential for making highly precise and efficient pipelines for data
analysis to enhance the breeding performance and ultimately crop productivity. ML tools
can help rice breeders to explore biological patterns by analyzing a large amount of genomic
data. ML has also been applied in genomic selection to process large genotyping data sets
for genomic prediction [99]. In the future, ML models are expected to be largely applied in
the different -omics disciplines, enhancing their integration toward the resolution of key
biological questions in breeding.

6.2. From Conventional Breeding Practices to Genomic-Assisted Breeding

Current advances in genome sequencing techniques and biological “Big Data” have
profoundly transformed rice breeding. In the coming year, huge amounts of genomic data
will become much more accessible. Rice breeding based on genomic information, which is
termed as genomic-assisted breeding (GAB), will be more practical and widely applied.
GAB has been successfully implemented in rice mainly by MAS, which rely on one or a few
markers linked to the phenotype. Novel sequencing technologies have enabled the access
to high-density molecular markers, which will promote a paradigm shift from individual
markers to the combination of markers (haplotype), and further to the assessment of
markers at a whole-genome scale. These changes will greatly accelerate the progress of rice
breeding, since more markers and related genomic information will improve the efficiency
and accuracy of trait improvement. By this trend, more novel concepts and methods
which can fully utilize genomic information in breeding practices are needed. Furthermore,
valuable genetic variations from rice’s wild relatives or landraces will be characterized and
harnessed under novel concepts and approaches, such as pan-genomic, de novo genome
assembly and de novo domestication. Therefore, rice breeding will be benefited by utilizing
valuable genetic variations from rice’s wild relatives, which will help to overcome the
bottleneck of genetic diversity in modern rice breeding.

In summary, a comprehensive application of new sequencing and genomic technolo-
gies, as well as recently developed multi-omic and data mining technologies, have become
a feasible path for enhancing the precision, efficiency and effectiveness of rice breeding pro-
grams to develop climate-resilient, high-yielding and nutritious varieties. Genomic-assisted
breeding is coming of age for rice breeding with these advancements in technologies.
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