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The cereal crops rice (Oryza sativa), maize (Zea mays ssp. mays) and wheat (Triticum aestivum)
provide half of the food eaten by humankind. However, understanding their biology has proved

challenging due to their large size, long lifecycle and large genomes. The model plant

Key words: Arabidopsis thaliana, cereals,
crops, model plants, Oryza sativa (rice),
Triticum aestivum (wheat), Zea mays ssp.
mays (maize).

Arabidopsis thaliana avoids these practical problems and has provided fundamental under-
standing of plant biology, however not all of this knowledge is directly transferrable to cereals.
Recent developments in gene editing, speed breeding and genome assembly techniques mean
that the challenges associated with working with the major cereal crops can be overcome.

Resources such as mutant collections and genome sequences are now available for these crops,
making them attractive experimental systems with which to make discoveries that are directly
applicable to increasing crop production.

I. Introduction

Across the biological sciences, model species have played major
roles in improving our understanding of the fundamental processes
that govern life. Decades of intensive study of the model plant
Arabidopsis thaliana have produced insights into plant develop-
ment and responses to the environment, particularly at the
molecular level. However, it has long been recognised that one
model species is not sufficient to represent the diversity of plants.
Since the nineteenth century, when Mendel discovered the
fundamental laws of inheritance using peas (Pisum sativum),
researchers have studied many different plant model systems, from
legumes through to tomato (Solanum lycopersicum), petunia
(Petunia hybrid) and antirrhinum (Antirrhinum majus). Amongst
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the cereals, maize (Zea maysssp. mays) has served as a genetic model
system for almost a century, and its use in scientific research led to
seminal discoveries about mobile DNA elements and epigenetics
(reviewed in Nannas & Dawe (2015)). The sequencing of the
Arabidopsis and rice (Oryza sativa) genomes almost 20 years ago
opened up new possibilities for investigations into molecular
genetics, with these species subsequently dominating research.
However, we can now generate comprehensive genome assemblies
even for highly complex plant genomes. This represents a turning
point that could confer equal standing to multiple species for use in
studies to understand the molecular mechanisms underlying plant
biology and crop production. Here I will compare the features of
model species that make them powerful research tools and outline
recent developments that make the most widely grown cereal crops
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— rice, maize and wheat (77iticum aestivum) — tractable experi-
mental systems for molecular biology in their own right, thus
blurring the boundaries between model species and cereal crops.

Il. What defines a model plant?

Model species are extensively studied with the aim of understand-
ing particular biological processes and the expectation that this will
provide insight into other species. Model plant species have
practical characteristics: small size, ease of growth, high fecundity,
short generation time, small genome and amenability to genetic
manipulation, including crossing, mutagenesis and gene modifi-
cation. Recently, Chang er al (2016) suggested that such
practicalities are not the only reasons why model systems become
widespread. As more scientists adopt the model species, the
availability of simple and reliable methods for lab protocols such as
DNA extraction, protein purification and transformation can
influence its uptake. Furthermore, as a community of users
develops, the availability of resources such as genetic stocks held in
germplasm centres, annotated genomes and databases may boostits

uptake.

lll. Models for cereal crops

The three most widely grown cereal crops (maize, rice and wheat)
provide ¢. 50% of the calories consumed by humankind (Alexan-
dratos & Bruinsma, 2012). With an ever-increasing population
and the challenges associated with climate change, we face an urgent
need to understand the biology of these cereals to meet the growing
demand for food, feed and fuel. Unfortunately, barriers such as
their large genomes, long generation times and large sizes mean that
cereals have proved difficult to work with.

Instead, from the 1980s onwards, Arabidopsis has been widely
used asa model species with which to improve our understanding of
plant biology. The study of Arabidopsis has enabled us to gain a
fundamental understanding of many plant-specific processes, and
this information has been used to inform the study of these same
processes in cereal crops. Of the 41 682 papers published from
1965 to 2015 on Arabidopsis with one or more citations, 37% were
cited by a paper principally focussed on a species other than
Arabidopsis (Provart et al, 2016), showing that Arabidopsis
research has been used by those working on other species. However,
certain processes which are highly relevant to crop production are
not present in Arabidopsis (e.g. mycorrhization), and there are
processes for which knowledge from Arabidopsis cannot simply be
extrapolated (e.g. starch metabolism; Smith, 2012). Furthermore,
although ithas been shown thatsimilar gene families are involved in
regulating traits in Arabidopsis and cereals, the individual family
members involved and the network of connections may be quite
different, as has been shown for flowering (Hill & Li, 2016) and
senescence (Borrill ez al., 2019a). Therefore, to fully understand
cereal biology, research is required in cereal species themselves.

Several monocot models for crop species have been proposed to
overcome some of the limitations of Arabidopsis research and
improve our understanding of cereal biology. Setaria viridis was
proposed as a model for maize and Brachypodium distachyon as a
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model for wheat due to their close evolutionary relationships and
model plant characteristics (Brutnell, 2015; Table 1). However,
when these species were proposed, molecular work was already
being carried out in rice which demonstrated the power of studying
a crop species directly to apply discoveries in the field. Rapid
developments in technology, building in part upon approaches
developed in rice, meant that wheat and maize could be studied at
the molecular level in their own right. Therefore, the use of
monocot model species as stepping stones to maize and wheat was
not widely adopted.

IV. Recent developments redefine model plants

The availability of genome sequences lays the foundation for
molecular biology work. The advent of low-cost next generation
sequencing, long-read technology, improved assembly and scaf-
folding methods mean that having a small genome size is no longer
a key consideration when looking to produce a reference genome
sequence. For the past 10 years, a high-quality genome sequence for
rice (International Rice Genome Sequencing Project, 2005) and a
draft genome sequence for maize (Schnable ez a/., 2009) have been
available. Recently, long-read technologies and optical mapping
improved the maize genome sequence (Jiao e al, 2017) and a
chromosome-level assembly for the 16 Gb hexaploid genome of
wheat was published IWGSC et al., 2018). The release of these
high-quality genome sequences indicates that genome size no
longer presents a technological barrier, although the cost of
sequencing large genomes remains high.

The development of gene editing has also influenced our ability
to study gene function in a range of plant species. Previously, the
large-scale mutant or insertion line collections in established model
species such as Arabidopsis and rice (reviewed in Holland & Jez,
2018; Hong eral., 2019) gave researchers working on these plants a
major advantage in characterising gene function. However,
CRISPR-Cas9 has been shown to function in all three major
cereal crops and can be used to produce transgene-free genome-
edited plants that could be readily commercialised (reviewed in
Zhu er al. (2017)). CRISPR-Cas9 is conventionally used to induce
small deletions within genes to cause frame-shift or knock-outs but
can be used to carry outa whole range of more complex editing such
as specific base editing or epigenetic modification (reviewed in Adli
(2018)). These methods are now being applied in cereals (Li ez al.,
2018).

Developments have also been made to shorten generation times
and reduce plant size (Fig. 1). Cereal breeders have been
accelerating generation times for decades by stressing plants in
small pots. This method has been successfully applied in large scale
commercial and public breeding programmes, for example at the
International Rice Research Institute (Collard ez al, 2017).
Manipulating environmental conditions has also enabled ‘speed
breeding’, which involves growing plants under longer day length
and harvesting seeds before they are fully mature; this greatly
accelerates wheat generation times (Watson ez al, 2018). An
alternative approach taken to shorten cereal generation time is to
select varieties with extremely rapid lifecycles, including wheat
‘Apogee’ (25d) (Bugbee & Koerner, 1997), Fast-Flowering
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Fig. 1 Recent developments bypass traditional model species requirements. (a) Traditional model species such as Arabidopsis thaliana have a short lifecycle,
small size and small genome. (b) Cereal crops such as wheat have a long lifecycle, large size and a large genome. (c) New approaches such as speed breeding,
rapid lifecycle varieties and improved sequencing techniques enable cereal crops to have many of the characteristics of model species. Note: plants not drawn to

scale.

Mini-Maize (60 d) McCaw et al., 2016) and rice Xiaowei-Se5
(46 d) (Hu ezal.,2018). These rapid lifecycle cereal varieties are also
much smaller than conventional varieties (Fig. 1) and are well-
suited to cultivation in the controlled environment conditions used
widely by plant science researchers. Although a variety of
agronomically relevant traits such as disease resistance and
flowering time can be studied using speed breeding or rapid
lifecycle varieties (Watson ez al., 2018), there are certain traits, such
as yield or plant height, for which research may prove difficult (Hu
et al., 2018), particularly in rapid lifecycle varieties.

Many of the resources which make working with Arabidopsis
attractive are now available for cereal crops. Rice, maize and wheat
have accurate gene model annotations, extensive molecular biology
methods and sequenced mutant populations (Table 1) that are
suitable for reverse genetics approaches (Settles et al, 2007;
Williams-Carrier et al., 2010; Krasileva ez al., 2017; Li et al., 2017).
Gene expression atlases are also available for all three species (Borrill
etal.,2016; Xia ezal.,2017; Ramirez-Gonzalez ez al., 2018; Hoopes
etal., 2019). Together these resources enable routine study of gene
function in rice, maize and wheat.

V. The future of cereal research

Despite the availability of new approaches and resources, one area
that remains a challenge is the production of transgenic plants,
especially for wheat and maize. This presents a rate-limiting step for
biological understanding of gene function. Whilst transformation
of rice is routinely carried out by many research groups using callus
induction methods (Hiei ez 2/, 2014), maize and wheat transfor-
mation require high-quality facilities and technical expertise to
transform immature embryos (Fig. 2a). This restricts
New Phytologist (2019)
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transformation to specialised laboratories in universities, institutes
and multi-national seed companies. A further challenge for cereals
is that efficient transformation is genotype-dependent, and there-
fore only a handful of varieties can be transformed at high enough
efficiencies to make transformation routine.

Recently, however, several methods have shown promise as
means by which to expand the number of transformable varieties.
In maize, the expression of the transcription factors Baby boom and
Wauschel2 increased both the transformation efficiency and the
range of varieties transformed (Fig. 2b; Lowe et a/., 2016). This
system also increased the transformation efficiency of rice (Lowe
etal.,2016) and has been proposed as a method of increasing wheat
transformation efficiency and allowing genotype-independent
transformation (Borrill ez al., 2019b). It may also be possible to
extend the range of transformable genotypes by using bacteria other
than Agrobacterium tumefaciens for transformation (Fig. 2a). For
example, Ensifer adbaerens, a soil-related bacterium, has been
shown to transform IR64, an indica rice variety that is difficult to
transform using A. mumefaciens (Zuniga-Soto et al., 2015). How-
ever, further work is required to increase the low transformation
efficiencies achieved with non-Agrobacterial species and test this
approach in wheat and maize. The ability to carry out transfor-
mation on any genotype would accelerate the integration of
transgenic events in cereal breeding pipelines and facilitate the
evaluation of the effects of the transgenic or gene editing event in a
locally adapted variety.

An alternative method of altering gene function in elite lines is
the use of CRISPR-Cas9 in conjunction with haploid induction to
induce edits without any transformation event in the recipient
plant. Kelliher ez al. (2019) crossed a CRISPR-Cas9 expressing
maize line to wheat, which produced a haploid wheat line edited at
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Fig. 2 Improving transformation in maize and wheat to alleviate genotype dependency. (a) Conventional transformation of maize and wheat. Immature
embryos are dissected from developing seeds. The immature embryo is then inoculated with Agrobacterium tumefaciens (brown). A callus is generated by
tissue culture and the transformed callus (blue) can be selected using a marker gene. Alternative bacterial species (pink and purple) have been proposed as one
route by which to overcome genotype-dependency in transformation. (b) Expression of Baby boom (Bbm) and Wuschel2 (Wus2) increases transformation
efficiency and the number of genotypes which can be transformed in maize. Using transgenic maize expressing Bbm and Wus2 enables embryos dissected from
mature seeds to be used for transformation. The dissected embryo is inoculated with A. tumefaciens and undergoes tissue culture. The callus produced is
desiccated to induce the expression of Cre recombinase (Cre) from a desiccation inducible promoter. Cre excises the transgenic cassette at the LoxP sites
(triangles) to prevent the expression of Bbm/Wus2 from causing undesirable phenotypic effects in subsequent generations. The transformed callus (blue) with
the Bbm/Wus2 construct excised can then be selected. The light blue background indicates stages at which the Bbm/Wus2 construct is expressed. (c) Haploid
inducer maize lines expressing a CRISPR/Cas9 construct can edit wheat target genes, thus bypassing a wheat transformation step. Pollen from a haploid inducer
maize line expressing Cas9 with a gRNA for a wheat target gene is used to fertilize an emasculated wheat ear. The Cas9-gRNA edits the wheat target gene
(brown star) in the fertilized ovule. Subsequently the male (maize) genome is eliminated to produce a haploid gene-edited embryo. The embryo is rescued by
tissue culture to produce a haploid plantlet. Colchicine treatmentinduces chromosome doubling and gene-edited doubled haploid wheat plants can be selected.
This method could be used to edit genes in a wide range of wheat varieties because it does not depend on A. tumefaciens mediated transformation of wheat.
The green background indicates stages at which the Cas9-gRNA construct is expressed.
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the target site (Fig. 2¢). Although the reported efficiencies were low,
the optimisation of this method presents an attractive route via
which to induce edits in multiple elite wheat varieties after only one
transformation event, without requiring transformation of the elite
varieties themselves and with no risk of inheritance of the transgenic
cassette.

CRISRP-Cas9 has also been used to rapidly domesticate orphan
crops by removing undesirable traits (Lemmon ez al., 2018). This
approach of targeting known phenotypic genes could be used to
make maize, rice and wheat more amenable to laboratory studies,
for example by targeting genes for reduced size. Transformation
methods that can be applied to a wider range of varieties (Fig. 2)
may bypass some of the limitations of the current rapid lifecycle
varieties that are only available in a few genetic backgrounds.
Secondly, this approach could be applied to facilitate the study of
other cereals or to generate custom model species or varieties for the
examination of particular traits.

The difficulties in molecular biology techniques such as
transformation, which are variety dependent, show that there is
still a lot to learn about the influence of genetic variation on the
biology of a plant. Genomic studies are now revealing the huge
range of genetic variation within plant species; for example, the re-
sequencing of 3000 rice varieties has identified over 10 000 novel
full-length protein-coding genes (Wang ez al., 2018). Some of these
genes, which are absent from the reference variety Nipponbare,
may have agronomically relevant functions, as has been shown for
the SUBIA gene, which confers resistance to flooding but is not
present in japonica varieties (Xu ez al., 2006). Pan-genome projects
for the study of genomic diversity have also been initiated in maize
(Brohammer et al., 2018) and wheat (Borrill ez 2/, 2019b), with
early results from maize underlining the importance of transposable
elements in driving genomic variation (Anderson ez al, 2019).
Leveraging the variation in these species will be critical to furthering
our understanding of cereal biology and developing improved elite
varieties.

Looking to the future, at the global political level there is an
increased interest in food security, which will have an important
influence on cereal research. In 2015 the United Nations set a
Sustainable Development Goal to end hunger by 2030. This global
interest has already started to increase the amount of funding
allocated to cereal research, which in turn has helped to accelerate
the development of many new technologies. However, it remains
difficult to determine which came first — the technology or the
funding. More researchers are being attracted to work on cereals, in
part due to the funding landscape, but also due to the increased
tractability of cereals for molecular biology work. To give one area
of research as an example, cloning the first disease resistance genes in
cereals took a minimum of 5-10yr. Now with genomics
approaches, resistance genes can be cloned far more rapidly, as
evidenced by the exponentially increasing number of cloned
resistance genes in wheat (Keller eza/., 2018) and papers publishing
multiple resistance genes simultaneously, which would have been
unthinkable even a few years ago (Steuernagel ez al., 2016; Marchal
etal., 2018). Through the techniques and resources available now,
and those currently under development, it is likely that there will be
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similar expansions in understanding the molecular mechanisms of a
whole range of traits in cereals.

VI. Conclusions

We now have the tools, resources and approaches with which to
accelerate our fundamental understanding of the biology of the
three major cereal crops using the species themselves, whilst
considering the insights gained in traditional model systems such as
Arabidopsis. Studying cereals directly will translate the promise of
genetic solutions more rapidly into the field, through breeding
programmes and agronomic practices. We will need to take
advantage of multiple approaches to feed the growing world
population and to stabilise, let alone increase, yields under climate
change. Traditional model species can give us insight into
conserved processes, but the opportunities to work directly on
cereal crops are now too great to ignore.

Acknowledgements
I would like to thank Daniel Gibbs, Michael Rugen and Cristobal

Uauy for useful discussions and constructive comments on this
manuscript. This work was supported by the Rank Prize Funds
New Lecturer Award and a Royal Society Research Grant (RGS\RI1\
191163). Lapologise to colleagues whose work could not be cited due
to space constraints.

ORCID

Philippa Borrill (2 https://orcid.org/0000-0002-7623-8256

References

Adli M. 2018. The CRISPR tool kit for genome editing and beyond. Nazure
Communications9: 1911.

Alexandratos N, Bruinsma J. 2012. World agriculture towards 2030/2050: the 2012
revision. ESA Working paper No. 12-03. Rome, Italy: FAO.

Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, Shinn P, Stevenson DK,
Zimmerman J, Barajas P, Cheuk R e 2. 2003. Genome-wide insertional
mutagenesis of Arabidopsis thaliana. Science 301: 653-657.

Anderson SN, Stitzer MC, Brohammer AB, Zhou P, Noshay JM, Hirsch CD,
Ross-Ibarra J, Hirsch CN, Springer NM. 2019. Transposable elements
contribute to dynamic genome content in maize. 7%e Plant Journal. doi: 10.1111/
tpj.14489.

Borrill P, Harrington SA, Simmonds J, Uauy C. 2019a. Identification of
transcription factors regulating senescence in wheat through gene regulatory
network modelling. Plant Physiology 180: 1740-1755.

Borrill P, Harrington SA, Uauy C. 2019b. Applying the latest advances in genomics
and phenomics for trait discovery in polyploid wheat. 7he Plant Journal 97:
56-72.

Borrill P, Ramirez-Gonzalez R, Uauy C. 2016. expVIP: a customizable RNA-seq
data analysis and visualization platform. Plant Physiology 170: 2172-2186.

Brohammer AB, Kono TJY, Hirsch CN. 2018. The maize pan-genome. In:
Bennetzen J, Flint-Garcia S, Hirsch C, Tuberosa R, eds. 7hemaize genome. Cham,
Switzerland: Springer International Publishing, 13-29.

Brutnell TP. 2015. Model grasses hold key to crop improvement. Nature Plants 1:
15062.

Bugbee B, Koerner G. 1997. Yield comparisons and unique characteristics of the
dwarf wheat cultivar 'USU-Apogee’. Advances in Space Research 20: 1891-1894.

© 2019 The Author
New Phytologist © 2019 New Phytologist Trust


https://orcid.org/0000-0002-7623-8256
https://orcid.org/0000-0002-7623-8256
https://orcid.org/0000-0002-7623-8256
https://doi.org/10.1111/tpj.14489
https://doi.org/10.1111/tpj.14489

New
Phytologist

Chang C, Bowman JL, Meyerowitz EM. 2016. Field guide to plant model systems.
Cell167: 325-339.

Collard BCY, Beredo JC, Lenaerts B, Mendoza R, Santelices R, Lopena V,
Verdeprado H, Raghavan C, Gregorio GB, Vial L et a/. 2017. Revisiting rice
breeding methods — evaluating the use of rapid generation advance (RGA) for
routine rice breeding. Plant Production Science 20: 337-352.

Hiei Y, Ishida Y, Komari T. 2014. Progress of cereal transformation technology
mediated by Agrobacterium tumefaciens. Frontiers in Plant Science 5: 628.

Hill CB, Li C. 2016. Genetic architecture of flowering phenology in cereals and
opportunities for crop improvement. Frontiers in Plant Science 7: 1906.

Holland CK, Jez JM. 2018. Arabidopsis: the original plant chassis organism. Plant
Cell Reports 37: 1359-1366.

Hong W-J, Kim Y-J, Chandran AKN, Jung K-H. 2019. Infrastructures of systems
biology that facilitate functional genomic study in rice. Rice 12: 15.

Hoopes GM, Hamilton JP, Wood JC, Esteban E, Pasha A, Vaillancourt B, Provart
NJ, Buell CR. 2019. An updated gene atlas for maize reveals organ-specific and
stress-induced genes. The Plant Journal 97: 1154-1167.

Hsia MM, O’Malley R, Cartwright A, Nieu R, Gordon SP, Kelly S, Williams TG,
Wood DF, Zhao Y, Bragg J ez al. 2017. Sequencing and functional validation of
the JGI Brachypodium distachyon T-DNA collection. The Plant Journal 91:
361-370.

Hu S, Hu X, Hu J, Shang L, Dong G, Zeng D, Guo L, Qian Q. 2018. Xiaowei, a
New rice germplasm for large-scale indoor research. Molecular Planr11: 1418—
1420.

Huang P, Shyu C, Coelho CP, Cao Y, Brutnell TP. 2016. Sezaria viridisas a model
system to advance millet genetics and genomics. Frontiers in Plant Science7: 1781.

International Rice Genome Sequencing Project. 2005. The map-based sequence of
the rice genome. Nature 436: 793-800.

IWGSC, Appels R, Eversole K, Feuillet C, Keller B, Rogers J, Stein N, Pozniak CJ,
Stein N, Choulet F ez a/. 2018. Shifting the limits in wheat research and breeding
using a fully annotated reference genome. Science 361: caar7191.

Jiao Y, Peluso P, Shi ], Liang T, Stitzer MC, Wang B, Campbell MS, Stein JC, Wei
X, Chin C-S et al. 2017. Improved maize reference genome with single-molecule
technologies. Nature 546: 524.

Keller B, Wicker T, Krattinger SG. 2018. Advances in wheat and pathogen
genomics: implications for disease control. Annual Review of Phytopathology 56:
67-87.

Kelliher T, Starr D, SuX, Tang G, Chen Z, Carter ], Wittich PE, Dong S, Green J,
Burch E ez al. 2019. One-step genome editing of elite crop germplasm during
haploid induction. Nazure Biotechnology 37: 287-292.

Kleinboelting N, Huep G, Kloetgen A, Viehoever P, Weisshaar B. 2012. GABI-
Kat SimpleSearch: new features of the Arabidopsis thaliana T-DNA mutant
database. Nucleic Acids Research 40: D1211-D1215.

Krasileva KV, Vasquez-Gross HA, Howell T, Bailey P, Paraiso F, Clissold L,
Simmonds J, Ramirez-Gonzalez RH, Wang X, Borrill P ez al. 2017. Uncovering
hidden variation in polyploid wheat. Proceedings of the National Academy of
Sciences, USA114: E913-E921.

Kuromori T, Hirayama T, Kiyosue Y, Takabe H, Mizukado S, Sakurai T, Akiyama
K, Kamiya A, Ito T, Shinozaki K. 2004. A collection of 11 800 single-copy Ds
transposon insertion lines in Arabidopsis. 7he Plant Journal37: 897-905.

Lemmon ZH, Reem NT, Dalrymple J, Soyk S, Swartwood KE, Rodriguez-Leal D,
Van EckJ, Lippman ZB. 2018. Rapid improvement of domestication traits in an
orphan crop by genome editing. Nature Plants 4: 766-770.

Li C, Zong Y, Wang Y, Jin S, Zhang D, Song Q, Zhang R, Gao CJGB. 2018.
Expanded base editing in rice and wheat using a Cas9-adenosine deaminase
fusion. Genome Biology 19: 59.

Li G, Jain R, Chern M, Pham NT, Martin JA, Wei T, Schackwitz WS, Lipzen AM,
Duong PQ, Jones KC ez al. 2017. The sequences of 1504 mutants in the model
rice variety kitaake facilitate rapid functional genomic studies. Plant Cell29:
1218-1231.

Lowe K, Wu E, Wang N, Hoerster G, Hastings C, Cho M-], Scelonge C, Lenderts
B, Chamberlin M, Cushatt J ezal. 2016. Morphogenic regulators Baby boomand
Waschel improve monocot transformation. Plant Cel/28: 1998-2015.

Marchal C, Zhang J, Zhang P, Fenwick P, Steuernagel B, Adamski NM, Boyd L,
Mclntosh R, Wulff BBH, Berry S ezal. 2018. BED-domain-containing immune

© 2019 The Author
New Phytologist © 2019 New Phytologist Trust

receptors confer diverse resistance spectra to yellow rust. Nature Plants 4: 662—
668.

McCaw ME, Wallace JG, Albert PS, Buckler ES, Birchler JA. 2016. Fast-flowering
mini-maize: seed to seed in 60 days. Genetics 204: 35-42.

Miyao A, Tanaka K, Murata K, Sawaki H, Takeda S, Abe K, Shinozuka Y, Onosato
K, Hirochika H. 2003. Targetsite specificity of the 7osI 7retrotransposon shows a
preference for insertion within genes and against insertion in retrotransposon-rich
regions of the genome. Plant Cell 15: 1771-1780.

Nannas NJ, Dawe RK. 2015. Genetic and genomic toolbox of Zea mays. Genetics
199: 655-669.

Parinov S, Sevugan M, Ye D, Yang W-C, Kumaran M, Sundaresan V. 1999.
Analysis of flanking sequences from Dissociation insertion lines: a database for
reverse genetics in Arabidopsis. Plant Cell 11: 2263-2270.

Portwood JL II, Woodhouse MR, Cannon EK, Gardiner JM, Harper LC,
Schaeffer ML, Walsh JR, Sen TZ, Cho KT, Schott DA ez al. 2018. MaizeGDB
2018: the maize multi-genome genetics and genomics database. Nucleic Acids
Research 47: D1146-D1154.

Provart NJ, Alonso J, Assmann SM, Bergmann D, Brady SM, Brkljacic ], Browse ],
Chapple C, Colot V, Cutler S ez al. 2016. 50 years of Arabidopsis research:
highlights and future directions. New Phytologist 209: 921-944.

Ramirez-Gonzalez RH, Borrill P, Lang D, Harrington SA, Brinton J, Venturini L,
Davey M, Jacobs J, van Ex F, Pasha A eza/.2018. The transcriptional landscape of
polyploid wheat. Science361: eaar6089.

Schnable PS, Ware D, Fulton RS, Stein JC, Wei F, Pasternak S, Liang C, Zhang ],
Fulton L, Graves TA e al. 2009. The B73 maize genome: complexity, diversity,
and dynamics. Science326: 1112-1115.

Scholthof K-BG, Irigoyen S, Catalan P, Mandadi KK. 2018. Brachypodium: a
monocot grass model genus for plant biology. Plant Cell 30: 1673—1694.

Sessions A, Burke E, Presting G, Aux G, McElver ], Patton D, Dietrich B, Ho P,
Bacwaden ], Ko C ez al. 2002. A high-throughput Arabidopsis reverse genetics
system. Plant Cell 14: 2985-2994.

Settles AM, Holding DR, Tan BC, Latshaw SP, Liu J, Suzuki M, Li L, O’Brien BA,
Fajardo DS, Wroclawska E ez al. 2007. Sequence-indexed mutations in maize
using the UniformMu transposon-tagging population. BMC Genomics 8: 116.

Smith AM. 2012. Starch in the Arabidopsis plant. Starch/Stirke 64: 421-434.

Steuernagel B, Periyannan SK, Herndndez-Pinzén I, Witek K, Rouse MN, Yu G,
Hatta A, Ayliffe M, Bariana H, Jones JDG ez al. 2016. Rapid cloning of disease-
resistance genes in plants using mutagenesis and sequence capture. Nature
Biotechnology 34: 652.

Wang W, Mauleon R, HuZ, Chebotarov D, Tai S, Wu Z, Li M, Zheng T, Fuentes
RR, Zhang F ez al. 2018. Genomic variation in 3,010 diverse accessions of Asian
cultivated rice. Nature557: 43—49.

Watson A, Ghosh S, Williams M]J, Cuddy WS, Simmonds J, Rey M-D, Asyraf Md
Hatta M, Hinchliffe A, Steed A, Reynolds D ez al. 2018. Speed breeding is a
powerful tool to accelerate crop research and breeding. Nature Plants 4: 23-29.

Williams-Carrier R, Stiffler N, Belcher S, Kroeger T, Stern DB, Monde R-A,
Coalter R, Barkan A. 2010. Use of Illumina sequencing to identify transposon
insertions underlying mutant phenotypes in high-copy Mutator lines of maize.
The Plant Journal 63: 167-177.

XiaL,ZouD, Sang ], XuX, Yin H,Li M, Wu S, Hu S, Hao L, Zhang Z. 2017. Rice
Expression Database (RED): an integrated RNA-Seq-derived gene expression
database for rice. Journal of Genetics and Genomics 44: 235-241.

Xu K, Xu X, Fukao T, Canlas P, Maghirang—Rodriguez R, Heuer S, Ismail AM,
Bailey-Serres J, Ronald PC, Mackill DJ. 2006. Sub1A is an ethylene-response-
factor-like gene that confers submergence tolerance to rice. Nature442:705-708.

Yang Y. 2013. Rice prorocols. Totowa, NJ, USA: Humana Press.

Zhang J, Li C, Wu C, Xiong L, Chen G, Zhang Q, Wang S. 2006. RMD: a rice
mutant database for functional analysis of the rice genome. Nucleic Acids Research
34 (Database issue): D745-D748.

Zhu C, Bortesi L, Baysal C, Twyman RM, Fischer R, Capell T, Schillberg S,
Christou P. 2017. Characteristics of genome editing mutations in cereal crops.
Trends in Plant Science 22: 38-52.

Zuniga-Soto E, Mullins E, Dedicova B. 2015. Ensifer-mediated transformation: an
efficient non-Agrobacterium protocol for the genetic modification of rice.

SpringerPlus 4: 600.

New Phytologist (2019)
www.newphytologist.com



