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The world continues to be challenged by food insecurity1,2. 
After decades of steady decline, the prevalence of undernour-
ishment in the world reversed course starting in 2015 and has 

once again begun to rise. Undernourishment currently hovers at 
just under 9% worldwide, but is projected to grow to 9.8% by 2030, 
when nearly 850 million people are predicted to experience hunger1. 
Moreover, agriculture continues to have an enormous resource foot-
print, taking up 38% of the Earth’s land surface, consuming ~70% of 
the world’s freshwater and using 1.2% of global energy.

The root causes of food insecurity amid outsized agricultural 
resource consumption are numerous and include human popula-
tion growth (which should stabilize at 9–11 billion by the end of the 
century), climate change, urbanization, deterioration of agricul-
tural land, reliance on carbon-economy-based chemical inputs and 
increasing water scarcity1,2. Feeding an increasingly hungry world 
remains one of the key challenges facing humanity, and the United 
Nations has set a Zero Hunger Target by 2030. It is imperative to 
meet this task in a sustainable manner, by ensuring growth in crop 
yields in the face of deteriorating environments while reducing the 
resources necessary to feed a burgeoning world population.

Success in this global endeavor will require a systems-based 
approach that incorporates new data-driven farming methods, 
novel sustainable practices and improved crop cultivars; in this, 
genomics provides foundational tools and biological insights 
for 21st century agriculture. It was more than 20 years ago that 
the first whole genome sequence of a plant—that of Arabidopsis  
thaliana—was released3, and in 2002 rice was the first crop to have 
its genome sequenced (Fig. 1)4,5. Over the last two decades since 
these first plant genome sequences were released, genomic science 
has helped enhance plant breeding efforts, allowing increasing 
yields, providing resilience to environmental and pathogen stresses, 
and developing novel varieties6,7. As we move into this century, 
genomics will continue to play a pivotal role in reshaping crop biol-
ogy to meet current and future needs6, just as genetics helped drive 
crop improvement over the last century.

Advances in technologies and approaches have extended 
the field even further, allowing the sequencing of complex crop 
genomes, including the large hexaploid 17-gigabase (Gb) wheat 
genome8. Genome sequencing, including long-read single molecule 
sequencing, has now become routine9,10. New tools have allowed 
genome-level analyses of epigenomic information11,12, including the 

three-dimensional conformation of the genome in the nucleus13, 
and large-scale transcriptome14, metabolome15 and proteome16 
information are now readily obtained. Robotic techniques underlie 
high-throughput phenotyping studies17,18, even in real-world field 
environments19, sometimes coupled with drone20 or even satellite 
imagery21. These techniques also benefit from new computational 
methods to analyze large and disparate datasets, together with 
contemporary algorithms that can incorporate machine learn-
ing22–24 and artificial intelligence25. Meanwhile, technologies such 
as CRISPR–CAS9 allow greater precision in editing genomes for 
evaluating gene function, for engineering new genomes for crop 
improvement26,27 and even for de novo domestication of novel  
crop species28.

These new technologies and approaches are setting the stage for 
novel lines of inquiry and exciting horizons for crop genomics in the 
coming years. A crucial element will be the integration of multiple 
streams of disparate data to develop new insights into crop biol-
ogy, with downstream applications to agriculture. Moreover, many 
of these technologies have been developed in other fields, particu-
larly in biomedical genomics, and will likely impact crop genomics 
research, as they have in the past. And while most of this techno-
logical progress has been reviewed elsewhere, synthesizing these 
perspectives points to new directions in crop genomics, helping 
us better understand crop plant biology and in so doing not only 
advance biological understanding but also address global issues  
in agriculture.

A new era for genome sequencing
Sequencing has always been the cornerstone of genomic sci-
ence, and in the last two decades the genomes of about 10 cereal 
crop and >100 vegetable and fruit species have been sequenced  
(Fig. 1)29. Today, it has never been easier to decode and assemble 
crop genomes; innovations in short-read sequencing technolo-
gies (such as improved linked-read sequencing)30, coupled with 
the increase in ease and decrease in costs of long-read sequencing 
(including single molecule real time sequencing31 and nanopore 
methods32,33), have improved genome assemblies, making it possible 
to routinely tackle whole genome sequencing projects34.

These advances have democratized the ability to develop new 
reference genome sequences either in draft form or in high-quality 
near-complete assemblies35. The goal of a reference genome is 
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telomere-to-telomere contiguity to fully characterize a genome 
sequence; this completeness is made possible by technologies such 
as long-read sequencing, genome-wide contact and restriction 
maps36, high-throughput chromosome conformation capture37 and 
optical mapping38,39. These approaches are coupled with improved 
computational tools for genome assembly (reviewed in ref. 10), and 
have led to higher-quality reference genome sequences across a 
broad range of species. Moreover, new technologies together with 
different sequencing strategies—including genome complexity 
reduction40, diploid progenitor sequencing41 and individual chro-
mosome sequencing42—have made accessible even species with 
large genomes, such as maize (2.3 Gb)43,44, barley (5.3 Gb)45 and pea 
(4.45 Gb)46. Indeed, even polyploid crop genomes such as allotet-
raploid cotton (2.5 Gb)47, hexaploid wheat (~17 Gb)8 and octoploid 
sugarcane (3.13 Gb)48 can now be explored with greater facility, 
which will expand the scope of genome studies for key crop species 
and enable further comparative and genetic mapping studies.

Although there are approximately 20,000 plant species that 
are edible to humans49, global food production focuses on a few 
large-scale crops (for example, rice, wheat, maize and soybean), 
and the genomics of many domesticated food species remain unex-
plored. Given the reduction in costs and ease of sequencing and 
assembly, genome resources can now be made available for niche, 
local species—so-called orphan crops50—that may not have global 
importance but are nevertheless crucial for local economies and 
food systems. Moreover, focused attention on landraces/tradi-
tional varieties and wild relatives of the major crops can now be 
investigated in greater detail, expanding the gene pool available to 
breeders for the improvement of domesticated species51,52. These 
less well-known orphan crops, and genome sequencing of crop 
landraces and wild relatives, may prove particularly critical in crop 
breeding for future environments, as several of these populations 
and species are adapted to unique and even stressful conditions, and 
may be increasingly important for climate change adaptation.

The untapped potential of genetic information in crop landraces 
deserves particular attention. Given the ease in current sequencing 
approaches, the time has also come to systematically unlock the 

genetic diversity found in large collections of crop landraces and 
cultivars kept at seed banks throughout the world53,54. It is estimated 
that ~7.4 million seed accessions can be found in about 1,700 germ-
plasm collections worldwide55, which are unparalleled resources 
both for advancing genetic knowledge as well as for breeding 
efforts. The 3,000 Rice Genome Project, which a few years ago 
released genome sequence information for 3,010 rice varieties56, has 
already proved invaluable; there are now calls to sequence all of the 
~128,000 varieties kept at the seed bank of the International Rice 
Research Institute, to develop a ‘digital genebank’ and help identify 
rare alleles of key agronomic genes57. There is also a 3,000 Chickpea 
Genome Sequencing Initiative to advance genetic mapping efforts in 
this key developing country crop species58, and it is likely that more 
large-scale endeavors such as these will proliferate59,60. An area of 
future exploration using these large-scale projects will be to identify 
and exploit alleles favored by evolution in response to past climate 
change or adaptation to local environments. This approach will by 
necessity integrate population, evolutionary and functional genom-
ics with past climate modeling and landscape genomics; such work 
has already begun in A. thaliana61–63 as well as in rice64, maize65, sor-
ghum66, pearl millet67 and fonio68; nevertheless, there is much to do 
to fully realize the promise of this approach in crop improvement.

Finally, the ability to develop multiple high-quality reference 
genome sequences for each species will help untangle the para-
dox of the pan-genome69,70. It is now clear that a species genome 
consists of both a core genome, whose sequence is found across 
the entire species, and an accessory genome comprising dispens-
able sequences found in some but not all individuals of the species. 
In rice, for example, 38% of genes are thought to be dispensable71, 
which is similar to the fraction of genes (~33%) that are thought 
to have variable presence across maize72. Pan-genomes of other 
crop species have also been examined, including hexaploid wheat73, 
barley74, soybean75 and tomato76. The biological importance of the 
pan-genome remains unclear—how do crop plants maintain func-
tion despite variable gene content, and to what extent are presence 
and/or absence of genes associated with crop adaptive variation? 
There certainly is good evidence to demonstrate the importance of 
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Fig. 1 | timeline of release of genome sequences for key crop species. The year of the release of the genome sequence, as well as the either estimated 
or assembled size of the genome, is indicated. A. thaliana was included given its landmark status as the first plant genome sequenced. The crop species 
depicted were chosen either for their agricultural importance or to depict a wide variety of food species. For rice, the first crop genome sequenced, we 
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pan-genomic variation in key crop genes and phenotypes. In soy-
bean, for example, pan-genome variation appears to be associated 
with genes for seed luster, seed pigmentation and flowering time75, 
while in wheat there is variation in gene content among cultivars in 
disease and insect resistance genes73. In tomato, a large structural 
variant at the promoter region of TomLoxC is implicated in fruit fla-
vor differences76. These initial studies demonstrate the key role that 
presence/absence variation and structural polymorphisms found 
in crop pan-genomes may play in adaptation and diversity, and are 
an exciting area of research both to illuminate plant biology and to 
improve crops.

expanding genetic mapping
The last two decades have seen the identification of key genes 
underlying agricultural traits, using quantitative trait locus (QTL) 
mapping and genome-wide association studies (GWASs) combined 
with molecular genetic analyses that enable map-based cloning and 
functional investigation of important loci. Over the last 10 years, 
there have been >1,000 published GWASs in more than 20 crop 
species77, and these numbers will clearly increase. This area of crop 
genomics research has matured considerably, utilizing ever larger 
populations and nested association mapping panels, new compu-
tational approaches and ancillary data (for example, epigenomic 
marks) that help deliver higher genetic resolution and provide 
functional characterization. Indeed, GWASs in crop species have 
become almost routine, and have added considerably to our under-
standing of the genetic architecture of crop traits.

Our understanding of the genetic architecture of crop traits, 
however, remains incomplete. QTL mapping and GWAS meth-
ods have helped identify genes of moderate-to-large effect, but it 
remains challenging to genetically dissect strongly polygenic traits. 
Moreover, the focus has been on additive genes, while identify-
ing loci associated with epistatic and gene-by-environment inter-
actions78 has proven much more difficult. New methods will be 
necessary if we are to make progress towards a more complete 
molecular specification of trait genetic architectures in crops in all 
their complexities.

Current GWAS mapping methods can also often overlook 
rare alleles that are found in only one or a few crop individuals 
in a population. Indeed, causal alleles for key traits in rice identi-
fied by QTL mapping—such as grain size (GS3 (ref. 79) and qGL3  
(ref. 80)) and flowering time (GHd7)81—are found at <2% frequency 
in the population. Rare alleles may also result from the movement 
of transposable elements, abundant in plant genomes, that correlate 
with phenotypic changes such as grain width in rice82 but may not 
be captured using traditional mapping approaches. Greater power 
in GWAS mapping can be provided by even larger mapping popula-
tions, and the move to sequence greater numbers of cultivars from 
seed banks (see above) may help identify these rare but agronomi-
cally valuable alleles.

Attention should also focus on mapping genes in crop wild rela-
tives. These wild species fend off pathogen and pest attacks, poor 
soils, water deficits and weather extremes in their natural wild habi-
tats, and can potentially offer new genes for crop improvement51,52. 
There is as yet relatively little genetic and GWAS mapping in crop 
wild relatives, and this could potentially be a productive area of 
research in the coming years.

Finally, we expect advances in genetic mapping methodologies. 
There already are new algorithms, such as FarmCPU83, that allow 
one to conduct GWAS mapping of loci that may be important in local 
adaptation but are inevitably confounded with population struc-
ture. Other methods, such as BLINK84, can provide greater power to 
identify genes by using very dense SNP marker data, thus increasing 
the resolution of GWAS peaks. Methods of GWAS mapping even in 
the absence of a reference genome sequence85 may allow more crop 
species to be analyzed, particularly orphan crops which suffer from 

a dearth of genomic resources. Finally, specialized mapping popula-
tions, of which multiparent advanced generation intercross lines86,87, 
nested mapping populations88 and even mutagenized populations89 
have proved useful in increasing the power of genetic mapping, and 
other innovative mapping strategies may be forthcoming.

Systems genomics of crops
While there have been successes in identifying critical genes for 
agronomic improvement, the mechanistic understanding of gene 
functions and how they specify agricultural phenotypes continues 
to lag. In the coming years, more attention should be paid to unrav-
eling molecular mechanisms that underlie traits and forge the links 
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Fig. 2 | Maps of genome-wide functional genomic and epigenomic 
information. Going beyond sequence data, the ability to assay for various 
functional and biochemical marks provide new tools for understanding 
gene function and regulation. An example is shown from rice97, with 
the gene model shown on top and levels of various features shown 
below, including RNA-sequencing (RNA-seq) levels, open chromatin as 
assayed by assay for transposase-accessible chromatin using sequencing 
(ATAC-seq), methylation levels, and various histone methylation 
and acetylation modifications. One can visualize the open chromatin 
(ATAC-seq track) and histone modification (H3K4me3 track) associated 
with transcribed genes (RNA-seq track), as well as bi-directional nascent 
transcription (precision run-on sequencing (PRO-seq)125 track) that signals 
possible enhancer sequences.
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between genotype and phenotype, to employ this knowledge in fur-
thering crop improvement.

Dissecting genetic mechanisms underlying phenotypes will 
have to embrace complexity, and in this light systems genom-
ics approaches will continue to expand90,91. A systems approach 
examines multiple levels of organization, from genome sequences 
to single-cell transcriptomics92,93 to developmental trajectories to 
multispecies interactions (including pathogen,94 insect95 and micro-
biome96) and fluctuating multi-environmental perturbations. This 
will entail collecting various functional genomic and epigenomic 
information on a genome-wide scale, which can be used to infer 
gene function and regulation (Fig. 2)97. The challenge is to deter-
mine how best to obtain meaningful data across different organiza-
tional and temporal scales and integrate these to gain a mechanistic 
appreciation to how they specify organismal traits.

One increasingly exciting area has been the ability to assay func-
tional genomic and epigenomic data at the single-cell level98. The 
ability to examine how transcriptomes of discrete cells evolve over 
developmental time93,99 or under stress100, for example, can pro-
vide greater resolution in studies of plant cell differentiation and 
physiological response. Moreover, there is also increasing attention 
to various epigenomic features of the plant genome, including the 
high-dimensional reconstruction of chromosomal contacts13,101. 
Together, these approaches are providing new insights into the 
nature of cell identity and gene regulation that can eventually 
inform high-precision efforts for genome editing, both to learn 
about underlying mechanisms and for crop improvement.

Understanding the behavior of crops in the field remains a 
vital and largely unexplored area19,102,103. How crop plants respond 
to environmental fluctuations that occur at different time scales 
(from sunflecks that fluctuate in seconds to seasonal patterns that 
vary monthly) needs to be studied to obtain a clearer picture on 
how plants maintain function amid variable environmental signals. 
There are opportunities to try to integrate field environmental, cli-
matic, historical/evolutionary and phenotypic information in recon-
structing crop adaptation and evolution in specific environmental 
niches. This may benefit from industry–academic collaboration, as 
industrial researchers have decades-long, phenotypically rich data-
sets from field trials around the world that academic researchers 
could exploit to examine mechanisms underlying crop adaptation.

Finally, as more systems genomics approaches are pursued, the 
amount, quality and type of genomic data that are now routinely 
acquired in crop species will continue to grow. In principle, we now 
(or will soon have) data to examine multiple levels of biological rel-
evance (Fig. 3)104,105, and the current deluge of data calls on us to 
address how to mine these enormous datasets for new biology, and 
how to integrate data across multiple scales to gain new biological  

insights. In particular, computational methods that can examine 
diverse information sets need to be developed. Computational anal-
ysis and mathematical modeling across organizational scales are 
inherently difficult. Newer approaches in data science and artificial 
intelligence such as machine learning can help uncover patterns 
in large-scale and disparate data types22–25, but do not immedi-
ately reveal biological mechanism. Model-based analyses could be 
more insightful, but will require previous knowledge to help con-
struct appropriate models104. Nevertheless, these challenges are also 
opportunities for discovery, and in crop genomics could pay future 
dividends in modern agricultural advances.

From genome to the field—advancing translation
While genomics has accelerated the pace of genetic discovery, 
there remains a gap in the application of these findings to breed-
ing programs. It has now become straightforward to discover 
GWAS associations, for example, but deploying these discoveries 
in the development of new crop varieties has not been as robust.  
There are, of course, great examples of moving the results of genetic 
mapping to the field, including submergence tolerance in rice106. 
Several questions, however, continue to stymie translational prog-
ress. For instance, how do you place a breeding value on GWAS 
peaks107? How do you routinely incorporate GWAS results into 
genomic selection/prediction models108–110? Tackling these ques-
tions will also require attention to model and algorithm develop-
ment, innovatively integrating various types of data (genome, 
phenotype, functional, epigenomic and so on) and taking into 
account nonlinear interactions such as genotype-by-environment 
effects9,111 in genomic selection/genomic prediction approaches to 
advance crop breeding goals.

Historically, there has been a mechanistically blind approach to 
crop improvement, with a focus on phenotypic observations and/
or quantitative genetic breeding values. With some exceptions, 
there has been little functional understanding of how agronomi-
cally important traits or phenotypes develop at the molecular level. 
On the other hand, molecular geneticists have made advances in 
unraveling the genetic basis of certain traits (flowering time, root 
development, photosynthesis, stress response and so on), and 
the task is how to routinely incorporate this knowledge for crop 
improvement112.

We should recognize that the evolutionary processes of domes-
tication and crop diversification have led to both constraints and 
opportunities that can inform breeding efforts. For example, 
reduced effective population sizes and genetic hitchhiking from 
positive selection inevitably lead to increases in the levels of delete-
rious polymorphisms in crop populations while also limiting the 
variation available for further crop improvement. There has been 
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Fig. 3 | Multiple levels of functional genomic, epigenomic organismal and ecosystem information. There is a need to integrate information across a 
hierarchy of biological scales. As an example, from left to right, we can have genome sequence and epigenomic marks, three-dimensional chromosome 
conformation, gene expression data (here hypothetically clustered at the single-cell transcriptome level), tissue/organ and organismal phenotypes, and 
field environmental/ecosystem factors. The challenge is how to practically and conceptually connect across these different scales.
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growing appreciation of the extent and role of deleterious segregat-
ing polymorphisms in holding back crop yields113–116 and it has been 
suggested that breeding programs can aim to identify and purge del-
eterious mutations from domesticated populations97,117. Conversely, 
crop diversification across multiple environments during evolution 
results in local adaptation, which could provide important genetic 
material to help in developing crop varieties suitable for niche 
ecosystems118.

Genome editing, using CRISPR–CAS9 (refs. 26,27) as well as other 
engineered nucleases119 such as zinc-finger nucleases120 and transcrip-
tion activator-like effector nucleases121, is a technology that will help 
push crop breeding efforts and further provide linkages between 
mechanistic understanding of gene action and agricultural out-
comes122. Some of these molecular tools have been used to increase 
resistance against bacterial blight in rice123 or develop compact tomato 
plants for urban agriculture124. As these technologies are refined to 
engineer subtler mutational effects in crop genomes, it may be pos-
sible to deliver a wider range of phenotypes useful to agriculture.

conclusion
Crop genomics has been a key driver of agricultural advances across 
the first two decades of the 21st century. The ability to sequence 
genomes and assay multiple layers of functional genomic and 
epigenomic information has proven crucial in helping obtain a 
clearer understanding of plant biology. There are exciting oppor-
tunities to integrate multiple levels of data—for example, inte-
grating gene expression, metabolome and environmental data; or 
three-dimensional chromosomal conformation with sequence data 
and evolutionary information. As genomic technologies and com-
putational approaches continue to move forward, we should see an 
increasing ability to explore important plant traits that can translate 
to improvements in farmers’ fields. Genomic science will continue 
to provide important insights and tools to help us minimize food 
insecurity and to lay the foundation for a sustainable agricultural 
system to feed the world.

Reporting Summary. Further information on research design  
is available in the Nature Research Reporting Summary linked to 
this article.
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