RESEARCH-PGR:Tools for epigenome engineering crops to uncover roles for epigenetic natural variation

PROJECT DESCRIPTION

SPECIFIC AIMS

Natural variation for gene expression levels plays a critical role in controlling plant traits important for
agricultural productivity (1-3). Studies of many plant genomes have revealed that transposable elements
and DNA methylation are frequently associated with natural variation for gene expression (4-8). Over
80% of the maize genome is derived from transposable elements (TEs) and the specific types and
patterns of TEs vary substantially among haplotypes (9-11). There is also evidence for widespread
variation in DNA methylation levels in low-copy regions of the maize genome that is often associated with
changes in the presence of nearby TEs (5, 12-13). The proposed research project would utilize newly
available genomic resources in maize to provide an unprecedented view of the connections between TEs,
DNA methylation and gene expression in a crop plant. In addition, the proposed research would develop
tools to enable the manipulation of these relationships with an eye towards developing new approaches
for engineering crop epigenomes. The research would be fully integrated with activities aimed at training
the next generation of scientists while emphasizing the ability to communicate with the general public.

Aim 1. Document natural variation in DNA methylation, transposons and gene expression [JRI,
KLH, NMS, MV]. The availability of an improved maize B73 reference genome along with a novel
structure-based annotation of TEs in this genome will allow for a substantially improved analysis of DNA
methylation relative to transposons and gene expression levels in the reference genotype. In addition, de
novo genome assemblies are now available for several additional maize genotypes, providing an
opportunity to compare DNA methylation, transposon content and gene expression in multiple lines. The
primary goal of this aim will be to document examples of variation in gene expression among diverse lines
of maize that can be associated with transposon and/or DNA methylation variation. This aim will involve
annotation of TE content in multiple maize genomes and analysis of DNA methylation patterns and gene
expression. In addition, we will use resources available from existing mapping populations to quantify the
role of transposons and DNA methylation in controlling gene expression and plant phenotype.

Aim 2. Determine the role of DNA methylation in controlling gene and TE expression in maize
[CNS, RJS, NMS]. We would like to know which genes and TEs in the maize genome are controlled by
DNA methylation to understand more about the potential roles for DNA methylation in controlling
phenotypes and inheritance in maize. To date, forward- and reverse-genetics efforts have not been
successful in recovering viable plants with strong reductions in DNA methylation, likely due to defects in
proper development. We propose to develop a high-throughput protoplast transformation system to
enable the creation of cell lines with mutations in key DNA methyltransferase genes in maize. These cell
lines would be used for profiling of gene/TE expression and DNA methylation to document which
genes/TEs are controlled by DNA methylation in a single tissue type of maize.

Aim 3. Develop tools for epigenome engineering in crop plants [RJS, CNS, NMS].

While aims 1 and 2 will develop detailed associations between DNA methylation, TEs and gene
expression, they lack the ability to fully document cause and effect relationships between DNA
methylation and expression of genes or transposons. We will develop tools such as CRISPR-dCAS9
fusions that would target methylation or demethylation machinery to specific loci to enable precise
engineering of DNA methylation levels in maize. We will apply these tools to clarify the causal role of
DNA methylation and transposons in influencing gene expression and phenotype.

Broader impacts activities: Developing science communication skills and data/software literacy
[KH/KH]. We will have focused efforts to improve the science communication skills for all members of our
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project. In addition, we will develop online resources and workshops to provide science communication
skills to our scientific community. Our team will also partner with the Data Carpentry and Software
Carpentry initiatives to develop tools for epigenomic analysis and to provide open access to these tools.

RELEVANCE AND JUSTIFICATION

Gene expression levels and patterns are critical for controlling phenotypes. The genomes of maize and
many other crops consist of islands of genes interspersed with TEs. Research in model species has
revealed distinct types of chromatin at genes and TEs. A key question is how crop species manage to
maintain proper regulation of gene expression despite the close proximity to TEs with silenced chromatin.
In particular, the diversity of TE content within species highlights the potential for TEs to generate
expression diversity through genetic or epigenetic mechanisms. The proposed research would provide
an unprecedented view of the relationship between TEs, DNA methylation and gene expression. In
addition, this project would develop tools and resources to enable the targeted manipulation of DNA
methylation at specific loci in crop plants.

The proposed research fits well with several of the PGRP areas for research and tool development. Our
project fits within the “Genotype to Phenotype” research area as we would be documenting the role of
genetic variation for TEs and epigenetic variation for DNA methylation in influencing gene expression and
phenotype. We would also be addressing the “Genomes by Epigenomes by Environment Interactions”
research theme in the proposed research. While our research would be more focused on the genomes
by epigenomes interaction we would develop key data resources that could be extended to environmental
interactions in future studies and our evaluation of the impact of TEs and methylation on phenotype will
take advantage of mapping populations grown in multiple environments. The proposed research would
also develop “Breakthrough Technologies” for high-throughput CRISPR application in cell cultures and for
targeted epigenome engineering. These technologies could have widespread applicability to address a
number of basic and applied research questions beyond the specific uses in our proposed research
project. The successful completion of our project would also involve work in the areas of “Data
Challenges” and “Visualization”. In order to compare multiple de novo genome assemblies we will face
challenges in how to anchor the comparisons between distinct genomes. This will provide significant
challenges in terms of data analysis and visualization and the methods that are developed for this work
will be made available through Cyverse or other sources.

RESULTS FROM PRIOR WORK

NSF-PGRP 10S-1237931 “Causes and consequences of epigenetic variation in maize.” $2,724,265.
Dates: Oct 1 2012 - Sept 30 2016, No-cost extension through Sept 30 2017. PI: Springer; CoPls
Vaughn, Lisch, Makarevitch. [ntellectual merit: This focused on developing tools for characterizing
genome-wide DNA methylation patterns in maize and applying these tools to study the factors that
influence DNA methylation. We developed robust approaches for generating and analyzing whole-
genome methylation data for maize, a crop species with a large, complex genome. We also developed
tools for performing sequence-capture bisulfite sequencing to reduce costs and enable population-level
scans of DNA methylation. These tools were successfully applied to document changes in methylation in
populations of maize, plants derived from doubled haploids, teosinte and maize plants subjected to
abiotic stress. To date 13 publications have resulted from this project (5, 13-25) and the data produced
by this project has been made publicly available through NCBI SRA. Broader impacts: The project has
supported the training of 9 undergraduates, 4 graduate students and 6 postdoctoral researchers including
4 from underrepresented groups. In addition, we have developed tools and data resources that are being
widely used by the research community. The results of this work have been important in developing
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proper frameworks to consider how to include epigenetic information in public and private crop breeding
programs. The project has also supported outreach efforts to K-12 students and the general public.

NSF-PGRP MCB-1339194 “Comparative-, Functional-, and Epi-Genomics of Legumes and Nodule
Formation.” $2,530,455. Dates: Nov 1 2013 - Oct 31 2017. PI: Jackson; Co-Pls Schmitz, Libault.
Intellectual merit: This project develops genomic resources across three legume species (Glycine max,
Phaseolus vulgaris and Medicago truncatula). This project will reveal natural variation in DNA methylation
and identify regions targeted by the RNA-directed DNA methylation-silencing pathway. This proposal also
is studying single-cell type epigenomes of root hairs and on cell types sorted from nodules. Over 11
publications have resulted from this support (14, 26-36). Broader impacts: Two graduate students and
two hosted undergraduate interns from URMs have been trained to learn experimental/computational
biology. PI Schmitz also co-organized and led a workshop/career development panel in New Mexico to
URM undergraduates from around the state.

NSF-PGRP 10S-1238014 “Biology of Rare Alleles in Maize and Its Wild Relatives” $13,311,185 ($3.2M to
Ross-Ibarra). Dates: May 15 2013 - April 15 2018. Pl Edward Buckler, co- Pls J. Doebley, J. Holland, S.
Flint-Garcia, Q. Sun, S. Mitchell, J. Ross-Ibarra. Intellectual merit This project has developed accurate
imputation approaches, found evidence for the importance of deleterious variants and non-genic
polymorphisms in heterosis and GWAS, documented differences in recombination among the parents of
the NAM population, developed methods to annotate transposable elements in plant genomes,
demonstrated the utility of a priori identification of deleterious alleles in genomic prediction, and found
population genetic evidence suggesting the importance of demography and purifying selection across the
genome. The grant has so far produced >30 publications including references (19, 37-48) from CoPI
Ross-lbarra. Broader impacts The project has included 12 postdoctoral and 12 graduate trainees,
including 4 former trainees of CoPIl Ross-Ibarra all of whom have gone on to careers in science in
industry, USDA, or as faculty. The grant also funded GBS workshops and a traveling maize exhibit as
well as an on-line maize evolution resource for teachers.

NSF-PGRP 10S-1546708 “Meeting on Transformation-Enabled Genomic Research in Crop Plants”
$68,583 PI Fredy Altpeter, coPls Stewart, Springer. [ntellectual merit: The crop genetics community has
serious bottlenecks related to the production of transgenic plants. The costs are quite high and there is
limited capacity in the community. This meeting brought together a group of plant transformation experts
from academia and industry as well as plant genetics researchers that utilize transformed plants. A
perspective paper summarizing the current state of plant transformation and needs for the community
was published (49). Broader impacts: This effort was focused on providing information to help the
funding agencies and research community identify key opportunities for improving plant transformation
capacity and efficiency. A white paper was provided to federal agencies highlighting these opportunities.

coPIs Happe and Hertweck do not have prior NSF support.

BACKGROUND AND PRELIMINARY DATA

The proposed research would focus on characterizing the connections between DNA methylation, TEs
and gene expression in maize. In contrast to Arabidopsis, maize has a large genome with abundant TEs
interspersed with genes. While work in Arabidopsis has highlighted the potential for transposons and
DNA methylation to contribute to epigenetic diversity, we might expect an even greater role in maize. The
increase in heterochromatin, TE content (9) and differences in patterning of the methylome between
maize and Arabidopsis (22, 24) highlight the importance of performing these studies in maize. Here, we
highlight background information and preliminary data from our groups on DNA methylation and TEs and
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describe preliminary work on developing high-throughput transformation systems and methods for
epigenome engineering.

Mechanisms controlling DNA methylation (maize genes) and lessons from mutant alleles: DNA
methylation refers to the methylation of the 5’ carbon of cytosine bases in many eukaryotic genomes.
There are several different classes of enzymes that utilize distinct pathways for adding DNA methylation
and they tend to act at slightly different contexts. The main pathway for maintenance of CG methylation
involves the MET1 gene in Arabidopsis (reviewed by 50-51). CG sites are symmetrical across the two
strands and hemi-methylated sites resulting from DNA replication are the preferred targets for MET1,
providing a mechanism for inheritance of CG methylation patterns following DNA replication. The CMT3
enzyme in Arabidopsis and relatives in other species are responsible for the bulk of CHG methylation.
CHH methylation at heterochromatin/euchromatin boundaries is maintained by the complex RNA-directed
DNA methylation (RdDM) pathway which involves the DRM methyltransferase (52). CHH methylation
within large heterochromatic regions is maintained by CMT2 in Arabidopsis (53). The chromatin
remodeling gene DDM1 also plays a critical role in maintaining DNA methylation in the Arabidopsis
genome (50). Maize contains orthologs for each of these genes except CMT2 (16, 53). Loss-of-function
mutations have been isolated for several maize methyltransferase genes and some of these exhibit
partial reductions in DNA methylation in specific contexts (16). In addition, forward genetic screens for
factors required for paramutation or transgene silencing have recovered mutations affecting the RdADM
pathway and many of these mutations affect CHH methylation at specific loci. A number of genes in this
pathway have retained paralogs from the maize whole-genome duplication event, and it seems likely that
these paralogs have partially redundant function (16). Segregation analysis suggests that double mutant
gametes are viable but there is evidence for early abortion of developing seeds, consistent with RNAi
experiments that were able to reduce DNA methylation in cell cultures but could not be regenerated into
plantlets (16). Similar results in rice (54) suggest that many crop species will not tolerate massive
reductions in DNA methylation without severe phenotypic consequences.

Natural variation for DNA methylation: Rapid technology improvements in DNA sequencing have enabled
the description of many plant methylomes. Recent work from the Schmitz group documented similarities
and variation in the methylomes of 34 plants species (36). The 1001 epigenomes project in Arabidopsis
documented natural variation for DNA methylation in a very large set of Arabidopsis ecotypes (55). While
we continue to learn about natural variation in DNA methylation and its inheritance in a variety of plant
species we will focus our discussion on recent results in maize. The methylome of maize is quite distinct
from that of Arabidopsis (22, 24) and the massive increase in TE content (9) provides additional
opportunities for TE induced natural variation (12). The first genome-wide comparison of DNA methylation
between maize inbreds (using meDIP-microarray approaches) revealed many loci with quantitative
differences in DNA methylation (56). Further analysis of additional inbreds revealed thousands of
differentially methylated regions (DMRs) (5). Many of these DMRs appeared to be stably inherited in
biparental populations and to be significantly associated with nearby SNPs (5, 15) or TE insertions (12),
though at least some evidence suggested that DMRs can occur in the absence of any nearby genetic
changes (56). Regulski et al. (57) provided the first context-specific analysis of variation in DNA
methylation between B73 and Mo17 using whole-genome bisulfite sequencing (WGBS). A similar
analysis provided context-specific information on DNA methylation in 5 diverse inbreds (17). In maize,
DMRs frequently involve differences in both CG and CHG methylation, with fewer involving only CG or
CHG sites. CHH methylation tends to be found at lower levels in the maize genome and is found in fewer
DMRs. These studies have provided many examples of altered levels of DNA methylation, including
some that could be associated with polymorphic TEs (12) or altered levels of gene expression (5,17). To
date, however, generalizing these results to the entire genome and to other inbred lines has been limited
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by the quality of the genome assembly, the quality of TE annotations and the lack of de novo assemblies
for other inbreds.

TE: New annotation methods and evidence for polymorphisms: Although TEs comprise the majority of
DNA in the maize genome (9, 58), previous understanding has focused on consensus copies of elements
found at high copy numbers, and inference was extended to the whole genome by searching for similar
sequences using RepeatMasker (59). While these homology-based approaches identify most repeated
bases, they often fragment TE annotations and split intact TE insertions into multiple pieces, often
identified as belonging to distinct TE families. To understand the impact TEs have on local patterns of
gene expression and methylation, identification of full-length TE copies is essential to address their
polymorphism among genotypes and identify their proximity to variant genes and DMRs.

The Ross-Ibarra group has developed an alternative, de novo approach that does not rely on prior
information from known TE copies. Instead, the method takes advantage of the biology of transposition
and knowledge of TE structure to identify both intact full-length TEs as well as fragments (e.g. solo LTRS)
and nested insertions. Structural features such as the long terminal repeat of some retrotransposons,
target site duplications (TSDs), and features necessary for the initiation and progression of reverse
transcription like primer binding sites and polypurine tracts occur at recognizable distances from each
other and can be identified in primary sequence data without pre-specification of TE homology. This
structural approach comprehensively recovers intact TEs that have landed at a particular location in the
genome, and as such is able to identify TE copies that can be used to answer questions about the
functional relevance of individual insertions. Comparison of this novel automated approach with hand-
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Our current understanding of the contribution of intact TEs to variation among maize genotypes comes
from haplotype differences in TE content in limited genomic regions (10-11, 61). Work from the Ross-
Ibarra group has extended these inferences genome-wide using the structural annotation of the B73 v4
genome and applying approaches developed for identifying new TE insertions in non-reference
genotypes (62-63). Preliminary analysis of short-read sequence from the inbred line Oh43, for example,
has identified thousands of TE insertions not present in the reference B73 genome.
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Maize protoplast transformation system: description and evidence of feasibility: The proposed research
would utilize transformed cell lines of maize to study the roles of DNA methylation and to develop
epigenome editing tools. Recently, an automated plant protoplast extraction and
transfection/transformation platform has been developed in CoPI Stewart’s lab that uses a 96-well plate
platform for robotic plant single cell assays (64). The system uses inexpensive enzymes to digest cell
walls (65) and the robot distributes cells into plates, where the time to transfection is as little as 4 hours
(64). A number of species (tobacco, switchgrass, maize, soybean) and tissues (suspension cell cultures,
callus, intact leaf segments) have been successfully processed on the robot. Transformed cells can be
analyzed using an integrated plate reader for fluorescence. The plate reader is tunable for custom
excitation and emission, which enables multiple fluorescent proteins (FP) to be used and read
simultaneously. For example, we have recently used a dual FP plasmid (containing constructs producing
green and orange FPs) for screening dual promoters in a relatively recalcitrant species: Arundo donax
(66). In this system, one FP is driven by a constitutive promoter to act as an internal standard for
normalizing fluorescence while a second FP is used as a readout for promoter strength. A similar system
(we now have 9 FPs that can be used) can be employed in the maize to standardize selection and
transformation. After screening for transformation, cells can be sorted, proliferated, and further analyzed
for the traits of interest.

Approaches for epigenome engineering and preliminary data from Arabidopsis: One thrust of the
proposed research is to develop methods to site-specifically engineer DNA methylation states in plant
genomes to identify causal relationships between differential DNA methylation and traits of interest. An
ideal platform would allow easy targeting to diverse sites within plant genomes and effective addition or
removal of DNA methylation at these sites. In addition, ideal systems might result in newly engineered
methylation states that are inherited stably over generations, enabling the development of novel allelic
variation. Directed DNA methylation has been achieved in plants using a zinc finger as a sequence-
specific guide fused with SUVH2 (67) which recruits RADM activity. However, the ability to quickly target
zinc-finger systems to diverse sequences is limited. CRISPR/dCAS9 fusion systems could allow more
efficient targeting of proteins or biochemical activities to genomic regions. This has recently been
achieved in animals by fusing sequence-specific guides such as TAL/dCAS9 to enzymes such as
DNMT3A/TET1 that catalyze the addition/removal of DNA methylation (68), but there are no published
reports on the use of CRISPR for targeting DNA methylation or demethylation activities in plants.

The enzymes/mechanisms required for establishment and maintenance of DNA methylation share
similarities between plants and mammals. However, mechanisms for DNA demethylation are more
diverse. The major mode of DNA demethylation in plants utilizes enzymes involved in base-excision
repair such as ROS1 and DEMETER. However, DNA demethylation in mammals utilizes the family of Tet
methylcytosine dioxygenases, which hydroxylate 5-methylcytosine into 5-hydroxymethylcytosine and
subsequently into 5-formylcytosine and 5-carboxylcytosine, which is then removed by base-excision
repair. Tet enzymes are not found in plant genomes, but preliminary data from CoPI Schmitz
demonstrates that expression of Tet1 from humans in Arabidopsis thaliana leads to widespread loss of
DNA methylation (Figure 2). Therefore, the fusion of Tet1 to sequence-specific guides could provide a
powerful tool to site-specifically engineer DNA methylation states in plant genomes. Based on these
preliminary results we will plan to over-express Tet in maize cell lines to reduce DNA methylation and will
also use fusions of Tet or maize ROS1 orthologs in an attempt to perform targeted demethylation.
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Figure 2. Overexpression of TET1 induced global CG demethylation in A. thaliana. (A)
Bar graph of global methylation levels in two Col-0 WT replicates and two 35S:TET1 transgenic
individuals. (B) Metaplot of CG methylation levels (100 kb windows) across five A.
thaliana chromosomes. Metagene plots of CG methylation level across (C) gene bodies and
(D) transposable elements. (E) Expression level (FPKM) of TET7 in Col-0 WT and 35S5:TET1
transgenic plants.

RESEARCH PLAN

The proposed research will involve collaborative efforts focused on several themes. The first aim will
focus on developing a comprehensive understanding of the relationship between natural variation in DNA
methylation, TE content, gene expression, and phenotype using de novo genome assemblies and
existing mapping populations. The second aim will document the role of DNA methylation in controlling
gene and TE expression in a cell culture system. These two aims will develop a number of hypotheses
about the roles of DNA methylation in controlling the expression of specific alleles or specific TE
insertions. The third aim will develop systems to test these hypotheses through targeted modification of
the maize epigenome.

Aim 1. Document natural variation in DNA methylation, transposons and gene expression [JRI,
KLH, NMS, MV]. As described in the preliminary data, the Ross-Ibarra group has developed approaches
for performing structural annotations of TEs in the maize genome and has applied these methods to the
recently improved B73 reference genome (60). The Ross-lbarra and Springer groups are currently
preparing a manuscript that will describe genomic distributions, evolutionary history and functional
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characteristics such as expression and chromatin state for each family of TEs present in B73. The
Springer and Vaughn groups have developed approaches for whole-genome methylation profiling and
have generated profiles for over 20 inbred lines of maize. These approaches will be combined to provide
a detailed analysis of variation in a set of maize inbreds with de novo genome assemblies. We will then
utilize additional populations of maize with existing genomic resources to test the associations between
DNA methylation, TE content, gene expression, and phenotype.

1.1 TE discovery and impacts across de novo assembled maize genomes. Several groups are preparing
de novo genome assemblies (http://www.maizegdb.org/genome/assemblies overview for the current list)
for additional maize genotypes. Some of these, such as PH207 (69) and CML247 (70) have been
published. Others (B104, W22, Mo17) are publicly available under limited use restrictions until
publication or have been provided to our group (TIL1, TIL11 - Hufford letter), and several additional
genomes still being assembled will be shared when available (PHJ89 - Kaeppler letter). In addition, it is
widely anticipated that additional genotypes will have assemblies augmented with long-read technologies
within the coming 1-2 years. The Ross-Ibarra group will perform structural annotation of TEs in each of
these genomes using the pipelines described in Ware et al. (60). Variation in TE content at specific loci
will be documented with particular attention to variation in which TEs are located closest to the same
gene in different haplotypes.

The Springer and Vaughn groups will use methods as described in Li et al. (17) to generate ~20X
coverage methylomes for each of these genotypes using DNA collected from the third leaf (this has
already been completed for B73, Mo17, PH207 and W22). Much of our analysis of DNA methylation
focuses on comparing methylation in 100bp tiles across the genome. We will develop tools for cross-
referencing 100bp tiles between different assemblies in order to allow for discovery of DMRs among each
of these genotypes. RNAseq data (~15M reads for 3 biological replicates) will be collected for four
different tissues (control seedling, heat-stressed seedling, embryo, endosperm) for each of eight
genotypes (B73, PH207, W22, CML247, Mo17, B104, PHJ89, TIL1, or other genotypes with high-quality
assemblies that are released in the coming year) to comprehensively document variation in gene
expression levels in the inbred lines. We will also perform RNAseq to analyze allele-specific expression
in the seven F1 genotypes generated from crossing each genotype to B73 to confirm that changes in
gene expression are due to cis- rather than trans-acting differences (71). In addition, we will use
approaches recently developed in Pl Springer’s group to quantify the expression of each TE family (using
both uniquely and multiple-mapped reads) in all genotypes.

A coordinate analysis of the three datasets (TE content in each genome; expression levels of genes and
DNA methylation levels) will be performed to assess the relative roles of TE and DNA methylation in gene
expression variation. A primary goal is to identify (epi)haplotype variation in maize that drives changes in
gene expression. We would like to identify and characterize examples for three different types of
variation: (1) gene expression differences associated with nearby DNA methylation changes but no TE
polymorphisms, (2) gene expression differences associated with nearby TE polymorphisms without
changes in DNA methylation and (3) gene expression differences associated with both TE polymorphism
and altered DNA methylation. Preliminary work (17) focusing on DNA methylation and gene expression in
five maize inbreds identified numerous examples of genes that exhibit altered promoter methylation and
altered gene expression (heavily methylated allele was silent or lowly expressed), but could not assess
TE polymorphisms. Our targeted analysis of the eight maize genotypes with de novo genome assemblies
will be used to document examples of gene expression variation that can be associated with either DNA
methylation or TE variation.
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1.2 Assess the connections between TEs or DNA methylation and gene expression in maize association
panels or mapping populations. The availability of de novo genome assemblies will provide opportunities
to document TE variation that can be difficult to detect solely through short-read resequencing. However,
once TE polymorphisms have been documented among these eight genomes, existing short read data
can be used to determine the presence or absence of a particular insertion in other genotypes. There are
several populations of maize that have substantial resources for genotyping and expression. The NAM
population (72) includes 26 diverse parents as well as 5,000 RILs. The 282 population (73) includes 282
diverse maize inbreds and the WiDiv population (74) includes over 500 maize inbreds that can grow to
maturity in the upper midwest. For each of these populations the parents have existing whole-genome
shotgun short read data that can be used to determine the presence or absence of TE insertions
identified in the de novo assembled genomes. In addition, there is existing RNAseq data for each of
these populations (75), which will allow for an evaluation of the association between the presence of a TE
and expression levels of nearby genes. By independently evaluating the relationship between TE
presence and gene expression in multiple panels we can identify robust associations that are replicated in
multiple populations.

We also wish to assess the relationship between presence or absence of a TE and DNA methylation in
nearby regions. We currently have WGBS data on 27 maize inbreds including 12 of the NAM parents
and additional lines from the 282 panel. For this project we will perform WGBS on an additional 40
genotypes including the remaining NAM parents as well as a subset of lines that are represented in both
the 282 and WiDiv populations. The selected lines will include genotypes that represent diverse
germplasm or key founders in breeding programs. In total we will have WGBS for over 60 maize
genotypes which will be used to identify DMRs. We will focus on comparing the relationship between
DNA methylation levels in haplotypes containing a TE insertion relative to haplotypes without the insertion
to assess the potential impact of TEs on methylation of nearby regions. We will also perform a
comparison of the DNA methylation levels and gene expression levels in these genotypes. While our
focused analysis of the 8 genotypes with de novo assemblies can provide important clues to the
association between TEs or methylation and gene expression, the in-depth analysis of 60 diverse
genotypes will provide a much more powerful analysis of these associations.

An additional experiment will be performed to assess whether the nearby TEs or DMRs are associated
with expression of nearby genes. The NAM population (76) provides a very large population with multiple
crossovers per gene. We will search for lines in this population that contain crossovers that occur
between a gene of interest and a nearby DMR or polymorphic TE. Lines containing these crossovers will
be used for targeted analysis of DNA methylation, TE content and DNA methylation, providing additional
support for a role for variation in the region containing the TE / DMR in influencing gene expression.

1.3 TE impacts on phenotype. While activities 1 and 2 allow investigation of the impacts of TE activity on
patterns of methylation and gene expression, ultimately we are interested in understanding the
importance of each of these on phenotype. Maize is an excellent system for identifying phenotypic
associations thanks to the existence of a number of extant mapping populations with both genotype
(whole genome sequence of individuals or founders) and phenotype. We will take advantage of
phenotypic data in the NAM (72), WiDiv (74-75), PVPdiallel (48), 282 (73), Magic (77), and an
unpublished set of populations from CoPI Ross-Ibarra and colleagues that includes 200 sequenced
landrace/teosinte parents and 20,000 genotyped and phenotyped progeny. In each population we will
use two approaches to associate TEs to phenotype. First, we use short-read sequencing data from the
parents to identify TE presence/absence polymorphism, then impute these polymorphisms to the progeny
to perform a standard genome-wide association (GWA). This will allow rapid identification of TE
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insertions with large effect on phenotype. Second, we will use simple mixed models to partition
phenotypic variance to different subsets of the genome (78). While this latter approach does not allow
identification of individual TEs or DMRs that are responsible for phenotypic change, it provides a
comprehensive assessment of the explanatory power of particular types of polymorphism. Recent
applications of this approach to maize have demonstrated that open chromatin -- as measured by MNase
hypersensitive sites -- is profoundly enriched for functional variation (79) and that maize subgenomes
differ in their functional relevance across dozens of phenotypes (80). For some of these populations
(NAM, 282), additional expression and methylation data will allow us to investigate the impacts of
individual insertions associated to phenotype as well as refine genomic subsets to be tested. A set of the
most promising associations from these analyses will be validated experimentally by growing RILs from
these populations with and without the insertions of interest in multiple different environments and
document the impact of the insertion on expression, methylation, and phenotype.

Pitfalls and alternative approaches: The majority of work in this aim has been successfully performed on
B73 or using other traits. The TE annotation pipeline can easily be applied to other genotypes. While the
quality of the annotation will depend on the quality of these additional de novo assemblies, TE insertions
in genic regions of the genome are both the easiest to assemble and those of greatest interest,
suggesting that genome quality will not unduly limit our investigation. We have substantial experience in
generating and analyzing WGBS and RNAseq data and do not anticipate difficulties in generating these
datasets. We recognize that the repetitive nature of many maize TEs can result in difficulties in achieving
unique alignments. For DNA methylation we are primarily interested in how the TEs affect methylation of
flanking sequences which are usually lower copy and therefore can be assessed. For expression, we
have developed approaches to estimate expression per TE family rather than per locus, which permits
the use of multiple-mapping reads. There will be some complications in developing direct comparisons of
expression or methylation between genotypes due to differences in gene content among maize
genotypes. However, we have experience working on these comparisons with B73 and PH207 and
expect to have tools that will allow for robust comparisons for much of the genome along with targeted
analysis of genotype-specific segments in each line. Finally, the mixed model approaches for quantifying
phenotypic impact are likely underpowered, providing only a conservative estimate of associations
between our molecular traits and phenotypic traits. Given our preliminary data and expertise we do not
anticipate major issues in this aim and expect to provide the most comprehensive analysis of variation in
DNA methylation, TEs, gene expression and traits in a crop species to date.

Aim 2. Develop cell culture lines with reduced methylation to assess the role of DNA methylation
in gene and TE regulation in maize [CNS/ RJS/ NMS]. Previous research has suggested that severe
perturbation of the maize methylome has major fitness consequences for maize. We have not been able
to recover double mutant lines for duplicate copies of the maize CMT3 or DDM1 orthologs (17). In maize
many attempts were made to reduce DNA methylation through RNAI targeted silencing of MET1, but
while cell cultures with reduced methylation could be recovered, transgenic plantlets expressing these
RNAI constructs were never recovered (17), suggesting that major reductions in DNA methylation might
be permissible in cell lines but not in developing plants. We propose to study the role of DNA methylation
by developing cell lines with compromised DNA methylation machinery. One major concern is that cell
cultures in rice and maize exhibit altered methylomes relative to other tissues (81-82). It is worth noting
that these studies found that the majority of the methylome is unchanged but there are hundreds of
regions with reproducible changes in DNA methylation. Therefore, it will be critical to include proper
controls to document the background effects of tissue culture relative to the specific effects of particular
mutations. Our hope is that by studying cell cultures with major perturbations to DNA methylation levels
we can identify specific genes and TEs that require DNA methylation for silencing in maize. By focusing
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on genes or TEs that are normally methylated in B104 but become demethylated and expressed following
a perturbation of the DNA methylation machinery we hope to identify the direct targets of DNA
methylation in the complex maize genome.

2.1 Optimize a high-throughput protoplast isolation and transformation system for maize and characterize
methylome and transcriptomes of control cell lines. The Stewart group has successfully developed a
robust protoplast isolation system for switchgrass and has preliminary success implementing a similar
system in maize. We plan to focus the efforts in this aim on genotype B104, as this line is known to be
culturable and can be used to regenerate plantlets and has a de novo genome assembly (currently
available for download at http://www.maizegdb.org/genome/assemblies overview under Toronto
agreement) that will be improved in the near future with PacBio reads. In addition, >90% of the B104
genome is identical-by-descent to the very well-assembled B73 reference (83). This means that for the
majority of the genome we will have a very high-quality assembly and annotation. Maize mesophyll
protoplasts will be isolated and transformed according to previously established protocols with slight
modifications (84-85). Embryogenic callus will be initiated from surface-sterilized immature embryos and
subsequent cell suspension cultures will be established as previously described (86). Protoplasts will be
isolated using food-grade enzymes (65) and intact protoplasts will be purified from cellular debris using a
23% sucrose gradient. For protoplast transformation, approximately 1x105 protoplasts will be added to a
round bottom tube along with 20-30 pg of plasmid DNA and an equal volume of 40% PEG solution. After
transformation, the protoplasts will be washed to remove the PEG and will be resuspended in incubation
solution. Fluorescent protein tagging will be used in a plate-based detection assay. All steps from
protoplast extraction to fluorescent protein analysis will be performed using the transformation robot (64).
Transgenic protoplasts that are destined for plant regeneration will be collected by centrifugation and will
be regenerated following the methods of Rhodes et al (87). Transgenic cultures, as determined based on
a screenable FP marker, will be shipped to team members and used to perform targeted methylation
profiling using a sequence-capture bisulfite approach developed by the Springer group (13) to reduce
cost ~20-fold relative to WGBS. The current implementation of this approach allows for the profiling of
15Mb of the maize genome with ~10M 100bp PE reads. The 15Mb includes several thousand sites that
survey regions of high, low and variable methylation and can be used to document changes in DNA
methylation. We will perform targeted profiling of 12 independent cell lines that have been transformed
with a selectable marker to assess the stability of DNA methylation at these regions in tissue culture.
RNAseq will be conducted on the cell lines to document the robustness of gene and TE expression
among independent cell cultures.

2.2 Generate and characterize cell lines with compromised DNA methylation machinery. CRISPR-Cas9
constructs will be developed to target conserved regions of the maize CMT orthologs (Zmet2/5), the
maize DDM1 orthologs (Chr101/106), the maize DRM orthologs (Zmet3/7) and the maize MET1 orthologs
(tandem duplicates of Zmet1). In each case it is possible to develop multiple gRNAs that would have
100% sequence identity to both copies of these genes. We will perform stable transformation with a
vector containing the gRNA and Cas9 along with a selectable marker. We recognize that gene editing
technologies are rapidly advancing and we will make use of new developments as appropriate for ideal
vector construction. For example, new systems enable the use of multiple gRNAs in a single vector (88)
and these could improve our ability to recover targeted mutations. 96 independent transgenic cell
cultures will be developed on plates from single cell founders for each construct and a small portion of
callus will be used to perform FASTmC (89) to identify cultures with altered methylomes. FASTmC is a
highly scalable low cost method to screen for genome-wide changes in methylation, as it can be done
with ~10,000 sequencing reads, allowing for screening of many lines at once with a quick read-out for
functional changes. Cell lines with altered methylation levels will be identified and grown into larger
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cultures. We will collect DNA for sequence capture profiling of DNA methylation and RNA for
transcriptome profiling from at least six independent events for each of four constructs and from a
defective CAS9 (dCAS9) control. We will also perform WGBS for two of the events for each construct to
provide a high-resolution view of DNA methylation changes in these loss-of-function lines. The results
will be analyzed to document changes in gene or TE expression in lines with strongly reduced DNA
methylation and we will make use of the controls from aim 2.1 to make sure that observed changes are
specific to loss-of-function lines.

2.3 Attempt to recover plants with reduced DNA methylation levels. While the use of cell culture systems
provides an avenue to study the role of DNA methylation in maize it would be ideal to have viable maize
plants with severely perturbed DNA methylation as well as having mutant alleles for individual genes in
order to study the role of DNA methylation in plant traits. We will select several cell culture lines with
moderate to severe reductions in DNA methylation and attempt to regenerate plantlets. It is possible that
plants with partial loss-of-function alleles could be viable and provide reductions of 30-70% of genomic
methylation levels. If we can successfully recover these plants, we will perform methylation profiling and
expression analyses on vegetative tissues to assess whether similar genes are regulated by DNA
methylation in callus and other tissues. If this is not successful we will isolate cell cultures that are
heterozygous for loss-of-function alleles and regenerate these plants in attempts to generate
homozygous materials (embryos or plants) through self-pollination.

Pitfalls and alternative approaches: Aim 2.1 is feasible. The Stewart group has had success in applying
their high-throughput protoplast isolation and transformation system to a number of monocots, including
maize. We anticipate the need to do some work to optimize the system for the genotypes we will need to
use in this project. The molecular characterization of these lines will use techniques that are frequently
used in the Springer and Schmitz groups. The activities in aim 2.2 have some potential risk. It will be
important to sub-culture some of the transformed events to get genetically homogenous populations of
cells that have undergone deletions at all four targeted loci/alleles. This will allow us to perform a robust
analysis of alterations in DNA methylation and expression in null lines. There is a potential that cell lines
with null alleles will be inviable or have slower growth. We intentionally included the DRM genes
(Zmet3/7) as targets given the fact that null mutants in other RADM components are viable in maize. If
we are successful with this construct but not MET, CMT or DDM it will suggest that strong perturbations of
DNA methylation result in reduced viability even in cell cultures. This would necessitate the creation of
inducible alleles and we could work towards developing this type of allele. We may find that cell cultures
with strongly reduced methylation are viable but that they cannot be regenerated into plants in aim 2.3.
This would necessitate regenerating heterozygous events or partial loss-of-function alleles.

Aim 3. Develop tools for epigenome engineering [RJS/CNS/NMS]

Although aims 1 and 2 will develop very strong information on potential connections between DNA
methylation, transposons and gene expression, they lack the ability to fully document cause and effect
relationships between DNA methylation and expression of genes or transposons. An EAGER has been
awarded to the Schmitz group to develop the use of DNMT3/Tet1 to add/remove DNA methylation in a
targeted manner using yeast and Arabidopsis thaliana as model systems. In this aim we will build on the
lessons learned from these model systems as we expand the repertoire of enzymes used to develop
targeted engineering of DNA methylation levels in maize to further enable our studies. These tools would
also be useful for epigenetic recovery of silenced transgenes or other applications in a variety of crop
species.
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3.1 Develop tools for targeted methylation. A CRISPR-dCas9 will be fused to SUVH2 or other RdDM
components in an attempt to target RADM activity in maize. This activity will be focused on cell culture
systems and stable transgenic cell lines will be recovered. The maize genes that are homologous to
SUVH2 (GRMZM2G025924) or DMS3 (GRMZM2G309152) will be fused to dCAS9. The gRNAs will be
selected to target promoter regions of genes that are unmethylated in B104 but have high levels of
methylation in other haplotypes. We will include examples with and without 24nt sSRNAs. Targeted
methylation analysis will be used to document DNA methylation at these loci in at least 8 events per
construct. For cell lines with novel methylation at the target locus we will also perform gRT-PCR to
assess any potential changes in gene expression. We will also perform WGBS in several lines to assess
off-target effects. Several lines with successful inductions of locus-specific methylation will be
regenerated into plantlets and the inheritance of the acquired methylation will be assessed for one or two
generations following segregation of the transgene.

3.2 Develop tools for targeted demethylation. 1t may be more useful for many epigenome engineering
applications to target demethylation activities in an attempt to activate gene expression. Monocots
contain orthologs of the DNA glycosylases ROS1 and DML3 that are present in Arabidopsis but lack
orthologs of DME (90). We plan to develop constructs that target the expressed ROS1 ortholog
(GRMZM2G422464) or DML3 ortholog (AC234169.1_FGP003) as well as the mammalian TET1 fused to
a dCas9. The gRNA targets will include 5 loci that have high levels of DNA methylation for the B104
allele but low levels of methylation in other haplotypes. Some of the target loci will include nearby TE
polymorphisms whereas others will exhibit a DNA methylation change with no nearby sequence change.
A similar experimental design will be employed as in activity 1 of this aim. Multiple events will be
assessed for each construct with targeted methylation and expression analysis. A small set of successful
events will be used for WGBS to evaluate off-target effects and some events will be regenerated to
document inheritance of the demethylated allele in the absence of the transgene.

3.3 Apply these tools to perform coordinate demethylation of TE families. One particularly attractive
option would be to target demethylation activities to the TIRs or LTRs for a family of transposons. We will
identify six families of transposons and develop gRNAs to target the LTRs or TIRs of these families. The
families will be selected to include families that are reactivated in cell lines with reduced methylation,
exhibit evidence for impacts on expression or phenotype in aim 1 or exhibit evidence for recent
movement in maize populations. We anticipate using a combination of multiple gRNAs in a single vector
(88) in an attempt to achieve strong recruitment of the demethylase activities to the LTR. This analysis
will focus on families with 3-20 elements to allow specific testing of the methylation of multiple edges and
potential influences on nearby genes. Multiple independent cell cultures expressing these 6 constructs
will be isolated and used to perform Chop-PCR (using restriction enzymes affected by methylation)
assays to assess whether the LTRs exhibit reduced methylation. Cell lines with reduced methylation will
be selected for characterization and regeneration. We will characterize expression of the TE and nearby
genes in cell cultures. In addition, regenerated plants will be used to study inheritance of reduced
methylation, TE movement, expression of the TE and nearby genes.

Pitfalls and alternative approaches: This is clearly the highest risk aim in the proposal. We fully recognize
that there are a number of technical and biological hurdles to the successful completion of this aim. While
prior work in Arabidopsis has demonstrated the ability to recruit RADM activities to a single locus in
Arabidopsis using a Zinc-finger fusion (67) it could be difficult to adapt this system to CRISPR/dCAS9
targeting and other loci may be recalcitrant. In addition, while targeted demethylation has been described
in mammalian systems it has not been described in plants to date. Despite these risks, we argue that it is
critical to begin work to develop these tools to enable epigenome engineering approaches in plants. We
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feel that our approach (focusing on a high-throughput cell culture system, using rapid molecular assays
for screening events and targeting naturally variable loci) provides ideal opportunities for developing this
system. We anticipate that during the coming year there will continue to be rapid developments in the
basic CRISPR/genome editing technologies and we will take advantage of these. In addition, we
anticipate that work in mammalian systems or Arabidopsis will highlight important features in the design of
constructs or selection of targets and we will use this information to guide or efforts.

BROADER IMPACTS OF THE PROPOSED WORK

The proposed work will consider a range of broader impacts. The development of resources for
engineering crop epigenomes will address basic research questions as well as open new avenues for
crop improvement. Improving our ability to engineer crop epigenomes could help improve transgene
expression or alter traits in a non-genetically modified fashion. The proposed work will include effective
training of undergraduates, graduate students and postdoctoral researchers. A complete description of
the mentoring plan for these individuals is included in the additional documents (A-5 and PDM). In this
section we will highlight several novel activities that will occur in the proposed work with the aim of
improving science communication skills and training in computational approaches. These activities will
be spearheaded by coPls Happe and Hertweck but members from all groups will be involved in each of
these activities.

Science communication development workshops: The ASPB Decadal Vision (“Unleashing a Decade of
Innovation in Plant Science”) calls for increased focus on effective science communication. CoPl Happe
will develop the science communication skills for individuals within this project to identify appropriate
resources to aid in their communication with other scientists, policy-makers, and the general public. To
better link research outcomes and broader impacts, the grantees will engage in training and outreach
informed by the following principles:

e Science communicators must be able to identify and tailor messages about both the technical and
social aspects of plant science to multiple stakeholder audiences, including scientists from related
and allied disciplines, policy-makers, academics, and community groups.

e Science communication with the general public is most effective if it employs a two-way, deliberative
communication model that allows stakeholders to voice hopes, concerns, and
alternative/complementary perspectives on food security. For example, a successful message will be
one that articulates the interests of the scientific community with those of the public—interests that
are documented by both research about public attitudes as well as direct engagement with
community groups.

e Adoption of risk communication practices should emphasize transparency and uncertainty with the
aim of gaining the public’s trust. Risk communication research shows that when researchers,
regulators, corporate actors, and policy-makers are honest and transparent about both known and
unknown risks, public trust is enhanced.

The aforementioned principles will ground the following activities:

1. Regular video calls (approx. every 6-8 weeks) between co-PI Dr. Kelly Happe and personnel of grant-
funded labs to discuss project research, outreach activities, and science communication best practices.
Dr. Happe will evaluate the science communication needs of project personnel and engage in direct
science communication training as needed.

2. Organization of an annual science communication workshop at a major plant sciences conference
such as PAG. This workshop will train members of the plant sciences community in science
communication best-practices including but not limited to audience analysis, analogy, framing,
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consensus-building, visual imagery, emotional appeals, and understanding the complexities of scientific
controversy such as that surrounding the topic of GMOs.

3. Development of communication materials to support on-going efforts of grantees to communicate the
technical aspects of their research to various audiences. These materials will be made available through
the project website.

4. Publications on the topic of effective science communication about plant science, including articles on
successful science communication pedagogy.

5. Development of a “Plants and Society” course that introduces undergraduate and graduate students to
the field of science studies, offers opportunities to discuss the plant sciences from an interdisciplinary
perspective, and trains students in effective science communication.

Training in epigenetic and genomic computation: Skills in data management and computational analysis
are increasingly important in scientific professions, especially in relation to genomics (91). We will
collaborate with Software Carpentry (SWC) and Data Carpentry (DC), two closely related non-profit
organizations, to train a broad range of learners in skills related to data-driven research (92). We propose
joint organizational membership with SWC/DC for the duration of the grant (silver level in years 1 and 3,
bronze in years 2 and 4), which will provide sustained support for the following activities:

1. Hosting SWC and DC workshops. Both organizations have well-established, two-day active-learning
workshops taught by trained volunteers. DC workshops focus on data management and basic scripting
for learners with little to no prior computational experience, while SWC emphasizes automating repetitive
tasks and source control through programming. We will host a total of 12 SWC or DC workshops over the
course of the grant at UT Tyler, UMN, and UGA (other grant-affiliated institutions have existing training
programs). Given ca. 40 learners per workshop, we will train ca. 480 students, postdocs, and
researchers, and plan to advertise to nearby minority-serving institutions and community colleges to
broaden workshop participation.

2. Training grant-affiliated participants as certified SWC and DC instructors. Instructors for SWC and DC
are trained in evidence-based teaching practices that provide an effective framework for helping people
learn better and faster (93). The two years of proposed silver membership includes training for twelve
grant-affiliated participants as instructors. Following completion of the training course and checkout
procedure administered by SWC, these instructors will be approved to serve as instructors for an
SWC/DC workshop at any of the participating institutions, including those described above.

3. Epigenetics workshop development in collaboration with DC. In addition to the joint organizational
membership, co-Pl Hertweck will partner with DC to develop a two-day epigenetics (DNA methylation)
workshop. A multitude of computational tools currently exist for DNA methylation analysis (25). Learning
objectives for this workshop will include transferrable data management and reproducible scripting skills
that will enable researchers to both use these tools and collaborate on open-source software
development projects. Following DC's roadmap for lesson development (94), we will spend year 1
designing the workshop and drafting lesson content. We will host a three-day lesson development
hackathon at UT Tyler in year 2. During this hackathon, ca. 17 participants from both the grant, DC, and
the broader epigenetics community will test and refine the course materials. Pilot workshops in years 3
and 4 will allow the opportunity for assessment by DC staff and further refinement. After completion of the
lesson material, it will be included in DC's list of freely available (CC-BY) lessons (95) and supported for
long-term use by other workshops.

4. Curriculum development for undergraduate bioinformatics course. Following design of the DC
epigenetics workshop, which teaches general skills for computational analysis, co-Pl Hertweck will
develop an instructional epigenetics module for her undergraduate bioinformatics class at UT Tyler. This
module will emphasize content knowledge about epigenetics by integrating data collected as a part of
Aim 1 in an undergraduate course.
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