
 1 

REVIEW 
 
Anno Genominis XX: 20 Years of Arabidopsis Genomics 
 
Nicholas J. Provart1a, Siobhan M. Brady2, Geraint Parry3, Robert J. Schmitz4, 
Christine Queitsch5, Dario Bonetta6, Jamie Waese1, Korbinian Schneeberger7, Ann 
E. Loraine8a  
 
1 Department of Cell & Systems Biology/Centre for the Analysis of Genome Evolution 

and Function, University of Toronto, Toronto, ON. M5S 3B2, CANADA  
2 Dept. of Plant Biology and Genome Center, University of California, Davis, Davis, CA 

95616, USA 
3 GARNet, School of Biosciences, Cardiff University, Cardiff, CF10 3AX, UK 
4 Department of Genetics, University of Georgia, GA, 30602, USA 
5 Department of Genome Sciences, School of Medicine, University of Washington, 

Seattle, WA 98195, USA/Brotman Baty Institute for Precision Medicine, Seattle, WA 
98195, USA  

6 Faculty of Science, Ontario Tech University, Oshawa ON., L1G 0C5, CANADA 
7 Department of Chromosome Biology, Max Planck Institute for Plant Breeding 

Research, Carl-von-Linne-Weg 10, D-50829 Cologne, GERMANY/Faculty of Biology, 
LMU Munich, Großhaderner Str. 2, 82152 Planegg-Martinsried, GERMANY  

8 Department of Bioinformatics and Genomics, University of North Carolina at Charlotte, 
9201 University City Blvd, Charlotte, NC 28223, USA 

a Corresponding Authors: nicholas.provart@utoronto.ca, ann.loraine@uncc.edu  
 

One-sentence summary: The publication of the Arabidopsis genome sequence 20 
years ago has had an enormous impact on the global plant science community. 

 

ABSTRACT 

Twenty years ago, the Arabidopsis thaliana genome sequence was published. This was 

an important moment, as it was the first sequenced plant genome and explicitly brought 

plant science into the genomics era. At the time, this was not only an outstanding 

technological achievement, but it was characterized by a superb global collaboration. 

The Arabidopsis genome was the seed for plant genomic research. Here we review the 

development of numerous resources based on the genome that have enabled 

discoveries across plant species, which has enhanced our understanding of how plants 

function and interact with their environments. 

 

INTRODUCTION 1 



 2 

The internet was just a small network called NSFNET, the Sony Walkman cassette 2 

player was the choice of music delivery for teenagers and lab workers, and it was 3 

possible to read around 1,000 nucleotides of DNA sequence a day after running 4 

radioactively labeled Sanger sequencing reactions on a vertical polyacrylamide gel and 5 

waiting a couple of days for a film to be exposed. No doubt inspired by the nascent 6 

effort to sequence the human genome (workshops for which were held in 1985 in Santa 7 

Fe, New Mexico and Santa Cruz, California), earlier adopters of Arabidopsis thaliana 8 

(Arabidopsis) as a research organism (Provart et al., 2016) met at four workshops 9 

sponsored by the U.S. National Science Foundation (NSF) in 1989 and early 1990. This 10 

led to the release of a draft document in June 1990 at that year’s International 11 

Conference on Arabidopsis Research in Vienna called “A Long-Range Plan for the 12 

Multinational Coordinated Arabidopsis thaliana Genome Research Project”  13 

(http://arabidopsisresearch.org/images/publications/mascreports/1990_MASCPlan.pdf)”.  14 

 15 

This project was developed “based on the recognition that a profound understanding of 16 

plant biology is essential in order to meet the immediate and future challenges facing 17 

world agriculture and the global environment”. The mission statement of this project was 18 

“to identify all of the genes by using a functional biological approach leading to the 19 

determination of the complete sequence of the Arabidopsis genome by the end of this 20 

[i.e. the 20th] century”. At the outset, the authors of the report recognized the importance 21 

of international coordination for “rapid and efficient advances” in Arabidopsis genome 22 

research. Furthermore, they foresaw the need for biological resources centers (at least 23 

two, “advisable for security reasons, if nothing else”) and an informatics program to 24 

enable the sharing of data. Somerville and Koornneef (2002) describe the process by 25 

which the Arabidopsis Genome Initiative came together in the 1990s to sequence the 26 

genome – lots of cooperation and coordination were involved! 27 

 28 

In this review, we cover the initial efforts to sequence the genome, and how the genome 29 

has been updated over time. We discuss how the genome became a platform for many 30 

other ‘omics-based approaches, from early functional genomics efforts to document the 31 

expression pattern of all Arabidopsis genes and create T-DNA knockout collections, to 32 

more recent interactomic, epigenomic and single-cell RNA-seq-based approaches. We 33 
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emphasize how international cooperation has led to breakthroughs in our understanding 34 

of plant biology, and we finish by looking to the future in which the Arabidopsis genome 35 

will continue to play an important role. 36 

 37 

CREATING A PLATFORM FOR GENOMICS RESOURCES FROM RAW 38 

NUCLEOTIDE SEQUENCES 39 

From BACs and TACs to Araport 11 40 

The sequences of chromosomes 2 and 4 from Arabidopsis were published in December 41 

1999 (Lin et al., 1999; Mayer et al., 1999), a year before a paper presenting the 42 

sequences of the final three chromosomes and an overall description of genome 43 

analysis was published in Nature in December 2000 (Arabidopsis Genome Initiative, 44 

2000). These manuscripts described an elaborate strategy consisting of physical 45 

mapping via fingerprinting (either by restriction fragment analysis, hybridization, or 46 

PCR), integration with genetic maps, and end sequence analysis of 47,788 BAC 47 

(bacterial artificial chromosome) clones to create 10 contigs covering the chromosome 48 

arms and centromeric heterochromatin (assembled from 1,569 BAC, TAC 49 

[transformation-competent artificial chromosome], cosmid, and P1 [bacteriophage P1] 50 

clones). Telomeric sequences were assembled from separate YAC (yeast artificial 51 

chromosome) and phage clones. The Arabidopsis Genome Initiative paper reported 52 

25,498 genes and ancient whole genome duplications. In the two decades since then, 53 

there have been 11 genome annotation revisions, from J. Craig Venter’s The Institute 54 

for Genomic Research iteration 1 (TIGR1) released in August of 2001 through The 55 

Arabidopsis Information Resource’s 6th update (TAIR6) in November 2005, to the 56 

current Araport11 version containing 27,655 genes in June 2016 (Cheng et al., 2017). 57 

The history of the 11 genome annotation versions may be explored online at 58 

https://www.arabidopsis.org/portals/genAnnotation/genome_snapshot.jsp. The original 59 

paper is one of the most impactful papers in plant research and has been cited 5,960 60 

times in the scientific literature, across a broad range of disciplines and by researchers 61 

around the world (see Figure 1). 62 

 63 

The Arabidopsis Genome as a Seed for Plant Genomic Research 64 
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Over the past 30 years, the Multinational Arabidopsis Steering Committee (MASC) has 65 

advised on the activities of the Arabidopsis community, documenting its continuing 66 

evolution via an annual progress report (Parry et al., 2020) and facilitating community 67 

integration through oversight of the annual International Conference on Arabidopsis 68 

Research (http://arabidopsisresearch.org). In the lead up to the preparation of this 69 

manuscript, MASC circulated a survey to understand what the sequencing of the 70 

Arabidopsis genome has meant to members of the global community.   71 

 72 

Publication of the Arabidopsis genomic sequence sent a message to the wider scientific 73 

community about the legitimacy of using plant experimental systems as a tool for 74 

fundamental discoveries in cell and molecular biology. Professor Klaus Mayer at the 75 

Helmholtz Center in Munich was part of the sequencing team and recalls, “The 76 

experience of a truly visionary and ambitious international collaboration and approach 77 

the new challenge in plant research changed my life and scientific career forever. The 78 

size and complexity of this project (remember no next generation sequencing [NGS] at 79 

that time!) as well as coordination over US, Europe and Japan was a pioneering 80 

challenge but opened lots of opportunities, funding-wise, science-wise etc. Probably the 81 

alliance of some remarkable personalities and talents, organizations, infrastructures 82 

(sequencing and computing) and the overall spirit of pioneering a game changer in plant 83 

research was the basis for the remarkable success.”  84 

 85 

Lessons learned from assembly and analysis of the Arabidopsis genome were a 86 

prelude for the use of genomic-led techniques in plants with more complex genomes. 87 

As Mayer summarizes “…the experiences in Arabidopsis were extremely important and 88 

[were crucial in] developing strategies to approach the size- and complexity-wise holy 89 

grails in plant genomics (e.g. maize & Triticeae)”. This is corroborated by Dr. Miriam 90 

Gifford at the University of Warwick: “[the Arabidopsis Genome Initiative]…pushed 91 

ahead the sequencing of other plant genomes, set a standard for genome publication 92 

and access, and highlighted the depth and complexity of even a simple plant genome to 93 

researchers studying non-plant organisms”. 94 

 95 
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The Multinational Coordinated Arabidopsis Functional Genomics Project and 96 

AtGenExpress  97 

The Multinational Coordinated Arabidopsis Functional Genomics Project was an idea 98 

that developed from a workshop funded by the NSF that was held in early 2000 at the 99 

Salk Institute in California entitled “Functional Genomics and the Virtual Plant: A 100 

blueprint for understanding how plants are built and how to improve them” (text 101 

available online at https://www.arabidopsis.org/portals/masc/workshop2010.jsp). This 102 

workshop proposed “to determine the function of all Arabidopsis genes during the next 103 

decade, using a systems approach” and was intended to build on the success of the 104 

genome sequence. More than 60 projects were funded under the “Arabidopsis 2010” 105 

designation, ranging from studies to elucidate the ionome and translational regulons, to 106 

many others using mutational and overexpression approaches on subsets of 107 

Arabidopsis genes to understand their functions. One of the most useful aspects of the 108 

2010 Project was the generation of expression profiles for (almost) all Arabidopsis 109 

genes.  110 

 111 

The idea of developing AtGenExpress, an effort to document the expression patterns of 112 

all Arabidopsis genes using high-throughput expression profiling technologies, first 113 

appeared in the 2003 MASC report 114 

(http://arabidopsisresearch.org/images/publications/mascreports/2003_MASCReport.pd115 

f) and was in fact hinted at in the 2000 publication of the Arabidopsis genome: “at a 116 

biochemical level, the specificity conferred by nucleotide sequence, and the 117 

completeness of the survey allow complex mixtures of RNA and protein to be resolved 118 

into their individual components using microarrays and mass spectrometry”.  119 

 120 

Several funding agencies, notably the NSF in the US, the DFG in Germany, RIKEN in 121 

Japan, and BBSRC in the UK, awarded grants to generate large expression data sets 122 

using both custom cDNA microarrays and the Affymetrix ATH1 array. The generation of 123 

a developmental atlas (Schmid et al., 2005) and an abiotic response map (Kilian et al., 124 

2007), along with unpublished – but publicly-available – transcriptomic data sets for 125 

hormone responses, chemical inhibitors, plant-pathogen interactions, and others, plus 126 

easy access provided by tools like the Arabidopsis eFP Browser (Winter et al., 2007) 127 
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and Genevestigator (Zimmermann et al., 2004; Hruz et al., 2008) provided thousands of 128 

plant researchers with instantaneous access to expression profiles of their genes of 129 

interest, saving each hundreds of hours of research time by obviating the need to 130 

perform RNA gel blot analyses in their individual laboratories. These data would help 131 

tease apart “functional redundancy” brought about by “extensive gene duplications” 132 

seen through careful analysis of the Arabidopsis genome (Arabidopsis Genome 133 

Initiative, 2000). In addition, these data sets act as databases of not only positive results 134 

but also negative results, letting researchers know where genes are not expressed. The 135 

papers describing these data sets and tools, although now superseded by RNA-seq 136 

technology (which too benefits from a high-quality reference genome), are among the 137 

most highly cited in Arabidopsis research. From the perspective of technological 138 

breakthroughs, the first microarray profiling experiment on any organism was conducted 139 

using 45 cDNAs from Arabidopsis (Schena et al., 1995 - with a whopping 13,000 140 

citations!), as was the first strand-specific RNA-seq experiment (Lister et al., 2008). 141 
 142 
THE RISE OF NGS, 1001 GENOMES, AND “NEXT” NGS 143 

NGS: Get your cheap genomes here! 144 

The availability of a mature genome annotation (then at TAIR6) together with its small 145 

genome made Arabidopsis the optimal plant system for the rising next generation 146 

sequencing (NGS) technologies in first decade of this century (see Figure 2 for a 147 

depiction of the types of research and technologies the genome sequence has 148 

enabled). Such technologies dramatically reduced the cost of sequencing a genome. It 149 

was no surprise that soon after initial pilot studies (Nordborg et al., 2005; Ossowski et 150 

al., 2008), an ambitious 1001 Genomes Project for Arabidopsis was launched in 2009 151 

(Weigel and Mott, 2009). Following multiple, individual genome analyses of larger 152 

collections of different Arabidopsis populations (Cao et al., 2011; Gan et al., 2011; Long 153 

et al., 2013; Schmitz et al., 2013), the 1001 Genomes Consortium published their 154 

integrative analysis of 1,135 Eurasian A. thaliana genomes in 2016 (1001 Genomes 155 

Consortium, 2016).  156 

 157 

One of the major findings of this analysis was that the vast majority of the Eurasian 158 

accessions were derived from a recent expansion of a single clade, which spread along 159 
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the Eurasian east-west axis, possibly supported by the rapid expansion of agriculture, 160 

and finally reached  northern America and central Asia, where the youngest populations 161 

could be observed. This post-glacial spread into new ecosystems required adaptation to 162 

new environmental challenges, introducing geographical changes in allele frequency 163 

and allele distribution across the species range (1001 Genomes Consortium, 2016). In 164 

addition to the Eurasian clade, a few samples revealed the existence of five highly 165 

diverged “relict” lineages all located in either African or southern European regions, 166 

most prominently on the Iberian Peninsula. A more recent study on the genomic 167 

diversity in Africa revealed that Arabidopsis is actually native not only to Eurasia and 168 

North Africa but also to the Afro-alpine regions of sub-Saharan Africa and South Africa, 169 

including the greatest variation among Arabidopsis accessions identified so far 170 

(Durvasula et al., 2017).  171 

 172 

Besides population demography, a main motivation for the 1001 Genomes Project was 173 

to build genetic resources that would enable the global community of Arabidopsis 174 

researchers to perform genome-wide association studies (GWAS). Since Arabidopsis 175 

accessions are inbred, they have stable homozygous genomes. Thus, individual 176 

accessions included in the 1001 Genomes Consortium can be distributed as seeds and 177 

readily used in association mapping without the need to sequence them over and over 178 

again. Seeds from all these accessions are available at the Arabidopsis Biological 179 

Resource Center (ABRC), and the genome sequences can be downloaded from the 180 

1001genomes.org web portal. It should be pointed out that there are companion 181 

methylomes and transcriptomes available for these accessions, too (Kawakatsu et al., 182 

2016). 183 

 184 

The density of genetic markers in the 1001 Genomes data set is sufficient to find 185 

associations across the entire genome. However, with the improvement of next 186 

generation sequencing from short to long read technologies, it is becoming increasingly 187 

clear that genome resequencing misses large and complex genomic variation (Zapata 188 

et al., 2016). A recent comparison of eight de novo assembled genomes revealed a 189 

huge amount (up to 6  Mb or 5% of the genome) of non-reference sequences in each of 190 

the individual accessions’ genomes (Jiao and Schneeberger, 2020). This additional 191 
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sequence introduced copy-number changes in ~5,000 genes, including ~1,900 genes 192 

that were not part of the reference annotation. Together, the assemblies revealed a 193 

pan-genome size of 135 Mb, including a total of approximately 30,000 genes across the 194 

entire population of Arabidopsis, which is likely to be an underestimation, as most of the 195 

African diversity was not included in this set of assembled accessions. In addition to 196 

sequence differences, differences in collinearity could be observed between the 197 

genomes. In some genomic regions, all eight genomes were completely rearranged, 198 

forming eight distinct haplotypes. These hotspots of rearrangements were enriched for 199 

genes implicated in biotic stress responses. This suggested that such hotspots of 200 

rearrangements undergo different evolutionary dynamics, including the rapid 201 

accumulation of new mutations to generate quick responses in the interminable battle 202 

against biotic stressors. 203 

 204 

“Next” NGS 205 

However, genomics has not yet reached its limits. The latest revolution in genome 206 

sequencing introduced high-quality long reads (e.g. Pacific Biosciences’ HiFi reads) 207 

without the high sequencing error rate that used to be the unifying shortcoming of all 208 

long-read technologies. Assemblies based on HiFi reads outcompete the quality of the 209 

widely used reference sequence, including the reconstruction of telomere-to-telomere 210 

sequences (Miga et al., 2020). The unlimited access to genomic variation at all levels 211 

will help deepen our understanding of the molecular basis of natural variation and help 212 

unravel the genomic basis of adaptation to new environments. While we will soon have 213 

access to many reference-quality genome sequences, the data will require new 214 

bioinformatics solutions to make full use of all the new information. Thus, 20 years after 215 

the release of the reference sequence, the peak of plant genomics is yet to come. 216 

 217 

RNA-seq and Splice Variants, Reannotating the Genome 218 

Assembling a genomic sequence into chromosomes or pan-genomes is only the first 219 

step toward defining the genome of a species. In addition, we also need notations on 220 

the sequence that indicate the locations of genes and details about how gene 221 

sequences are copied into RNA. These details, called “annotations” and “gene models”, 222 

delineate the start and stop positions of introns, exons, and open reading frames, which 223 
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define how transcription, RNA processing, and translation (in the case of protein-coding 224 

genes) occur at a locus. NGS has also enabled unprecedented understanding of such 225 

details. 226 

  227 

In the early days, these annotations came from two sources: ab initio gene prediction 228 

programs and high-throughput cDNA sequencing projects. The cDNA sequencing 229 

projects produced expressed sequence tags (ESTs) that genome project scientists 230 

aligned onto the genome and used to define gene models. Later, assembled RNA-seq 231 

data served much the same goal, and in fact, 113 RNA-seq data sets were used to 232 

reannotate the most recent Arabidopsis genome annotation release, Araport 11 (Cheng 233 

et al., 2017).  234 

 235 

Early on, it became clear that many genes produce more than one mature transcript 236 

species due to alternative splicing, alternative promoters, and alternative 237 

polyadenylation. At first, we were limited to simply observing and documenting these 238 

variants. Now, thanks to the large number of RNA-seq data sets available in the public 239 

databases, we are beginning to quantify how often and where these transcript variants 240 

occur. 241 

 242 

Bioinformatics analysis of ESTs (Ner-Gaon et al., 2004; English et al., 2010) 243 

discovered, and RNA-seq studies later confirmed, that the retention of introns in spliced 244 

transcripts is unusually common in Arabidopsis relative to mammals. In plants, introns 245 

are smaller and lack the polypyrimidine tracts present in introns in other species. The 246 

SR (serine- and arginine-rich) family of splicing regulator proteins is larger in plants than 247 

in other species, with several plant-specific members (Barta et al., 2010). Taken 248 

together, these observations suggest that splicing biochemistry has plant-specific 249 

features. Alternative splicing is especially common in splicing-related genes and in 250 

genes involved in regulating circadian cycling. The type B response regulator family 251 

illustrates this phenomenon. One branch of this family undergoes normal levels of 252 

alternative splicing and is involved in cytokinin signal transduction. Members of a related 253 

branch, first designated the “pseudo-response regulators”, regulate clock pathways and 254 

are highly alternatively spliced (Matsushika et al., 2000). Another key finding is that 255 
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temperature changes trigger changes in splicing patterns, particularly among genes 256 

involved in splicing (Gulledge et al., 2012; Calixto et al., 2018). These observations 257 

have led to speculation that the splicing machinery remodels itself via alternative 258 

splicing in response to temperature changes and that the temperature-dependent 259 

regulation of splicing may in turn intersect with the regulation of circadian rhythms. 260 

Finally, most alternatively spliced genes appear to produce the same or similar 261 

proportions of splice variants in diverse tissues and sample types (Loraine et al., 2013). 262 

When viewed through the lens of bulk RNA-seq data, splicing patterns appear 263 

remarkably stable across diverse treatments and conditions.  264 

 265 

RNA-seq of Individual Cells 266 

The most recent transformative technology to arise in biology is single cell sequencing. 267 

This methodology was first applied in plants in studies of the Arabidopsis root. The first 268 

version of single cell sequencing sorted single cells into a welled plate and carried out 269 

subsequent miniaturized synthesis of RNA-seq libraries (Efroni et al., 2016).  These 270 

libraries were used to elucidate the developmental trajectories that individual cells 271 

undertake in root regeneration. If cut within a particular distance from the root tip, cells 272 

remaining at the cut end are able to form a re-organized stem cell niche within several 273 

days. This sequencing determined that this regeneration follows a developmental 274 

program similar to the program that occurs during embryogenesis (Efroni et al., 2016).   275 

 276 

Several years later, DropSeq and 10X technologies, both involving microfluidic devices, 277 

were used in a flurry of publications at the end of 2018 and early 2019 (Denyer et al., 278 

2019; Jean-Baptiste et al., 2019; Ryu et al., 2019; Shulse et al., 2019; Zhang et al., 279 

2019). These approaches utilized the well-deduced spatiotemporal reference maps of 280 

the Arabidopsis root in order to ascribe cell identity. While these studies differed in the 281 

numbers of cells sequenced, they were able to obtain generally similar groups of cell 282 

types, as partitioned by transcriptome variation. Novel biological advances included 283 

inferences made from mapping the trajectory of root epidermal cells into hair cell and 284 

non-hair cell identity, as well as multiple states in the endodermis developmental 285 

trajectory.   286 

 287 
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Single cell studies have also elucidated the influence of heat shock or sucrose on cell 288 

identity (Jean-Baptiste et al., 2019; Shulse et al., 2019). Heat shock results in subtle 289 

changes in cell identity, while sucrose changes in the proportion of cell types but not in 290 

their identity per se: instead, many cell type- or tissue-specific responses were 291 

observed. Finally, the use of genetics or inducible lines highlights the power of single 292 

cell RNA-sequencing in revealing the complex regulation of cell type identity.   293 

 294 

More recently, single cell profiles of the female gametophyte (Song et al., 2020) and 295 

stomata (Liu et al., 2020) have been published. It is likely that these profiles will soon be 296 

joined by profiles of a diversity of cell types in Arabidopsis found throughout the plant 297 

body and in more recalcitrant tissues (Rodriguez-Villalon and Brady, 2019). Single cell 298 

chromatin accessibility profiles have also been published as a preprint, which further 299 

illustrate the complexity of gene regulation at cellular resolution (Dorrity et al., 2020; 300 

Farmer et al., 2020). It is very exciting that we can now examine the genomes of single 301 

cells, which is sure to provide more insight into plant biology. 302 

 303 

CrY2H-Seq Me A River (Of Data)  304 

Given the rapidly decreasing costs and vastly improved capacity of next generation 305 

sequencing platforms, making an assay “sequenceable” is one way to dramatically 306 

increase its throughput. Mike Snyder and colleagues have documented the proliferation 307 

of “-seq”-based methods over the first part of the past decade, plotting these methods 308 

by year of publication and by the magnitude of impact in terms of number of citations of 309 

the method (Reuter et al., 2015). While RNA-seq has had the greatest impact of these 310 

high-throughput sequencing technologies, the CrY2H-seq method (Trigg et al., 2017) is 311 

sure to have a large influence in our ability to decipher the interactome of Arabidopsis 312 

and other plants in the coming years. In this method, the coding sequences for proteins 313 

of interest are cloned into activation-domain and DNA-binding domain “bait” and “prey” 314 

vectors using specially designed plasmids. These vectors are brought together in a 315 

yeast strain with a Cre reporter. If two proteins interact, a Cre recombinase is produced 316 

in this reporter strain, such that a new plasmid is formed to create fused fragments of 317 

the coding sequences of the interacting pairs. This fused product can be rapidly 318 

sequenced using next-generation sequencing technologies. Reverse edgetic-methods 319 
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(Charloteaux et al., 2011) can be used to determine exactly how two proteins interact to 320 

in a rapid and efficient manner. That said, good old Y2H performed using standard 321 

cloning and sequencing procedures has identified hundreds of thousands of protein-322 

protein interactions. Some of these interactions were identified in small-scale screens, 323 

while others were uncovered in massive efforts (more on this later). We also touch on 324 

other notable “-seq” methods below. 325 

 326 

EPIGENOMICS AND CHROMATIN ACCESSIBILITY SURVEYS 327 

The discovery of gene silencing in plants mediated by small RNAs in the late 1999s by 328 

Sir David Baulcombe and colleagues (Dalmay et al., 2000; Hamilton and Baulcombe, 329 

1999) spurred the growth of the plant epigenetics field. Modifications to histones and to 330 

the genome itself via methylation are referred to as the epigenome (Bernstein et al., 331 

2010); their discovery has been instrumental during the last two decades for helping to 332 

decipher the functional elements of plant genomes.  333 

 334 

Studies in Arabidopsis have led the way in decoding plant epigenomes. Many of the 335 

original plant epigenome studies mapped the location of small RNAs, DNA methylation, 336 

and histone modifications using massively parallel signature sequencing (Meyers et al., 337 

2004) or chromatin-immunoprecipitation followed by hybridization to tiling microarrays 338 

(Lu et al., 2005; Yazaki et al., 2007; Zhang et al., 2007, 2006; Zilberman et al., 2007; 339 

Bernatavichute et al., 2008; Zhang et al., 2009; Roudier et al., 2011; Coleman-Derr and 340 

Zilberman, 2012; Li et al., 2015), both enabled by a high-quality genome assembly and 341 

annotation. These epigenomics studies uncovered highly distinct properties that 342 

demarcate euchromatin (gene-rich) and heterochromatin (gene-poor, transposon and 343 

repeat rich) based on small RNA and chromatin modification patterns. Since these 344 

original studies, numerous epigenomic studies have been carried out in a variety of 345 

Arabidopsis accessions (Vaughn et al., 2007; Schmitz et al., 2013; Dubin et al., 2015; 346 

Hagmann et al., 2015; Kawakatsu et al., 2016) and in numerous plant species (Gent et 347 

al., 2013; West et al., 2014; Niederhuth et al., 2016; Oka et al., 2017; Lu et al., 2019; 348 

Ricci et al., 2019; Li et al., 2019; Zhao et al., 2020), indicating that the patterns and 349 

distributions originally discovered in Arabidopsis Col-0 are generally found throughout 350 

the eukaryotes. 351 
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 352 

‘Active’ genomic regions were originally identified based on sensitivity to endonuclease 353 

cleavage (Weintraub and Groudine, 1976; Keene et al., 1981; Feng and Villeponteau, 354 

1992; Gottesfeld et al., 1975; Wu et al., 1979). With the advent of high-throughput 355 

sequencing, endonuclease hypersensitivity (DNase-seq, MNase-seq) and transposase-356 

mediated insertions (ATAC-seq) have been used to delineate regulatory DNA (i.e. 357 

accessible chromatin) genome-wide in hundreds of human cell types, animals, and 358 

several plant species (Yue et al., 2014; Neph et al., 2012; Lu et al., 2017; Thomas et al., 359 

2011; Oka et al., 2017; Sullivan et al., 2014; Rodgers-Melnick et al., 2016; Thurman et 360 

al., 2012; Ricci et al., 2019), including Arabidopsis and maize (Zea mays), among 361 

others. Although most data sets have been generated in Arabidopsis, with its unusually 362 

compact, repeat-poor genome, some general features of plant regulatory landscapes 363 

have emerged. As in animals, the regulatory compartment in plants is small, scales with 364 

genome size (ranging from 4% in Arabidopsis to 0.6% in maize), and is depleted for 365 

DNA methylation (Lu et al., 2019; Crisp et al., 2020). Unlike in animals, the majority of 366 

accessible chromatin sites in Arabidopsis and other plants tend to be closely associated 367 

with genes, localizing just upstream of transcription start sites, in addition to residing in 368 

intergenic regions and 5′ UTRs; however, as expected, the number of distal accessible 369 

sites increases with genome size (Maher et al., 2018; Lu et al., 2019). A subset of distal 370 

accessible sites, i.e. putative long-range enhancers, do share some of the histone 371 

modifications associated with enhancers in animals; however, clear distinctions are 372 

emerging (Oka et al., 2017; Lu et al., 2019; Ricci et al., 2019). 373 

 374 

In both plants and animals, trait-associated variants are enriched in accessible 375 

chromatin. In humans, of the 5,654 non-coding variants associated with 207 diseases 376 

and 447 quantitative phenotypes, ~80% reside either within accessible chromatin sites 377 

or in linkage disequilibrium with variants at these sites (Maurano et al., 2012). Although 378 

GWAS in Arabidopsis have only been performed on a few strains (<200, ~100 379 

quantitative traits), genetic variants associated with over 70 traits tend to reside in 380 

accessible chromatin sites (Sullivan et al., 2014).   381 

 382 
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Somewhat paradoxically, the vast majority of differentially accessible sites in divergent 383 

Arabidopsis strains show no underlying genetic variation or differences in chromatin 384 

modifications (Alexandre et al., 2018), implying indirect effects on chromatin 385 

accessibility at many individual loci. In general, chromatin accessibility is only weakly 386 

correlated with the expression of nearby genes; this correlation improves when 387 

considering sites with dynamically changing accessibility across different tissues, 388 

developmental stages, or in response to treatments (Sullivan et al., 2014; Maher et al., 389 

2018; Sullivan et al., 2019). However, even if an accessible site is fully deleted, as 390 

frequently found among diverse Arabidopsis strains, only 25% of nearby genes show 391 

significant changes in gene expression (Alexandre et al., 2018). This weak correlation is 392 

observed in both ways: despite the massive changes in gene expression, the majority of 393 

accessible chromatin sites in Arabidopsis show few changes across tissues, 394 

developmental stages, and in response to treatments (Sullivan et al., 2014; Maher et al., 395 

2018; Sullivan et al., 2019). The relative stasis of the Arabidopsis regulatory landscape 396 

compared to animals suggests that cell and tissue identity might be less rigidly 397 

epigenetically encoded in plants; alternatively, tissue heterogeneity in bulk studies may 398 

contribute to this effect. The latter interpretation is supported by results of a single-cell 399 

ATAC-seq study of Arabidopsis and maize roots, in which approximately 30% of all 400 

accessible sites showed cell type-specific patterns (Dorrity et al., 2020; Farmer et al., 401 

2020; Marand et al., 2020), greatly exceeding the estimates of 5-10% of dynamic sites 402 

in bulk studies (Sullivan et al., 2019). Although single-cell approaches discovered many 403 

more differentially accessible sites, they did not resolve the weak correlation between 404 

chromatin accessibility and gene expression at individual loci. This is consistent with the 405 

relevance of indirect effects, such as the binding of transcription factors (TFs) that poise 406 

a gene for activation and/or the binding of TFs that mediate gene repression. Further 407 

confounding these results is the lack of direct measurements of mRNA abundance and 408 

chromatin accessibility from the exact same cell. Future efforts to utilize multi-omic 409 

methods will no doubt resolve these questions. Nevertheless, a cell’s entire regulatory 410 

landscape or its transcriptome independently can capture a cell’s identity, arguing 411 

against simplistic single-locus models to explain regulatory output (Dorrity et al., 2020).  412 

 413 
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A promising strategy to understand regulatory elements at nucleotide resolution is 414 

STARR-seq, a massively parallel plasmid-based assay that determines the activity and 415 

strength of putative promoters and enhancers by testing large libraries of fragments for 416 

their ability to enhance transcription (Arnold et al., 2013). Recent efforts in plants (Ricci 417 

et al., 2019; Sun et al., 2019; Jores et al., 2020) showcase this method’s potential for 418 

identifying distal enhancers and using saturation mutagenesis to define functional 419 

residues, which commonly overlap with clusters of TF motifs. The comprehensive 420 

enumeration of Arabidopsis TF motifs has been a major step toward interpreting 421 

accessible chromatin and STARR-seq data. Numerous groups have contributed to this 422 

effort with ChIP-seq data for specific TFs and with protein-binding microarrays for 423 

multiple TFs (Weirauch et al., 2014). However, DNA affinity purification sequencing 424 

(DAP-seq), a high-throughput assay that uses in-vitro-expressed TFs to interrogate 425 

naked genomic DNA, was a true game changer (O’Malley et al., 2016). When applied to 426 

all 1,725 Arabidopsis TFs, this approach identified high-confidence motifs for 529 TFs, 427 

representing all major TF families. However, the typically short binding motifs often do 428 

not suffice to resolve TF identity beyond TF families. That said, it is hard to imagine that 429 

this method would have been developed without a robust genome sequence. 430 

 431 

How will we resolve the complexity of gene regulation? We posit that the existing motif 432 

information, together with integrated single-cell ATAC-seq and single-cell RNA-seq 433 

data, will ultimately allow us to resolve the direct and indirect effects in gene regulation. 434 

Single-cell ATAC-seq can identify cell type-specific TF family motif enrichments. In turn, 435 

single-cell RNA-seq will identify the specific TF family member whose expression 436 

changes across cells can explain accessibility changes in sites containing the 437 

respective TF motif (Dorrity et al., 2020). However, building these anticipated models of 438 

gene regulatory networks will require many more cells than have currently been 439 

sampled to fully capture the range of possible cell states. 440 

 441 

GENOMICS FOR MY RESEARCH: RESOURCES FOR IDENTIFYING MUTATIONS, 442 

FUNCTIONS, INTERACTIONS, AND NETWORKS  443 

Mapping by Sequencing 444 
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It goes without saying that the ability to conduct exploratory genetics has underpinned 445 

the success of Arabidopsis among model plants. The linking of genes with a biological 446 

process in an unbiased manner remains an unparalleled approach for understanding 447 

gene function. Since this approach is typically based on mutagenesis with a chemical 448 

mutagen, which induces a large number of mutations per genome, it increases the 449 

chance of identifying plants with a relevant phenotype and of isolating a wide spectrum 450 

of mutations ranging from amorphs to neomorphs. The process of identifying a 451 

causative mutation via positional cloning through the association of phenotype with 452 

genotype has changed dramatically over the past few decades. In the 1990s, mapping 453 

causative mutations was a laborious, time-consuming process that involved 454 

chromosome walking, whereby a physical map was assembled from YACs and markers 455 

had to be identified one by one (Goodman et al., 1995). Once a map position was 456 

established, significant work remained to pinpoint the gene containing the causative 457 

mutation. It is perhaps not surprising that this process often consumed all of a graduate 458 

student's time at the bench.  459 

 460 

A decade later, when the Arabidopsis whole genome sequence became available, 461 

researchers could easily identify mapping markers, which sped up the process of gene 462 

cloning from a multiyear process to a year or less (Arabidopsis Genome Initiative, 2000; 463 

Lukowitz et al., 2000; Jander et al., 2002). Although faster, this process was still tedious 464 

since, after initial rough mapping using bulk-segregant analysis, fine mapping required 465 

the researcher to follow markers in approximately 1000 segregating plants. Another 466 

decade later, a third generation of mapping, spurred on by next-generation whole 467 

genome sequencing technology, offered an even faster trajectory from phenotype to 468 

gene (Schneeberger et al., 2009; Cuperus et al., 2010; Austin et al., 2011). In addition, 469 

third generation mapping or mapping-by-sequencing afforded a number of different 470 

options for cloning a causative mutation (for a more extensive review, see 471 

Schneeberger, 2014). With mapping-by-sequencing, it is also possible to sequence 472 

mutant genomes directly (Ashelford et al., 2011; Nordström et al., 2013). The advantage 473 

of this approach is that it has the potential to capture multiple mutations responsible for 474 

a specific phenotype. Although sorting and filtering the large number mutagen-induced 475 
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mutations is not trivial, it is possible to improve the odds of successfully identifying the 476 

causative mutation(s) if multiple mutant alleles are available from the same mutant pool.   477 

 478 

Apart from deciding which crossing scheme to use, mapping-by-sequencing 479 

experiments must also consider the number of recombinant plants to sequence, the 480 

sequencing coverage, and the type of sequencing (single- or paired-end). These 481 

practical aspects are important, since they will not only influence the overall success of 482 

the mapping experiment but also the overall cost associated with the mapping 483 

experiment (James et al., 2013). Wilson-Sanchez et al. (2019) used computer 484 

simulations to assess different mapping scenarios, with the goal of creating a guide for 485 

better experimental design. Here they considered whether different sequencing 486 

technologies are better suited to mapping experiments and the sequencing depth 487 

required for calling single nucleotide variants at high confidence. As with James et al. 488 

(2013), the authors also considered outcross versus backcross schemes, the number of 489 

genomes that should be sequenced for ultimate accuracy, and the best ways to 490 

differentiate between background mutations versus induced mutations. In addition, they 491 

also considered what they call "pseudo-backcrossing", where two mutants with additive 492 

phenotypes are combined to produce the F2 mapping population, which can then be 493 

used to simultaneously clone the causative genes of both mutants. 494 

 495 

Another important practical aspect of mapping-by-sequencing is of course data 496 

analysis. In practice, this means sorting through mutations that were induced by the 497 

mutagen as well as those that are naturally occurring between diverged strains. For 498 

example, commonly used mutagens such as ethyl-methanesulfonate (EMS), depending 499 

on the dose applied, can cause in excess of a thousand mutations per genome (Jander 500 

et al., 2002). In addition, polymorphisms between the two most commonly used 501 

ecotypes of Arabidopsis, Col-0 and Ler, are on the order of 55,000 (Jander et al., 2002). 502 

The best available tools to conduct this type of analysis in Arabidopsis vary in their 503 

requirement for the researcher to have some coding knowledge or to prepare data prior 504 

to their implementation (Schneeberger et al., 2009; Austin et al., 2011; Wachsman et 505 

al., 2017). For example, while all the tools support variant calling, mutation mapping, 506 

and filtering of mutations for their effects, the SHOREmap tool (Schneeberger et al., 507 
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2009; Sun and Schneeberger, 2015) and the SIMPLE tool (Wachsman et al., 2017) are 508 

both command line pipelines, while the next-generation mapping (NGM) tool (Austin et 509 

al., 2011) is a web-based tool which, in contrast to the other tools, looks for 510 

homozygosity islands linked to the causative mutation rather than allele frequencies. 511 

This means that the NGM tool is only viable for mapping outcrossed populations, while 512 

the SHOREmap and SIMPLE tools can be used to analyze backcrossed populations. 513 

The choice of tool will therefore depend on the starting mapping population and on the 514 

confidence of the researcher in implementing the mapping tool. These tools are a 515 

testament to how far we have come from the early days of positional cloning and to the 516 

power of a mature genome sequence: rather than a chromosome walk, we now conduct 517 

a digital walk. 518 

 519 

The aforementioned forward genetic approaches, while transformative in their own way, 520 

have been complemented by reverse genetic approaches enabled in the past 20 years 521 

by the sequencing of large T-DNA collections, notably the SALK, SAIL, WiscDsLox, and 522 

GABI-KAT lines (Alonso et al., 2003; Sessions et al., 2002; Woody et al., 2007; 523 

Kleinboelting et al., 2012). The availability of these lines, especially those made 524 

available in an open manner from their inception, has permitted knock-out mutations for 525 

almost any desired gene to be ordered (from the two stock centers that had been set up 526 

as recommended in 1990, the Arabidopsis Biological Resource Center in Ohio and the 527 

Nottingham Arabidopsis Stock Centre in the UK) at the click of a mouse, through 528 

websites like the Ecker Laboratory’s SIGnAL T-DNA Express site. These mutants can 529 

easily be examined for phenotypes to support presumed biological roles for the affected 530 

gene (O’Malley and Ecker, 2010). Next generation sequencing (with mapping done to a 531 

high-quality reference genome) has amplified the power of these lines by allowing the 532 

identification of multiple insertions, sometimes with complex architectures (O’Malley et 533 

al., 2007; Jupe et al., 2019). The availability of a high-quality reference sequence also 534 

allows targeted genetic modifications to be made for reverse genetics with the 535 

CRISPR/Cas9/sgRNA system (Jiang et al., 2013).  536 

 537 

Genomic Databases for Hypothesis Generation 538 
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How do we know which genes to focus on for reverse genetic approaches? Databases 539 

provide many leads (Brady and Provart, 2009). The first database for Arabidopsis 540 

genomics to come online was AtDB, the Arabidopsis thaliana Database (Flanders et al., 541 

1998; Rhee et al., 1999), which provided a link between physical maps and sequences 542 

as they became available and provided a visualization of the AGI’s sequencing 543 

progress. This was followed soon after by The Arabidopsis Information Resource (TAIR; 544 

Garcia-Hernandez et al., 2002; Rhee et al., 2003), which enables the exploration of 545 

other gene sequences in a gene’s neighborhood, identification of similar sequences via 546 

BLAST (Altschul et al., 1990), gene functional classification using Gene Ontology (GO; 547 

Ashburner et al., 2000 ), gene family membership, and more. Early gene expression 548 

databases, such as Genevestigator (Zimmermann et al., 2004) and the Bio-Analytic 549 

Resource (BAR, originally published at the “Botany Array Resource”; Toufighi et al., 550 

2005), provided access to gene expression data sets that were being generated and 551 

published as part of the AtGenExpress effort.  552 

 553 

The Arabidopsis eFP Browser (Winter et al., 2007) at the BAR displays a selected 554 

gene’s expression pattern by dynamically coloring the tissues in a pictographic 555 

representation of a plant based on gene transcript levels from multiple experiments. 556 

This tool is deceptively simple, but it provides a powerful interface for exploring and 557 

visualizing early and more recent atlases of development (Schmid et al., 2005; 558 

Klepikova et al., 2016), abiotic stress (Kilian et al., 2007), biotic stress (AtGenExpress 559 

initiative), chemical experiments (Goda et al., 2008), and many tissue-specific 560 

experiments. These data sets contain more than 35 million records, representing “big 561 

data” exploration in under five clicks. 562 

 563 

While gene expression data can provide useful ideas for narrowing down the phenotypic 564 

search space, other types of data, such as protein-protein interaction data and network-565 

based data, are also increasingly being used for hypothesis generation. The 566 

Arabidopsis Interactome 1  (Dreze et al., 2011) measured ~6,200 interactions between 567 

~2,700 Arabidopsis proteins. Further large- and meso-scale studies (e.g. Lumba et al., 568 

2014; Smakowska-Luzan et al., 2018; Cao et al., 2019; Carianopol et al., 2020) and 569 

hundreds of small-scale experiments, collated in tools such as the Arabidopsis 570 
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Interactions Viewer 2 (Dong et al., 2019), are also valuable resources. Many of these 571 

data are collected in unbiased ways, and thus, being able to identify interaction partners 572 

can provide high-quality candidate genes for a researcher’s biological system. Likewise, 573 

networks based on coexpression, functional association, or gene regulation (Bassel et 574 

al., 2011; Lee et al., 2010; Taylor-Teeples et al., 2015 as a few examples) can provide 575 

avenues for hypothesis generation.    576 

 577 

VISUALIZING THE FUTURE 578 

Being able to explore data in a unified manner helps leverage the incredible genomic 579 

data that have been generated for Arabidopsis over the past 20 years. ePlant (Waese et 580 

al., 2017) introduces the concept of a zoomable user interface to help users explore 581 

Arabidopsis data from the kilometer level down to the nanometer level of data using a 582 

combination of chart types. ePlant connects to several publicly available web services to 583 

download genome, proteome, interactome, transcriptome, and 3D molecular structure 584 

data for one or more genes or gene products of interest. The molecule viewer module is 585 

especially interesting because it maps information from four separate databases onto a 586 

3D model of the selected protein’s molecular structure: complete protein sequences 587 

(Krishnakumar et al., 2015); non-synonymous single nucleotide polymorphism locations 588 

in the underlying gene sequence (Joshi et al., 2012) with a list of ecotypes in which they 589 

are found; Pfam domains (Bateman et al., 2002 and updates); and CDD feature hits 590 

(Marchler-Bauer et al., 2002 and updates). These features make it easy to see where 591 

polymorphisms occur within a protein molecule and speculate how they might interact 592 

with binding sites and other domains of interest. Zhang et al. (2020) just released ARS, 593 

an Arabidopsis RNA-seq database for exploring expression levels in ~20,000 RNA-seq 594 

data sets. 595 

 596 

A genome browser is also essential for exploring Arabidopsis genome data. This 597 

graphical tool allows users to visualize data mapped to the genomic sequence axis 598 

alongside gene model annotations and data from other laboratories' experiments. 599 

Currently, there are three major genome browsers available for plant scientists, which 600 

vary with respect to interactivity, number of features, speed, and usability: Integrated 601 

Genome Browser from BioViz.org (Freese et al., 2016), Integrative Genome Viewer 602 
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from the Broad Institute (Robinson et al., 2011), and JBrowse, a web-based tool data 603 

providers must incorporate into their web sites (Buels et al., 2016). TAIR has most 604 

recently rescued Araport’s extensive collection of JBrowse tracks for display in its own 605 

version of JBrowse running on its locus pages (Pasha et al., 2020). This provides a 606 

centralized framework for adding new tracks showing non-coding transcripts (Kindgren 607 

et al., 2020), epigenomic data (Hofmeister and Schmitz, 2018), and other emerging data 608 

sets. 609 

 610 

IGB and IGV are both stand-alone desktop tools that users download, install, and run on 611 

their local machines. These tools can open files stored locally or on the internet via 612 

URLs. IGV from the Broad Institute is better known, but IGB has more features, such as 613 

ProtAnnot for exploring the effects of alternative splicing on protein-coding genes (Mall 614 

et al., 2016), and it provides access to RNA-seq, ChIP-seq, T-DNA, and other 615 

Arabidopsis data sets. This reflects IGB's early funding from the National Science 616 

Foundation's Arabidopsis 2010 program 617 

(https://www.nsf.gov/awardsearch/showAward?AWD_ID=0820371).  618 

   619 

The impact of the publication of the Arabidopsis genome continues to this day with the 620 

sequence and associated tools still guiding the daily activities of researchers. Dr. Sara 621 

Farrona from the National University of Ireland, Galway recalls, “I still remember when 622 

the publication of the Arabidopsis genome came out in 2000. I had started my PhD 623 

project focused on chromatin remodeling proteins in Arabidopsis just a few months prior 624 

and having access to its genome completely shaped the way I tackled my research. In 625 

the following years, the Arabidopsis genome, its browser and all the information publicly 626 

available for each of its genes would have and still has an extraordinary impact. I and 627 

members of my lab still use it on a daily basis”. 628 

 629 

Overall, the impact of the genome is perfectly summed up by Dr. Piers Hemsley from 630 

the University of Dundee “Almost every aspect of my research, from cloning and 631 

expression analysis to proteomics and EvoDevo work, would be next to impossible 632 

without it. As an enabling resource it has yet to be surpassed in its application to almost 633 

every aspect of my work”. The impact is also evident outside of the Arabidopsis 634 
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research community in the myriad of plant genome papers that use the Arabidopsis 635 

genome sequence to help with assembly or to annotate genes, most recently ones for 636 

eggplant (Solanum melongena; Wei et al., 2020) and tea (Camellia sinensis var. 637 

sinensis; Xia et al., 2020). The generation of other types of ‘omics data from 638 

agronomically-important plants will benefit from landmark methods and data sets first 639 

generated in Arabidopsis, all predicated on a high-quality genome sequence.  640 

 641 

The “ultimate expression” of the researchers who met at the “Functional Genomics and 642 

the Virtual Plant: A blueprint for understanding how plants are built and how to improve 643 

them” workshop that led to the Multinational Coordinated Arabidopsis Functional 644 

Genomics Project was “nothing short of a virtual plant which one could observe growing 645 

on a computer screen, stopping this process at any point in that development, and with 646 

the click of a computer mouse, accessing all the genetic information expressed in any 647 

organ or cell under a variety of environmental conditions.” Now, 10 years after the 648 

Arabidopsis 2010 projects wrapped up, are we there yet?  649 

 650 

The answer is that we are getting closer (e.g. Shapiro et al., 2015; Banwarth-Kuhn et 651 

al., 2019; Maheshwari et al., 2020), but there is still a long way to go. Further 652 

documenting other types of molecules and their modifications in different Arabidopsis 653 

tissues will increase our knowledge of plant biology beyond transcripts and genomes: 654 

atlases of lipids, proteins, hormones, and SUMOylation anyone? Single cell methods 655 

are sure to provide vast amounts of new data, but understanding how cells, tissues and 656 

whole plants respond to environmental cues and perturbations, let alone being able to 657 

model this at a multi-scale level, is perhaps another decade away. The Plant Cell Atlas 658 

project (Rhee et al., 2019; http://www.plantcellatlas.org/) will map “molecular 659 

machineries to cellular and subcellular domains, follow their dynamic movements, and 660 

describe their interactions [to] accelerate discovery in plant science and help to solve 661 

imminent societal problems”. Undoubtedly, Arabidopsis will be one of the Plant Cell 662 

Atlas’s subject species. A recent virtual meeting attracted over 300 participants from 663 

around the world interested in this project, upholding the spirit of cooperation that kicked 664 

off the Arabidopsis genome project more than 30 years ago.  665 

 666 
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Figure 1. Breakdown of the top 25 Web of Science categories (top panel) and top 25 countries 

(bottom panel) for the 5,960 papers that have cited the original Arabidopsis genome paper (AGI, 

2000) as of August 1, 2020, illustrating the impact that the genome sequence of Arabidopsis 

has had across scientific disciplines and around the world. 

  



 

Figure 2. The Arabidopsis genome sequence as a platform. The Arabidopsis genome sequence 

has allowed a vast ecosystem of research areas and technologies to flourish.  

	
  


