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Abstract

ENCODE projects exist for many eukaryotes, including humans, but as of yet no defined project 

exists for plants. A plant ENCODE would be invaluable to the research community and could be 

more readily produced than its metazoan equivalents by capitalizing on the preexisting 

infrastructure provided from similar projects. Collecting and normalizing plant epigenomic data 

for a range of species will facilitate hypothesis generation, cross-species comparisons, annotation 

of genomes, and an understanding of epigenomic functions throughout plant evolution. Here, we 

discuss the need for such a project, outline the challenges it faces, and suggest ways forward to 

build a plant ENCODE.
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INTRODUCTION

International efforts are underway to advance plant sciences, with the goal of addressing 

concerns about bioenergy, food security, and climate change. One of the most significant 

contributions to these efforts is the recent and continuing production of high-quality plant 

genome sequences. The first plant genome sequenced was from Arabidopsis thaliana in 

2000, and this provided the first comprehensive view of the genomic landscape of a plant 

(3). It revealed the presence of more than 25,000 genes and plant-specific gene families not 

found in animal or bacterial genomes. It also provided the infrastructure to support the 

daunting task of determining the function and the biological process to which each of these 

genes belongs. Since that time, more than 30 high-quality plant genomes have been 

published for a wide range of both model and crop species. The availability of these genome 

sequences is enabling useful annotations, such as gene identification, QTL (quantitative trait 

loci) mapping, and marker-assisted introgression of favorable alleles in crops, to name just a 

few examples. Furthermore, large-scale resequencing projects have been initiated on the 

Copyright © 2014 by Annual Reviews. All rights reserved

DISCLOSURE STATEMENT
The authors are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the 
objectivity of this review.

HHS Public Access
Author manuscript
Annu Rev Genet. Author manuscript; available in PMC 2015 August 15.

Published in final edited form as:
Annu Rev Genet. 2014 ; 48: 49–70. doi:10.1146/annurev-genet-120213-092443.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



basis of the availability of these genome assemblies, which aim to catalog within-species 

sequence variation, to facilitate genome-wide association mapping, and to enable 

comparative genomic studies between species.

A major omission from these current endeavors is the presence of a comparative epigenomic 

plant resource. In conjunction with the advances in sequencing throughput and the ease with 

which we are acquiring large volumes of data, a serious discussion about a coordinated 

effort by the international plant sciences community to initiate a plant ENCODE 

(pENCODE) project is warranted. The goal of such a project would be to coordinate the 

ongoing work in individual laboratories across the globe; to focus community efforts on a 

set of high priorities; and to standardize sample/data preparation, acquisition, and 

dissemination. ENCODE projects exist for human (38) as well as other major model 

organisms, such as mice, flies, and worms (52, 85, 118). One of the major goals of 

ENCODE projects is to build upon reference genomes by trying to understand how DNA 

sequence information is translated into different cell types, tissues, organs, and ultimately 

entire organisms. One of the findings from the human ENCODE project that is of direct 

interest to plant scientists are the epigenomic maps that were determined for cell lineages 

that represent different developmental states. The integration of transcription-factor binding 

sites, RNA expression states, DNase I hypersensitivity sites, and chromatin modification 

maps revealed enormous complexity in translating sequence to phenotype. Fortunately, this 

vast sea of sequence information can now be broken down into smaller more manageable 

domains as a result of the ENCODE project. Another major finding from the human 

ENCODE project that is highly relevant to the plant science community was the 

identification of large numbers of trait-associated sequence variants localized to regulatory 

DNA elements (84). These ENCODE projects have not only generated genome-wide maps 

of sequence variation, RNAs (both coding and noncoding), chromatin modifications, 

protein:DNA interactions, and inter/intrachromosomal interactions, but have also developed 

the protocols required to generate these data, the software required to analyze them, and the 

genome browsers required to visualize them (5, 8, 11, 20, 23, 33–35, 40, 41, 51, 57, 60, 61, 

66, 72, 79, 89–92, 103, 109, 118, 120, 130, 137). Therefore, pENCODE could take full 

advantage of this existing infrastructure and dedicate most of its resources to sample 

selection, preparation, and analysis. Furthermore, it could provide the driving force for 

organization and standardization within the community.

To organize an international community of plant scientists with overlapping goals to decode 

plant genomes, the Epigenomics of Plants International Consortium (EPIC; https://

www.plant-epigenome.org/) was formed in 2008 (39). EPIC has successfully built a 

community of scientists (to join the EPIC community, register here: https://www.plant-

epigenome.org/user/register), developed a core mission and specific focus areas, and 

facilitated the exchange of ideas in public forums at international conferences, and it could 

serve as the coordinating body for pENCODE. One of the key features of pENCODE is that 

plants provide an ideal organism to study how the environment interacts with the genome to 

coordinate phenotypic changes. Plant species do not contain a nervous system but instead 

take advantage of a complex transcriptional regulatory code to execute many of the same 

responses that animals experience. This is partly exemplified by the massive expansion of 

transcription factor (TF) families present in plant genomes. Plant genomes also offer an 
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excellent system to understand how genomes manage newly duplicated sequences, such as 

genes, chromosomes, and/or genomes. Clearly, this is a major mechanism that plant species 

have adopted in their evolution as compared with most major animal model systems, and 

understanding how and which pathways are affected after duplication events could be 

facilitated by pENCODE. Another major advantage of a pENCODE project would be the 

ability to translate novel findings to the field. Already, major efforts are underway to 

understand how the epigenome is reprogrammed in hybrids and in response to 

environmental stress conditions. A more complete understanding of how DNA sequence 

information in plant genomes is translated into phenotypic changes is foundational to rapidly 

generating novel cultivars that could be introduced into the field. With all of the benefits that 

would be afforded by a pENCODE project, the next major step for this community is to 

secure international support to fund the execution of the outlined goals. Although such 

efforts come at a substantial cost, the funds necessary are not near the amount required for 

the original human ENCODE and modENCODE (model ENCODE projects for 

Caenorhabditis elegans and Drosophila melanogaster) projects, largely because the cost to 

acquire the data is now much lower and many of the analysis and visualization tools already 

exist. For example, there is a major effort already underway, referred to as EPIC-CoGe 

(Comparative Genomics; http://genomevolution.org/CoGe/ and http://genomevolution.org/r/

9360), that is storing and publicly disseminating published data sets (http://

www.iplantcollaborative.org/). EPIC-CoGe leverages the Powered by iPlant Program for 

computational and data management scalability (http://www.iplantcollaborative.org/ and 

http://genomevolution.org/r/bi0u). Resources such as this that make the data accessible to 

the individual investigators are essential to the success of the scientific community to realize 

the full potential of the published information. However, these resources are not geared 

toward standardizing data sets generated from different groups to make them comparable.

Given the significant cyberinfrastructural support associated with CoGe, efforts are being 

made to reanalyze and distribute published sequencing data sets from the raw data. This 

standardization of data is one of the most important features of community-wide ENCODE-

like projects, and requirements for releasing raw experimental data have resulted in 

standards such as MIAME (minimum information about a microarray experiment), BAM [a 

binary file of a SAM (sequence alignment map) file], etc. (15, 73). This practice is important 

for laboratories that want to analyze publicly available data that are produced by different 

groups because the processed data sets can all be run through the exact same workflow. 

With the standardization of data generation and analysis, the greater community can reliably 

and repeatedly use the data produced over long periods of time. Finally, after determining 

that the data are of high quality, it is essential that this information is publicly released in a 

timely fashion to promote advancements in plant sciences by individual laboratories. These 

data release policies could follow the standards agreed upon by scientists as outlined in the 

Fort Lauderdale agreement on Sharing Data from Large-Scale Biological Research Projects 

(http://www.genome.gov/27528022).

Some will ask whether there is a need for an internationally coordinated pENCODE. In fact, 

mini-ENCODE-like projects are operating from individual laboratories and loosely formed 

international consortiums. This is the case for Arabidopsis, for which there exist genome-
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wide maps of histone modifications (12, 74, 140, 141), histone variants (25, 124, 143), 

RNAs (1, 42, 45, 50, 58, 77), DNA methylation (24, 77), nucleosome occupancy (22), 

chromatin accessibility (139), and chromosomal interactions (86). Additionally, the 1,001 

Arabidopsis Genomes Project is cataloging genetic variants and building the infrastructure 

to execute genome-wide association studies using natural accessions that were isolated from 

throughout the Northern Hemisphere (18, 47, 80, 95, 112). Similar communities exist for 

rice (62), maize (21, 56, 83, 133), brassica (59), and soybean (70), and are beginning to 

surface for other plant species. However, several species with assembled genomes have not 

developed such collaborative support. Although these data are incredibly useful for each of 

these communities, there is no standard for sample collection, which makes it challenging to 

accurately perform comparative epigenomics between species. An internationally 

coordinated effort will reduce overlap in developing methods and acquiring data between 

individual laboratories, which would serve to increase the efficiency of releasing 

deliverables to the public. It would also provide standardization to the processing of these 

data sets. With data rapidly being deposited in the public domain, advances in plant sciences 

would be accelerated.

One reason genome resequencing projects have successfully launched is because diverse 

collections of accessions or cultivars exist, making sample identification obvious, although 

there are currently no standardized practices for gDNA isolation, library preparation, or data 

analysis. For pENCODE, a consensus needs to be reached to determine the samples from 

which epigenomic data are collected. In addition to a genotype(s) for each species, specific 

tissues, cell types, developmental time points, and environmental treatments need to be 

selected. Therefore, identifying samples that have broad support from the community is 

much more challenging than selecting genotypes for genome resequencing projects because 

of the possible variation in data selection. Steps are required to reach this consensus. First, 

current data must be collected, which is already being done by other projects. Next, the 

consensus for missing data and for data processing must be determined. Finally, 

reprocessing of existing data and filling in missing gaps will provide the final tools needed 

by the community.

Furthermore, sample preparation is much more challenging than simply isolating genomic 

DNA for genome resequencing. For this community-wide effort to be successful, it would 

be beneficial to make certain that these data are comparable across plant species. Here lies 

another challenge. Most laboratories have experts working with a single plant species and 

with a specific developmental or environmental process. Ideally, to be able to compare 

developmental or environmental programs between species, the identical developmental 

stage must be matched or treatment administered. In some cases, it is technically challenging 

to determine what the comparable stage of development means for diverse plant species. 

Regardless, standards can be reached between many different laboratories for collection of 

samples from different developmental states and upon different environmental treatments by 

focusing on those most readily accessible and that coordinate with multiple existing efforts. 

Normalizing acceptable data quality to an average of the realistic output of these protocols is 

simpler than selecting the data to be collected. Additionally, the quality of each data set is 

dependent on the type of data being generated. For example, RNA-seq data sets may have a 
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standardized library preparation protocol: A minimum number of sequenced reads and all 

raw data are processed the same way. Other data types, such as whole-genome bisulfite 

sequencing (WGBS) and MethylC-seq, have their own set of requirements. Similarly, 

MethylC-seq data sets require not only minimum read depths and data processing through 

the same analysis pipeline for identifying methylated cytosines and determining methylation 

levels (115) but also a minimum conversion rate of unmethylated cytosines by the sodium 

bisulfite reaction.

In this review, we discuss the need for pENCODE, the challenges a project like this poses, 

and the benefits this project could have for advancing our understanding of plant sciences. 

Additionally, we discuss the needs for standardization of sample collection, sample 

preparation, and data processing, including tools for analysis pipelines, visualization, and 

dissemination. Data-driven, discovery-based research projects are hypothesis-generating 

factories. Given the collegiality within the plant sciences community, a concerted effort to 

execute a successful pENCODE project would have long-lasting effects on plant sciences.

THE DISTINCTION BETWEEN EPIGENOMICS AND EPIGENETICS

Here, we make the case for the need for an epigenomic resource rather than an epigenetic 

one. Because of the widely used nature of the terms epigenetics and epigenomics in the 

relevant literature, it is important to be clear about our use of them. The key differences 

being that epigenetics requires demonstration of heritability of phenotypes in addition to an 

absence of differences in DNA sequence, whereas the study of epigenomics is broadly used 

to encompass all factors that interact with DNA and contain the possibility of affecting gene 

regulation, such as chromatin modifications, DNA methylation, RNAs (coding and 

noncoding), etc. Originally, epigenomics referred to chromatin modifications throughout the 

genome (17), but the term has been expanded into a more recent definition, which also 

includes RNAs, TF binding, nucleosome positioning, and chromosomal interactions (13).

Although the topic of epigenomics may appear broad, it can be utilized at great length to 

create maps of genomic features. Maps such as these are useful for hypothesis generation of 

readily testable, genome-wide studies, which can be rapidly completed because of the 

existence of these same genomic resources. For example, these epigenomic maps allow for 

the search for true epigenetic phenomena at wide scale rather than by a singular gene 

approach. Having these data located at a central hub with compatible formatting greatly 

increases the ease of hypothesis generation and testing. Simply put, laboratories do not need 

to reinvent the wheel for each analysis.

An excellent example of the benefits of a multipronged, genome-wide approach to studying 

a developmental program is a project by Zhong et al. (142) that elucidated the molecular 

events that lead to ripening in tomato through a combination of WGBS, RNA-seq, and ChIP 

(chromatin immunoprecipitation)-seq. They used these high-throughput methods on samples 

from various mutants and at various developmental time points and were able to create a list 

of 292 candidate genes. Utilizing an antibody for RIN (RIPENING INHIBITOR), aMADS-

box TF that directly regulates fruit-ripening genes, the authors performed ChIP-seq. 

Combining these results with expression data from fruits that were either wild type or 
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homozygous for a rin loss-of-function mutation, they were able to curate their list of 292 

candidate genes, which included all 16 genes already associated with fruit ripening.

Many projects result in large numbers of candidate genes that have to be further narrowed or 

randomly selected for additional hypothesis testing. From this perspective, a list of 292 is 

small and testable, providing numerous hypotheses that only became available through 

combining high-throughput technologies. Furthermore, there are now developmental time-

course data for gene expression and methylation patterns that can be mined for future work, 

which does not necessarily need to relate to fruit ripening specifically. Other projects can 

use this epigenomic map of the tomato genome to determine lists of candidate genes for 

their points of interest as well as for comparative epigenomic studies. These data also 

support testing of the 292 possible fruit-ripening genes without having to spend the money 

or time to repeat or add additional data sets. These kinds of projects readily stem from 

pENCODE.

EPIGENOMIC DATA TYPES

The success of pENCODE relies heavily on the individual building blocks that, when 

combined, unveil the epigenome. The epigenome of a cell describes the activity of a 

genome, and the building blocks represent distinct data types (13). What are some of the 

epigenomic data sets that should be acquired to create these genome-wide maps? Described 

below are the most common techniques (113) used to generate different types of epigenomic 

maps, along with their advantages and disadvantages.

ChIP-seq

Chromatin immunoprecipitation combined with deep sequencing (ChIP-seq) is regarded as 

the standard technique to identify genome-wide distributions of DNA-bound factors and 

histone tail modifications (64). Specific antibodies are used to immunoprecipitate proteins or 

histones with specific tail modifications of interest and the cross-linked chromatin, which is 

subsequently sequenced to identify genomic regions associated with the protein or histone 

tail modification of interest.

Pros—This sequencing technique requires low sequencing depth and typically fewer than 

20 million reads to detect these protein:DNA interactions.

Cons—This technique is specifically used for anchoring known sequences to a reference 

genome, so it is only applicable to published plant genome assemblies, requires significant 

input of starting chromatin, is inherently low throughput, and relies heavily on the 

availability and quality of the antibody. Often overexpression or manipulation of higher 

target TF protein levels is required for successful chromatin immunoprecipitation.

DNase-seq, FAIRE-seq, and ATAC-seq

As complementary methods to ChIP-seq, formaldehyde-assisted isolation of regulatory 

elements with sequencing (FAIRE-seq) (53, 54), DNase I hypersensitive sequencing 

(DNase-seq) (29), and assay for transposase-accessible chromatin sequencing (ATAC-seq) 

(16) are able to identify the vast majority of putative bound sites in nucleosome-depleted 
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regions at a genome scale. More specifically, FAIRE-seq is based on formaldehyde cross-

linking followed with sonication and phenol-chloroform extraction, and is capable of 

detecting potential regulatory regions. DNase-seq depends on the genome-wide distributions 

of DNase I hypersensitive (DH) sites. DNase-seq not only sensitively identifies cis-

regulatory DNA but also provides information for motif and protein occupancy for trans-

acting factors, which bind to the aforementioned cis-regulatory DNA sequences. ATAC-seq 

is dependent on an adapter-loaded transposase system that performs tagmention 

(fragmentation of gDNA and addition of an adapter in a single step) of open chromatin. 

Such predictions can ultimately be verified through follow-up experiments.

Pros—Can identify DNA footprints to base-pair resolution, which can be combined with 

known DNA binding motifs for placement of DNA:protein interactions. These methods are 

also powerful in that they can uncover completely novel binding motifs not detected by 

other methods.

Cons—These techniques require a reference genome for alignment of sequencing reads and 

refinement of cross-linking and/or DNase I digestion times for optimal results.

Hi-C-seq and ChIA-PET-seq

Neither ChIP-seq nor other complementary techniques can capture chromatin interactions, 

which has led to the development of new technologies, such as Hi-C sequencing (75) and 

chromatin interaction analysis with paired-end tag sequencing (ChIA-PET) (46). Both 

require cross-linking between DNA and proteins in the initial step. The former technique 

requires samples to be gathered after enzymatic digestion, whereas the latter technique relies 

on immunoprecipitation using a specific antibody to a protein of interest.

Pros—Reveals inter- and intrachromosomal interactions, which are useful for accurate 

association of DNA elements to genes.

Cons—These techniques are best suited for cell-type specific samples, otherwise 

complications quickly arise when trying to detect these chromosomal interactions. Hi-C also 

requires very high sequencing depth, which scales with genome size when compared to 

other seq assays, such as ChIP-seq and RNA-seq.

MNase-seq

ChIP and other techniques cannot determine nucleosome occupancy, regional accessibility, 

or stability. To address this, micrococcal nuclease (MNase) coupled with sequencing 

(MNase-seq) (114) can be used to anchor the locations of nucleosomes based on the 

boundary sequences of linker DNA that are released from chromatin according to 

nucleosome accessibility, occupancy, and stability. MNase-seq relies on the activity of an 

enzyme, which releases DNA sequences from chromatin in a time-dependent manner.

Pros—This technique requires lower input quantities, and the length of digestion can be 

adjusted to discern different features of nucleosomes, such as occupancy, stability, and 

accessibility.
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Cons—The length of the digestion must be carefully monitored, as overdigestion occurs 

within minutes.

MethylC-seq

Cytosine methylation is a covalent base modification that can be surveyed genome wide 

using WGBS (24, 77), which is regarded as the gold-standard method to detect DNA 

methylation levels at single-base resolution. The principle of this technique is to couple the 

sodium bisulfite conversion reaction, which converts unmethylated cytosines to uracil and 

ultimately to thymine after PCR (polymerase chain reaction) amplification, with high-

throughput sequencing.

Pros—Can detect single-base resolution DNA methylation states of any cytosine with high 

precision and requires much lower input material compared with most high-throughput 

sequencing techniques.

Cons—Requires high coverage sequencing compared with other techniques described in 

this section (although reduced representation methods do exist) and requires sufficient 

chemical conversion rates of unmethylated cytosines to uracils by the sodium bisulfite 

reaction.

RNA-seq

Transcription in the genome of both coding and noncoding sequences can be measured using 

RNA-seq (87). There exists a multitude of RNA-seq approaches, including cDNA-seq, 

strand-specific RNA-seq (77), polyA RNA-seq, ribosomal RNA depletion RNA-seq, and 

small RNA-seq.

Pros—Requires incredibly low amounts of starting material and can even work from single 

cell samples. Lower read numbers can still be used to obtain sufficient information to 

evaluate RNA abundances, as the genome size does not generally affect the total RNA in the 

cell. Instead, this is generally a reflection of expressed gene number.

Cons—It is generally more difficult to compare RNA-seq data between different 

laboratories, as most data producers rely on different RNA enrichment and library 

construction methods. Moreover, ribosomal depletion methods increase the number of 

uninformative reads per sample, as the depletion methods are not as efficient as polyA 

selection for enriching transcripts.

The Benefits of a pENCODE Project

Although there is currently no official pENCODE, there are a number of groups that have 

been generating high-throughput epigenomic data sets in a wide range of plant species. So 

far, the most abundant data sets in existence are RNA-seq, which is mostly due to the ease 

with which this experiment can be performed. Genome-wide, single-base resolution DNA 

methylation data exist for a number of plant species, including Arabidopsis (24, 77), maize 

(36, 49, 101), soybean (110, 119), rice (135), sorghum (94), Brachypodium distachyon 

(127), Amborella (7), and tomato (142). Additionally, a limited number of ChIP-seq maps 
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for histone modifications and TFs are available in Arabidopsis, rice, and maize, but in other 

plant species ChIP-seq maps are more limited. The rarest data sets currently available for 

plant genomes include nucleosome positions, DNase-seq maps (138, 139), and chromosomal 

interaction maps (86) that are mainly only available in a single accession of a reference plant 

species.

A major goal of pENCODE would be to facilitate decoding the manner in which plant 

genomes are expressed. This goal directly builds upon the success of sequencing de novo 

plant genomes, which have been invaluable for annotating the gene content, gene structure, 

locations of genes, and intergenic space as well as other structural features such as 

centromeres and telomeres. One of our next major challenges is to understand how sequence 

information is translated into expression variation. With this knowledge, the link between 

genetic variation and phenotypic variation can be advanced for a large number of plant traits 

being studied across the globe. For example, the plant science community has had a number 

of successes using quantitative genetic approaches to identify favorable alleles in crop 

species. Although identification of QTL is relatively straight forward through either linkage 

or genome-wide association mapping techniques, the actual identification of the causal 

variant(s) is still incredibly challenging (134). Similar to studies in human populations in 

which great strides are being made at predicting causal variants using ENCODE data (67), 

numerous genetic variants linked with the trait of interest are found outside of coding 

sequences. In many cases, having epigenomic maps would facilitate a more rapid 

identification of these causal variants by providing an additional layer of information, 

especially in species that have large genomes. To enable hypothesis testing of predicted 

causal variants, mutant strains provide a vital resource, and fortunately there are already 

numerous projects aimed at creating large mutant populations of diverse plant species using 

T-DNA, transposon tagging, or TILLING mutagenesis (6, 14, 19, 26, 27, 30, 69, 93, 100, 

104, 107, 123, 131). These mutant populations, in combination with results from 

pENCODE, will be invaluable for identifying trait-associated sequence variants.

Many of the techniques previously described generate data that lead to an emerging picture 

of the genomic landscape of a cell at a specific developmental stage or upon a specific 

environmental treatment similar to the pictures that arise from sequence variation detected 

by resequencing projects. Just as patterns emerge for sequence variants (59, 129) that can 

inform us about the evolutionary history of the sequence, such as rates and locations of 

synonymous versus nonsynonymous base substitutions, patterns emerge from comparisons 

of epigenomic data sets. For example, it is well known that a pattern of enrichment of the 

histone modification lysine 4 trimethylation on histone 3 (H3K4me3) often clearly 

demarcates the transcriptional start site of an expressed locus (140), whereas H3K9me2 is 

found at loci that are actively silenced (12) (Figure 1). Essentially, all epigenomic 

techniques described in this review generate data that have been linked to a mechanism or 

process. The power of genomics is the ability to rapidly create high-resolution maps of the 

genome, which leads to the generation of hypotheses that can be tested for specific genes or 

regions of interest.

For an example of how epigenomic maps could accelerate the identification of a causal 

variant imagine the following scenario: There is a trait of interest associated with an allele 
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present in a plant species with a very large genome, but the region of interest is more than 

100 kb. Fortunately, this particular trait is governed by an impact on expression variation, so 

now the search begins for the sequence change that leads to this variation. Unfortunately, 

genomic DNA sequencing of this region fails to detect such a variant and now requires a 

rare recombinant to fine map this causative allele. After years of person hours, it is finally 

recognized that this particular allele is under the control of small RNAs associated with 

repressed loci, as opposed to sequence variation between the differentially expressed alleles. 

This particular scenario is incredibly challenging to solve but is not unheard of for some of 

the causal variants identified by research laboratories across the globe. Moreover, the pursuit 

of this specific example would have benefited greatly from epigenomic maps. If these 

genome-wide maps for DNA methylation, histone modifications, nucleosome occupancy, 

small RNAs, RNAs, and chromosomal interactions existed, the identification of this causal 

variant would be greatly accelerated. In reality, the scenario described above is not 

hypothetical; it describes the countless years of effort and the many approaches used to 

clone and understand the mechanistic action of an allelic state associated with the 

paramutation properties of the B locus in maize (4, 96–98, 121, 122).

The ability to generate genome-wide maps of epigenomes was not possible ten years ago but 

is today, and the generation of these maps will undoubtedly advance research within the 

plant sciences. Many examples exist in which these maps have accelerated the identification 

of long-range enhancers in plant species (81, 108, 125). Essentially, generating these maps 

improves our ability to decode genomes by unveiling features that are not readily apparent 

from the underlying sequence information alone. These maps will also facilitate annotation 

of novel genes, refinement of current gene annotations, and potentially uncover locations of 

transposon and repeat sequences, which are prevalent in plant genomes. With new 

assemblies for plant genomes rapidly appearing in the public domain, it is often assumed by 

most researchers that these are highly polished assemblies and annotations, but in most cases 

the available assemblies represent drafts. They are fantastic resources that will expedite 

research, but they still require refinement. Epigenomic maps are not only important for 

identification of novel causal variants but they are also powerful for annotating genomes. 

Genomes are most commonly annotated using sequence and transcript-based methods to 

identify gene structures such as untranslated regions, exons, etc. The production of high 

quality epigenomic maps could rapidly refine annotations by revealing transcriptional start 

sites, gene-body DNA methylation (associated with expressed loci), small RNAs, and 

repressive DNA methylation associated with repeats, transposons, and some genic regions 

(94). Genome assemblies and annotations are taken for granted, but although draft genomes 

and annotations are valuable, it is important to consider the continued pursuit of decoding 

these genomes until the genome and annotation are at the highest possible resolution. There 

is no doubt that the generation of epigenomic maps will result in more accurate annotations 

of their respective genomes.

CATALOGING NONCODING ELEMENTS IN PLANT GENOMES

In plants and animals, chromatin domains, defined by DNA methylation, sets of modified 

histones, and nucleosome positioning, play a role in gene expression. Work performed in 

Arabidopsis, rice, and maize is the primary source of chromatin modification data in plant 
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species and has laid the groundwork for expanding this course of study into different plant 

species.

Knowledge provided by studying chromatin domains is not limited to the patterns and 

functions of the domains themselves. Most of these data have been useful in predicting gene 

regulatory regions. For example, mapping DH sites, which correspond to open chromatin 

domains, has provided genome-wide information about TFBSs (transcription factor binding 

sites; http://www.plantregulome.org/) and RNA polymerase II binding sites (138, 139). 

Furthermore, specific chromatin modifications are correlated to different genomic sections. 

For example, in Arabidopsis, eight different chromosome modifications have been mapped 

together and, in concert, indicate four chromatin states that occur preferentially around 

specific genomic features, including active genes, repressed genes, silent repeat elements, 

and intergenic regions (105). These patterns can also be used to predictively annotate 

genomes for these elements. This tool becomes even more powerful if conservation is 

included across species. When annotating genomes, information from related species can be 

utilized through application of sequence conservation as an annotation assistant. Situations 

may arise, however, in which there is a lack of sequence conservation, yet a small regulatory 

element is present in multiple species. Sequence conservation alone can overlook these 

small elements because they are simply too short. In these instances, alternative data sets can 

be used to locate such repeated elements by comparing similar patterns across species. 

Therein lies the power of a comparison of chromatin domains (Figure 1).

Many mechanistic questions remain as to how these patterns of histone modifications and 

chromatin domains function to alter gene expression, but there are also missing patterns. 

Most genome-wide studies examining patterns of chromatin domains in plants compare a 

type of chromatin modification (H3K9me2 or H3K27me3) with sequence structures (such as 

transposons and repetitive sequences) and DNA methylation or small RNAs. In the past few 

years, there has been an increase of comparisons across chromatin modification types, which 

has revealed not only that correlations exist between different chromatin domains and DNA 

methylation/gene sequences but also that there are combinatorial effects of chromatin 

domains on gene expression (105). No one epigenomic state has patterns completely 

independent of all other chromatin states and thus some regulatory mechanisms will emerge 

when this is studied between species and more inclusively.

Epigenomics approaches can be easily applied to plant species that are not traditionally 

considered good genetic systems, such as fruit tree crops, which have long generation times. 

Furthermore, random mutagenesis is not readily useful in many of these same plant species. 

Therefore, application of epigenomics to create a list of candidates to study specific 

developmental or environmental questions can bypass some of the issues that arise when 

studying plant species that are not as amenable to genetics (i.e., generation time, space, 

number of offspring, and transformability). Fortunately, for those species that are 

transformable, genome targeting technologies such as CRISPRs (clustered regularly 

interspaced short palindromic repeats) are promising methods for targeted mutagenesis, 

which will be vital for testing hypotheses with regard to these interesting candidate gene 

lists that were identified from epigenomics approaches (10, 44, 88, 116).
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This additional ease also translates to plants with large genomes. For these plants, the 

additional intergenic space makes it more difficult to locate potential DNA elements that 

define transcriptional programming. In smaller plant genomes, such as Arabidopsis, it has 

been shown, for example, that DNase-seq can readily identify the majority of regions 

occupied by TFs (139; http://www.plantregulome.org). For example, one study found DH 

sites were associated 94.9% and 89.7% with two well-known TFBSs through comparing 

DNase-seq data and ChIP-seq data (139). In this genome, DNase-seq alone becomes a 

powerful tool to locate promoter regions. However, almost 45% of the DH sites were within 

1-kb upstream of genes, which is indicative of the much more compact genome and high 

gene density in Arabidopsis as compared with other plant species such as rice, which has a 

value of 27% (138). The short intergenic spaces in compact plant genomes make location of 

DNA elements simpler than in these larger genomes. For example, locating DNA elements 

in plants with larger genomes, such as maize, is much more difficult, as these DNA elements 

can occur tens to hundreds of kilobases away from their corresponding gene (Figure 1). 

Furthermore, these types of questions could be examined within and across species given the 

correct tools and data organization. In addition to significant differences between plants and 

animals concerning gene regulation through chromatin domains, there are known differences 

in other epigenomic factors, like DNA methylation between plant species such as rice, 

maize, B. distachyon, and Arabidopsis (126, 127).

COMPARATIVE AND POPULATION EPIGENOMICS

Comparative epigenomics is the use of epigenomic maps to identify similarities and 

differences in epigenomes within and between species. Just as comparative genomics has 

proven to be a powerful tool, giving deep insight into the evolution and functional elements 

of the genome, comparative epigenomics can provide a broad understanding of epigenomic 

features, leading to the formation of new hypotheses. The two approaches are in fact 

complementary, as data from one can be used to inform the other. Between-species 

comparisons can give insight into the evolution of the epigenome and the different ways the 

same epigenomic tool kit is used by different species. Within-species comparisons reveal the 

breadth of epigenomic variation and the tools to link this information to phenotypes.

Between-species comparisons of DNA methylation have already been done for the few 

species whose methylomes have been sequenced (43, 127, 136). These studies provide 

insight into the evolutionary past of DNA methylation while showing key differences that 

have developed over time (Figure 2). Two studies compared methylation not only in plants 

but across eukaryotes (43, 136). This work showed that gene-body methylation is highly 

conserved, as it is associated with genes expressed at moderate levels and basal to the 

divergence of plants and animals. There the similarities end. Methylation in plants occurs 

within all three sequence contexts, whereas animals have primarily CG methylation except 

in the brain and embryonic stem cells (76, 78). Although silencing of transposons by DNA 

methylation is found in plants, fungi, and vertebrates, it appears to be absent in 

invertebrates. Thus, transposon silencing appears to have shifted in mechanism in different 

lineages. Examination of the angiosperms Arabidopsis, rice, and poplar showed very similar 

patterns, indicating conservation of DNA methylation in these plant species (43, 127, 136). 

Comparing methylation between B. distachyon, rice, and Arabidopsis, further evidence was 
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found for the conservation of gene-body methylation between orthologs in angiosperms. 

More striking differences were discovered between the angiosperms and the land plants 

Selaginella moellendorffii and Physcomitrella patens, which diverged early from the 

angiosperms (136). Here, methylation of both genes and regions around transcriptional start 

sites appears to be absent. Comparing deeper evolutionary divergences, various green algae 

species show that CG and CHG methylation is very ancient in plants (43, 136).

These studies show that comparative epigenomics is possible and is informative about the 

evolutionary history of species and the usage of the epigenome. Feng et al. (43) and Zemach 

et al. (136) both linked their results to phylogenetic analysis of the enzymes involved in 

DNA methylation and subsequently reflected their results back to genetic explanations of 

some of the differences observed. A limiting factor in these studies has been the lack of 

epigenomic data from a wide range of plant species, masking potential differences and even 

subtle similarities in the usage of the epigenome. Furthermore, the species commonly 

studied, such as Arabidopsis, often have small genomes, are diploid, and have relatively low 

amounts of repetitive DNA. Many of our most economically important species have very 

different genomic content and as a result may possess important differences in how the 

epigenome is used. A recent example can be found in maize, where CHH methylation was 

enriched in regions upstream of the genes, which were dubbed CHH islands (49). Within 

soybean, which is an ancient polyploid, there is a clear preferential methylation of orthologs 

from one of the ancestral genomes versus the other (110). A pENCODE project could begin 

to address many of these major questions in the plant sciences by providing additional 

epigenomic data sets from a variety of species.

Within-species comparisons enable the discovery of natural epigenomic variants, such as 

differentially methylated regions (DMRs) and single methylation polymorphisms (SMPs). 

This type of study can advance our basic understanding of epigenomic variation, including 

the rate at which such variants arise. An example can be found in Arabidopsis, where two 

studies of DNA methylation across generations of a mutation accumulation line made it 

possible to calculate the rate at which SMPs arise, showing it to be several-fold higher than 

the rate of genetic mutations (9, 111). There have been an increasing number of studies 

examining DNA methylation in natural populations of Arabidopsis (112, 132), maize (36, 

37, 101), and soybean (110).These reveal widespread epigenomic variation. Although many 

methylation variants identified in these studies segregate with parental genotypes, a 

significant number do not and may be true epigenetic variants (101, 110, 112). Such 

approaches will help us further understand the extent at which true epigenetic variants exist 

within natural populations.

By treating epigenomic features as phenotypes, it will be possible to use association or QTL 

mapping to identify genetic variation underlying methylation variants or methylQTL (36, 

110, 112). The power of such approaches has already shown that natural variants in the 

CMT2 DNA methyltransferase underlie natural methylation variation in Arabidopsis 

populations and their adaptation to temperature (117). These approaches can be further 

strengthened by application to experimental populations such as epigenetic recombinant 

inbred lines (epiRILs), which are largely isogenic but differ in their methylation content (63, 

102). Combined with work on natural populations, the association mapping and QTL 
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analysis previously discussed can be used to further link phenotypic variation to epigenomic 

variation (71, 106). In fact, epigenomic variants could be used in lieu of traditionally used 

genetic markers, as was recently demonstrated for mapping the basis of complex traits that 

are associated with heritable epigenetic variants in Arabidopsis (28). This approach, 

however, will require the discovery of new epigenomic variants across many populations, a 

task that pENCODE could begin to address.

FUTURE CHALLENGES AND DIRECTIONS

Numerous challenges exist to establish pENCODE. Fortunately, many of these challenges 

can be overcome by international coordination of the plant research community. Unlike the 

human ENCODE project, plant species do not have readily obtainable cell lines available for 

most cell types because of their inherent differentiation properties. Therefore, most 

epigenomic data sets require the generation of maps from tissues/organs that contain 

multiple cell types. This fact does not pose an issue in terms of annotating genomes using 

epigenomic data, but it will confound analysis of developmental and environmentally treated 

samples for obvious reasons. Fortunately, the plant community is ahead of their animal 

counterparts in their ability to isolate specific cell types in vivo for species that are readily 

transformable (31, 32), but this is a cumbersome process, especially for plant species that 

require years to generate stable transgenics. Additional challenges exist for assays such as 

DNase-seq that require high-input material, but technologies to reduce input material for 

assays such as ATAC-seq, nano-ChIP-seq (2), MethylC-seq, etc. are constantly being 

improved, primarily because of the interest in surveying low-input sample material.

In addition to determining the samples for pENCODE, it will be necessary to select the plant 

species to be included. These species will likely be selected on the basis of the quality of 

reference genomes available and the ability to survey specific cell types, but should also 

include a wide range of species from across the plant kingdom.

As discussed above, for such a project to succeed the plant sciences community will not 

only need to come to a consensus through ready communication and an organized venue 

regarding the samples and plant species to be surveyed but also agree upon the protocols 

used in sample preparation, sequencing library construction, analysis pipelines, quality 

metrics, and visualization methods of disseminated data sets.

Digital Reconstruction of an Expression Atlas

The future is bright for decoding plant genomes because of the rapid advances in sequencing 

throughput and because of the existing infrastructure that is required to execute such a goal. 

In the future, as new technologies permit, it may be possible to generate high-resolution 

digital reconstructions of plants at all stages of development. This goal is limited for most 

sequencing-based techniques at this time but is feasible for a transcriptome map, given that 

sequencing libraries can be generated from a single cell (128). The rate-limiting step is 

sample collection, as methods need to be developed to section a plant at high resolution and 

at the same time preserve and collect the sectioned tissue. Of course, the ultimate resolution 

requires reconstruction of an expression atlas from each individual cell or at least cell type, 

but again the challenge for the plant sciences community is the replicable extraction and 
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isolation of these specific cells, which is complicated because of the existence of plant cell 

walls, as downstream methods to lyse cells and create sequencing libraries already exist.

Scalable Cyberinfrastructure

In order to rapidly process, integrate, analyze, and disseminate the data generated by 

pENCODE, a scalable computational platform is required. The iPlant Collaborative is the 

first large national investment by the National Science Foundation to develop these 

resources for life science research and has developed a panoply of resources to enable 

scalable computing, data management, and distributed virtual organizations (55). This 

cyberinfrastructure has been the computational foundation for EPIC-CoGe and has the 

framework in place to permit pENCODE researchers to integrate and share their data 

processing and analysis pipelines, develop virtual communities, and create additional 

pENCODE bioinformatic platforms. Unifying these computational applications on a 

common infrastructure allows each resource to more easily interoperate with one another 

and allows researchers to more easily move their data and analyses among these systems to 

accelerate scientific discovery.

Synthetic Biology

Techniques such as INTACT have been developed in plants to allow for the collection of 

data from specific in vivo cell types. These methods and their applicability make plants a 

useful system to study specific cell types in living tissues, which is not feasible in most 

animal ENCODE projects. Surveying in vivo epigenomic states results in data sets that have 

boundless possibilities for hypothesis generation, but testing these hypotheses can be 

cumbersome. Methods need to be developed to test the significance of identified epigenomic 

features on resulting gene expression patterns. These methods should take advantage of 

advancements in synthetic biology. Technologies are available to rapidly generate DNA 

sequences that can in turn be assayed for their effects on gene expression states, as has been 

nicely demonstrated in mice species (99). For this to succeed, plant transient assays, such as 

the STAY GREEN reporter system (82) and high-throughput yeast-1-hybrid systems (48), 

will need to be used to test hypotheses generated from these genome-wide maps. These 

synthetic approaches are excellent ways to rapidly test hypotheses and further reduce a 

genome-wide list of candidates to a validated, more-refined set that can be experimentally 

confirmed in planta.

Epigenome Engineering

Although pENCODE will assist with hypothesis generation and testing, it will also supply a 

necessary resource for testing and preparing epigenome engineering techniques by providing 

resources to adapt techniques from one species to another. Besides disrupting the epigenome 

through the use of pharmacological variation, which has poorly understood effects, and 

capitalizing on already present natural variants, methods are being developed to perform 

directed epigenomic reprogramming of specific genes or regions of the genome. Thus far, 

these methods have focused upon altering histone or DNA methylation (65, 68). Methods 

for this directed approach include using zinc finger nucleases, transcription activator–like 

effectors, and the CRISPR-Cas system present in bacteria, which all locate specific short 

sequences and can target methylation-altering proteins, such as methyltransferases or DNA 
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demethylases. In order to bring these pieces together and adapt their use to multiple species, 

a database of testable hypotheses would be invaluable.

CONCLUSION

This work describes the benefits and the need for pENCODE. It is clear that this effort will 

result in significant deliverables to the plant sciences community, but we should not 

underestimate the unknown. One of the most exciting aspects of the discovery-based 

research approach associated with pENCODE is the potential for paradigm shifting results 

that could possibly emerge from creating these epigenomic maps.
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Glossary

ENCODE ENCyclopedia of DNA Elements; http://www.genome.gov/

10005107

Chromatin 
modifications

covalent modifications, such as DNA methylation and histone 

modifications, to DNA and histones

DNA elements DNA sequences that inherently provide sequence specificity to 

diverse biological processes through interactions with proteins 

and/or RNAs

Epigenomics the study of genome-wide maps of chromatin modifications, RNAs, 

protein:DNA interactions, and chromatin accessibility

Comparative 
epigenomics

within- and between-species comparisons of epigenome maps that 

may or may not include DNA sequence variation

Epigenetics heritable changes in phenotype that are not solely attributable to 

differences in DNA sequence
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SUMMARY POINTS

1. The need and ability to utilize pENCODE already exist throughout the plant 

science community. This is supported by the presence of several species-based 

collaborative efforts to unlock the story of plant epigenomes.

2. Current epigenomic data collection methods are becoming financially feasible, 

and new technologies are continuously developed for the analysis of these data 

and to create more cost-effective methods for its collection.

3. The major goal of pENCODE would be to facilitate the decoding of the manner 

in which plant genomes are expressed, which is analogous to the nature in which 

plant genomes are assembled and dissected for gene structure and genomic 

patterns.

4. Epigenomic maps can facilitate numerous forms of hypothesis generation and 

testing, including the development of conservative gene-candidate lists and 

prediction of the location of causal variants.

5. Comparative and population epigenomics made possible through the existence 

of pENCODE will shed light upon natural variation in epigenomic markers, 

such as DMRs, and chromatin domains. They will create the ability to discover 

novel epigenomic patterns across plant species and facilitate learning about 

plant evolutionary history.
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FUTURE ISSUES

1. How do we develop a list of qualities for seq data sets that will create uniformity 

across the field?

2. How do we set developmental time points and environmental assay procedures 

that will be applicable and comparable across all plant species?

3. How do we as a community collect and coordinate all existing efforts to 

organize and annotate existing epigenomic plant data?

4. How do we take advantage of the ability to profile epigenomes of specific cell 

types using the INTACT system?
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Figure 1. 
This model is a simplified version of the data that would be uncovered through a 

comparative epigenomics browser. (a) Shorter intergenic space in a smaller, more compact 

genome, such as Arabidopsis, allows for location of DNA elements without the need for 

several data sets. The area in which these elements can be located is restricted. Here, this is 

modeled by peaks for DNA elements in H3K4m3 ChIP-seq (purple) and DNase-seq 

(orange) data sets. H3K4me3 is associated with transcriptional start sites, and DNase-seq is 

associated with promoter regions. They are located between each gene model (green), and 

either data set would clearly define them. (b) Larger genomes, such as maize, can have 

much larger intergenic spaces, as depicted here. These region lengths can make locating 

DNA elements more difficult because data sets may not have a single clear peak. However, 

multiple data sets locating points of consistency can lead to clearer recognition of these 

DNA elements. (c) When comparing related species, important conserved elements, such as 

genes (green), can be easily annotated through sequence identity (black; below both halves 

of the figure) as a percent of the sequence conserved across species. A model is shown on 

the left of the figure. However, there are cases in which sequence conservation is not enough 

to identify important elements, especially in short sequences. A model is shown on the right, 

which could occur in a promoter region. In this example, even though there is low sequence 

identity at the nucleotide level, a combination of conserved methylation data (mC; pink) and 
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H3K9me2 ChIP-seq data (purple) is used to accurately identify an important genomic 

region.
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Figure 2. 
Methylation patterns within gene bodies vary even among closely related species. On the 

left is an approximate phylogeny illustrating the relationships between the shown species. 

On the right are graphical representations of the average gene-body methylation pattern for 

each species broken down by methylation context (CG, CHG, and CHH, where H = A, C, or 

T). The pink lines indicate methylation levels (y axis) across a gene (shown in green; 

location on the x axis). Plants and animals vary drastically across each methylation context, 

with animals, such as puffer fish, lacking CHG and CHH in the gene bodies. Selaginella 

moellendorffii and Physcomitrella patens have a distinct lack of methylation in the gene 

body. Angiosperms again diverge with maize. They show different patterns from rice, 

soybean, and Arabidopsis. These defined differences highlight the need for and the 

unexpected results generated from comparative epigenomic studies.
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