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Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of ‘markers’ physically linked to them. These included visible or
morphological, cytological, protein, and molecular or DNA markers. Among
them, the first DNA marker, the RFLPs, introduced a revolutionary change in
plant genetics and breeding in the mid-1980s, mainly because of their infinite
number and thus potential to cover maximum chromosomal regions, phe-
notypic neutrality, the absence of epistasis, and codominant nature. An array
of other hybridization-based markers, PCR-based markers, and markers
based on both facilitated construction of genetic linkage maps, mapping of
genes controlling simply inherited traits, and even gene clusters (QTLs)
controlling polygenic traits in a large number of model and crop plants.
During this period, a number of new mapping populations beyond F2 were
utilized and a number of computer programs were developed for map con-
struction, mapping of genes, and mapping of polygenic clusters or QTLs.
Molecular markers were also used in studies of evolution and phylogenetic
relationship, genetic diversity, DNA-fingerprinting, and map-based cloning.
Markers tightly linked to the genes were used in crop improvement
employing the so-called marker-assisted selection. These strategies of
molecular genetic mapping and molecular breeding made a spectacular
impact during the last one and a half decades of the twentieth century. But
still, they remained ‘indirect’ approaches for elucidation and utilization of
plant genomes since much of the chromosomes remained unknown and the
complete chemical depiction of them was yet to be unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated development of the ‘genomic resources’ including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic—physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.
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As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But development of information technology made the
life of biologists easier by leading to a swift and sweet marriage of biology
and informatics, and a new subject was born—bioinformatics.

Thus, evolution of the concepts, strategies, and tools of sequencing and
bioinformatics reinforced the subject of genomics—structural and functional.
Today, genome sequencing has traveled much beyond biology and involves
biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second generation sequencing methods.
Development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, development of collab-
orative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series ‘Compendium
of Plant Genomes,” a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization is growing rapidly every day. However, the information is scat-
tered in research articles and review papers in journals and dedicated Web
pages of the consortia and databases. There is no compilation of plant gen-
omes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful both to
students and to teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,
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Preface to the Series

physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are therefore focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me
to work on such a huge and broad knowledge base that spans so many
diverse plant species. However, pioneering scientists with lifetime experience
and expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
Dr. Christina Eckey and Dr. Jutta Lindenborn in particular, for all their
constant and cordial support right from the inception of the idea.

I always had to set aside additional hours to edit books besides my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav, and Devleena. I must mention
that they not only allowed me the freedom to take away those hours from
them but also offered their support in the editing job itself. I am really not
sure whether my dedication of this compendium to them will suffice to do
justice to their sacrifices for the interest of science and the science
community.

Kalyani, India Chittaranjan Kole



It is now three decades since the mapping of QTLs for agronomic traits,
including yield, was first reported in maize. Following this pioneering and
groundbreaking work, the pace of progress in maize genomics and its
breeding applications have been nothing short of spectacular. This progress
continued to accelerate, as witnessed by the publication of the first assembly
of the maize genome a decade ago. This second milestone paper prompted
and paved the way to a wealth of manuscripts and the discovery of several
genes/QTLs with a relevant role in maize growth and field performance.

Based upon this premise, this volume builds on such knowledge and
provides a glimpse into some of the recent advances in the study and char-
acterization of maize genome structure, evolution and function, and how this
information can be harnessed to enhance the effectiveness of genomics-
assisted breeding as well as gene/QTL cloning and study. Suitable platforms,
genetic materials, and databases now bridge forward and reverse genetics
approaches and allow for an unprecedented level of genetic and functional
resolution, particularly for quantitative traits. Maize genomics now provides
breeders with a formidable toolbox for tailoring hybrids better adapted to
face the challenges posed by climate change, while ensuring an environ-
mentally sustainable and profitable production of one of the most important
crops for mankind.

Overall, the chapters in this volume emphasize the importance of deeply
characterizing the maize genome in order to identify rare haplotypes with
beneficial effects that are not yet represented in elite germplasm. Large-scale
resequencing coupled with an equally deep analysis of the transcriptome,
proteome, and metabolome will accelerate the cloning of agronomically
valuable loci, paving the way to a more effective harnessing of biodiversity,
more accurate modeling, and, most importantly, the fine-tuning of key
sequences via gene editing.

We hope that this volume will provide maize scientists with a better
appreciation of the complexity underpinning phenotypic variability while
stimulating their curiosity and interest in undertaking new studies to further
enhance our understanding of such complexity.

The editors are grateful to the authors of the different chapters for
reviewing the published research work in their area of expertise and, in some
cases, sharing their unpublished results to update the articles. We also
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appreciate their cooperation in meeting the deadlines and in revising their
manuscripts, whenever required. This notwithstanding, the editors remain
responsible for any errors that inadvertently might have crept in during the
editorial work.

Athens, USA Jeffrey Bennetzen
Columbia, USA Sherry Flint-Garcia
St. Paul, USA Candice Hirsch

Bologna, Italy Roberto Tuberosa
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Johann Joets, Clémentine Vitte and Alain Charcosset

Abstract

Maize is well known for its exceptional
structural diversity, including copy number
variants (CNVs) and presence/absence vari-
ants (PAVs), and there is growing evidence
for the role of structural variation in maize
adaptation. F2 is a European maize line
resulting from a long-term independent evo-
lution relative to the reference American line
B73. It also presents strong heterosis when
crossed to American lines related to B73 or
PH207, which has been instrumental for the
development of hybrid breeding in Northern
Europe. De novo genome sequencing of the
French F2 maize inbred line revealed 10,044
novel genomic regions larger than 1 kb,
making up 88 MB of DNA, that are present
in F2 but not in B73 (PAV). This set of maize
PAV sequences allowed us to annotate PAV
content and to identify 395 new genes. We
showed that most of these genes display
numerous features that suggest they are either
rapidly evolving genes or lineage-specific
genes. Using PAV genotyping on a collection
of 25 temperate lines, we also analyzed
and provided the first insights about PAV
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Genetique Quantitative et Evolution — Le Moulon,
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frequencies within maize genetic groups and
linkage disequilibrium in PAVs and flanking
regions. The pattern of linkage disequilibrium
within PAVs strikingly differs from that of
flanking regions and is in accordance with the
intuition that PAVs may recombine less than
other genomic regions. As it was shown by
several other authors, most PAVs are ancient,
while we show that some are found only in
European Flint material, thus pinpointing
structural features that may be at the origin
of adaptive traits involved in the success of
this material. We conclude by some words on
future directions.

F2 Is Characteristic
from a European Hybridization
Event

1.1

The story of European maize traces back to its
first introduction in 1493 by Columbus after his
first trip to America. Being adapted to the trop-
ical climate of the Caribbean, these varieties
could be cultivated only in warm regions of the
Mediterranean basin and would have been too
late flowering to produce seeds in cooler envi-
ronments. After this seminal trip, explorations
lead to the rapid discovery of the northeast
American coast, up to cool temperate climates of
northern Canada. Most Native American people
of the east coast and neighboring inland regions
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were relying to a large extent on the cultivation
of specific maize varieties, referred to as North-
ern Flints because of their hard kernel texture.
Their short planting to flowering interval was
making them adapted to temperate environments.
Genetic and historical investigations show that
these temperate varieties were rapidly introduced
into Europe and cultivated on a significant scale
in Northern countries like Germany before 1539
(see Tenaillon and Charcosset 2011 for a
review). Genetic analyses highlight that these
two main introductions of maize into Europe at
some step hybridized, possibly also with intro-
ductions of lesser importance, leading to varieties
specific to mid-latitude European regions such as
the Pyrenean valleys (Brandenbourg et al. 2017).
Varieties from these introductions produced sta-
ple food in these regions until the late 1960s.

After WW2, traditional European varieties
have been used to develop inbred lines, which
were tested for their ability to produce hybrid
varieties. Among these lines, F2 which stands for
France n 2 was developed from the Lacaune
population, cultivated on a cool South West
France plateau at approximately 800-1000
meters elevation (Cauderon 2002). It proved
outstanding in its ability to produce superior
hybrids when crossed to inbred lines from North
American origin, referred to as Dents because of
their soft endosperm texture leading to a
depression on the kernel crown. These first
European Flints by American Dent hybrids were
particularly successful for grain production in
Northern Europe. This success can be interpreted
as the combination of environmental adaptation
features (adaptation to cool spring in particular)
contributed by European Flints with yield
potential contributed by American dents. Modern
hybrid breeding for grain or silage production in
North European regions is still based to a large
extent on this pattern. As for F2 itself, it
remained extremely successful and used in
hybrids until the mid-1990s, especially when
crossed to the American Dent lines PH207- or
B73-related lines. Since that time, it has served as
one of the three major progenitors of modern
European Flint lines, along with lines F7
and Epl.

J. Joets et al.

Genotypic evaluations have confirmed a
striking divergence between European Flint (i.e.,
F2) and American Dent lines (i.e., B73) (see
Gouesnard et al. 2017). There are also striking
phenotypic characteristics that differ between the
two lines (Table 1.1). All elements therefore
concur to expect large differences between the
genomes of B73 and F2, possibly related to
heterosis and adaptive traits.

1.2 B73- and F2-Specific
Genome Region Discovery
and Combination into a Draft
B73-F2 Pan-Genome Sequence

Maize SV discovery at the whole-genome scale
through comparative genomic hybridization arrays
(aCGH)-based analysis of low copy regions led to
detection of thousands of PAVs and CNVs between
two American maize inbred lines (Springer et al.
2009; Bel¢ et al. 2010). Probing of structural vari-
ation through a global analysis of read depth in over
100 maize lines showed that over 90% of the maize
genome shows some degree of CNV between lines
(Chiaetal.2012). While they allowed cost-effective
and genome-wide discovery of PAVs/CNVs
in multiple samples, these aCGH- and
remapping-based studies did not allow discovering
novel regions absent from B73. Discovery of over
2,000 new non-B73 genes was performed using
massive mRNA sequencing on over 500 inbred
lines, thus providing a cost-effective approach to
solve this issue (Hirsch et al. 2014). Nevertheless,
discovery of new genes with such mRNAseq-based
strategy is dependent on sequencing depth and on
the number of tissues and conditions analyzed. It is
therefore likely to miss new genes with very low
expression or expressed in very specific conditions.
Moreover, this type of strategy does not provide
sequence breakpoints, thus hampering exploration
of underlying mechanisms, and is limited to anal-
ysis of the genic portion of the genome. Genome
sequencing and de novo assembly can ultimately
provide precise breakpoint positions, distinction
between CNV and PAV, access to novel sequences,
variant size information, and exploration of
non-genic space. Targeted assembly of non-B73
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Table 1.1 Summary of
main phenotypic/adaptive
differences between F2 and
B73

Trait

Cold adaptation
Leaf number”
Plant height (cm)*
Flowering time®
Kernel number/ear”

Endosperm

F2 B73
Mid-tolerant Sensitive

14.1 20.6

142 210

Early Late (+20 days)
221 473

Hard (Flint) Soft (Dent)

“Estimations from Bouchet et al. 2017

regions from elite Chinese and American lines led
to the discovery of 5.4 MB of new sequence absent
in the reference genome assembly (Lai et al. 2010).
However, the low sequencing depth used (5X)
limited the reconstruction of full-length PAV
sequences. Because discovered PAVs were short
and incomplete, complete annotation and anchor-
ing to the reference genome were challenging, thus
impeding functional prediction and breakpoint
detection. Sequence assembly of the PH207 gen-
ome provided a matrix for reciprocal comparison of
PH207 and B73 gene coverage using remapping of
massive sequencing reads. It led to the discovery of
over 2,500 genes, which were found specific to one
genotype either partly or fully (Hirsch et al. 2016).
However, analyses were focused on gene-
annotated regions only, so this study did not iden-
tify the boundaries of the SVs containing these
genes. In a complementary work, we produced a
draft sequence assembly of the F2 genome and
identified over 10,000 genomic regions present in
F2 and absent from B73 (Darracq et al. 2018). New
F2 regions make up 90 MB (4% of F2 genome
size). Using RNAseq data from 12 tissues and
conditions, we identified near 400 genes expressed
in F2 PAVs. Expression breadth revealed that PAV
genes are expressed in a limited set of conditions
and at a lower rate than average B73 genes, con-
sistent with previous results (Hirsch et al. 2016).
Hence, while most F2-specific genes are likely
present in our assembly (which covers 65% of the
F2 genome), we likely did not explore enough
conditions to have a RNAseq support for all new
genes, and further transcriptome studies may help
unravel more F2 specific genes.

Genome comparison studies provide a starting
point to unravel the molecular origin and the

function of maize structural variants. A consensus
assembly that represents many individuals is
likely to improve use of sequence-based chro-
matin and transcription data, as well as SNP
detection. Decreasing the amount of spurious
alignments would help to better estimating tran-
script abundance or heterozygosity prediction.
How to best combine genomic sequences from
several maize inbreds for aligning Illumina reads
in a compute-efficient way remains a challenge
(Consortium 2016; Hurgobin and Edwards 2017).
While using each genome separately is an option,
the rapid increase of whole-genome sequences
will soon make it too computationally costly.
Rather, we propose to build pan-genomic
sequences by adding up the non-B73 genomic
sequences to the B73 genome sequence. As a
proof of concept, we built a first B73-F2
pan-genomic sequence, by adding up the 90 MB
of F2-specific sequences to the 2.1 GB B73 gen-
ome sequence (Darracq et al. 2018). In the fol-
lowing sections, we will show how our approach
can be used for studying (i) characteristics of
PAVs and underlying genes, (ii)) PAV LD prop-
erties, (iii) PAV history among maize inbreds, and
(iv) perspectives for improved discovery and use
in post-genomic studies.

1.3 F2 Non-B73 Genes Are
Expressed in Other Maize Lines,
but Are not Well Conserved
Outside Maize

The 395 novel predicted genes present in F2 and
absent of B73 are all supported by RNAseq
experiments. In a comparison of RNAseq-based



abundance of F2 PAV genes versus B73-F2
shared genes, we showed that F2 PAV genes are
expressed in less tissues than shared genes. This
suggests that RNAseq-based identification of
genes in F2 PAVs may have missed some genes
due to lack of transcriptomic data in a large
enough set of tissues/conditions. When compar-
ing F2 PAV genes with transcriptome datasets
from maize and related species, we showed that
90% have a blast best hit with a maize sequence,
from another genotype other than B73, and only
8% have a best hit in closely related Poaceae
species (20 in Sorghum, 3 in Setaria, 3 in Sac-
charum, 1 in Miscanthus, 1 in Panicum, 1 in
Tripsacum, and 2 in Oryza). Interestingly, most
orthologous sequences that were found derived
from expressed sequence tags (ESTs) that were
produced in the early 2000s for large numbers of
maize genotypes, tissues, and conditions. By
comparison, only 12 novel F2 sequences align to
sequences from the pan-transcriptome assembled
by Hirsch et al. (2014), which included more
than 500 genotypes but from a single tissue. This
suggests tissue/condition specificity of PAV gene
expression and highlights the need for enlarging
RNAseq datasets to improve discovery, annota-
tion, and characterization of genotype-specific
genes.

Functional annotation by search of sequence
similarity with UniProtKB/Swiss-Prot proteins
and InterPro protein domains allowed annotation
of 91 F2 PAV genes. Among these, 17 (20%) are
putatively involved in stress response and plant
defense, 11 (12%) in biosynthetic processes, 10
(12%) in development, 5 (6%) in protein syn-
thesis, and 5 (6%) in chromatin remodeling. For
B73, PAV annotation was based on existing
RefGen v2 5a annotation and provided a
molecular functional prediction for 25 B73 PAV
genes. Grouping of these molecular functions
highlighted six sequences (25%) putatively
involved in metabolism, four (16%) in stress
response and plant defense, four (16%) in protein
degradation, and two (8%) in cytoskeleton/
microtubule. These results suggest that F2 PAV
genes and B73 PAV genes are enriched in
functions involved in stress response. Similarly,
an enrichment of function related to stress

J. Joets et al.

response was observed in a set of maize PAV
genes identified from a comparison between
PH207 and B73 (Hirsch et al. 2016). Hence,
transcriptome profiling in abiotic and biotic stress
conditions is likely to greatly increase prediction
and annotation of genotype-specific genes.
Interestingly, in a recent study analyzing the
diversity of 67 maize genomes from landrace
representatives from the major maize genetic
groups, including European lines, we uncovered
that genes involved in abiotic stress tolerance
have played a role in maize adaptation to Euro-
pean conditions (Brandenburg et al. 2017). This
opens interesting perspectives in deciphering the
role of PAVs in maize adaptation.

While this study allowed for prediction of
PAYV functions, protein prediction was successful
for only 23% of the F2 novel genes sequences.
This suggests that F2 PAV genes may be less
conserved than other genes. To test this, we
compared PAV and non-PAV genes in maize in
terms of both number of genes with protein
similarity, and levels of similarity to the protein
sequence in an increasingly distant species set,
from Sorghum bicolor to Arabidopsis thaliana.
As predicted, the proportion of proteins with no
significant similarity with other plant proteome is
higher for F2 PAV genes (Fig. 1.1a), and when a
protein is found, average identity is markedly (12
to 25%) lower for F2 PAV gene proteins than for
B73 FGS proteins (Fig. 1.2b). This lower con-
servation suggests that PAV genes identified in
F2 compared to B73 could have evolved more
rapidly than non-PAV genes or emerged recently
as novel genes.

With shorter size, shorter expression breadth,
enrichment in stress-related functions, and lower
conservation at the protein level than average
genes, F2 PAV genes have many characteristics
of orphan genes (Arendsee et al. 2014). Orphan
genes either emerge de novo from non-genic
sequence or derive from ancient gene duplica-
tions followed by divergent accumulation of
mutations beyond recognition. Nevertheless,
functional characterization of these genes is still
challenging. Because discovery and annotation
of PAV genes are a major goal in maize and plant
biology, many laboratories are generating
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Fig. 1.1 Conservation of
B73 and F2 presence/absence
variation (PAV) proteins
compared to B73-F2 shared
proteins. a Fraction of protein
sets (B73-F2 shared proteins,
B73-present/F2-absent
proteins,
F2-present/B73-absent
proteins) with at least one
blastp hit (tilled HSP) (E
value > = 10™%) with several
whole plant proteomes.

b Distribution of identity rate
of blastp best hit (tilled HSP)
for the three protein sets
against 11 whole plant
proteomes. Plant proteomes
are sorted according to the
genetic distance with maize
from sorghum to Arabidopsis,
which is the most distant of
maize. Length of branches of
the phylogenic tree are
arbitrary, red branches are for
grasses, orange for monocot,
and green for eudicot
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RNAseq and proteome datasets to help in this
task. We believe that this effort will provide
important information for better understanding
the origin and role of orphan genes.

On the other hand, it has been argued that
most of the dispensable genes are members of
duplicated gene or large gene family members
(Swanson-Wagner et al. 2010). The absence of
the gene could therefore be complemented by
another member of the family. Of the 395 novels
genes discovered in F2, only 116 exhibit greater
than 50% identity over at least 80% of their
length with a protein of B73, and therefore, 70%
of these proteins have no or distant similarity
with protein in B73. While this is certainly an
underestimation of the number of unique PAV
genes as the B73 and F2 genomes are not com-
plete, it is possible that a significant fraction of
PAV genes, and possibly biological functions,
are absent in some genotypes.

1.4 The Dispensable Genome:
A Genomic Faction
that Recombines Less Than
the Rest of the Genome

Linkage disequilibrium (LD) is the non-random
association between alleles at different loci. LD
contains information about recombination,
demographic history, and gene conversion. LD
between copy number variation and flanking
SNPs has been found to be higher than between
SNPs in genomic regions neighboring CNVs
(Schrider and Hahn 2010). This was attributed to
the fact that many CNVs have changed genomic
location through recurrent duplications and
deletions compared to other loci (Schrider and
Hahn 2010). In the case of PAV, LD pattern
between SNPs within the PAV or between a
PAV and flanking marker should not follow
these of CNVs. As presented above, PAV genes
have a particular mutation pattern and this may
impact local LD. But most PAVs do not harbor
genes, and whether the whole PAV region
evolves at a different rate than other loci remains
to be elucidated. To get a first insight on LD
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pattern between PAVs and their flanking regions,
we estimated LD extent for each PAV coded as 0
(absence)/1 (presence) or using the SNP located
within the PAV and with shortest distance to the
breakpoint. LD was then estimated between this
reference polymorphism and SNPs of the flank-
ing region, with increasing distance. While the
first approach involves all individuals, for the
second, LD can be estimated only when SNPs
can be evidenced within the PAV, hence only in
the subset of individuals that carry the present
allele. For this, we developed a statistical
approach to genotype PAV presence and absence
alleles using low depth (3x—5x) resequencing
data aligned on our B73-F2 pan-genome
sequence and applied it on a dataset from a
panel of 25 maize lines representing American
and European maize genetic groups (Darracq
et al. 2018). We compared these LD patterns
with those estimated for reference genomic
regions and their flanking regions. We showed
that LD pattern between PAVs and their flanking
regions resembles the same pattern observed
between random genes and their flanking regions
(Fig. 1.2a). While this might be due to our
detection approach to discover PAVs, this first
analysis shows that for these PAVs in our panel,
LD decreases rapidly. This suggests that PAVs
are likely not to be captured by genotyping
SNPs, unless these are located within less than
1 kb of the PAV breakpoint.

To investigate whether PAVs recombine less
than other genomic regions, we compared LD
patterns within PAVs to LD patterns in their
flanking regions. While LD depends on demo-
graphic history of the lines tested, this effect
should be the same for two adjacent genomic
regions such as a PAV and its flanking regions,
thus giving a relative difference of local recom-
bination rates. For this analysis, within-PAV LD
was estimated by comparing pairwise SNPs
located inside the variant sequence to pairwise
SNPs in the PAV upstream or downstream
flanking regions. On average, LD is stronger
within a PAV as compared to the flanking
regions (Fig. 1.2b). Hence, PAVs seem to
recombine less than their flanking regions.
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Fig. 1.2 Linkage (a)
disequilibrium (LD) decay
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This result may be due to the fact that PAV
sequences can undergo recombination only when
present in both gametes, a situation that is less
frequent than for shared flanking regions. Of
course, this situation depends on the PAV allele
frequency, which also depends on the age of the
PAVs, so we expect a large range of recombi-
nation rates among PAVs. Indeed, when con-
sidering PAVs individually, contrasting LD

T T T
35 4 45 5 55 6 65 7 75 8 85 9 95 10

Distance (kb)

patterns can be observed. For instance, cases of
very strong LD are found (Fig. 1.3 left), while in
some cases LD patterns reveal subsets of
recombining regions within the PAV sequence
(Fig. 1.3 right). This difference is likely due to
the differences in the date of appearance of the
PAV in the population, its frequency in the
population upon creation, as well as the temporal
dynamics of this frequency.
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Fig. 1.3 Two examples of contrasted within presence/absence variation (PAV) linkage disequilibrium (LD) patterns.
Left most of SNPs are in very high LD all along the PAV. Right two regions of high LD are separated by a breakpoint

1.5 Analysis of PAV Alleles
at the Population Level

To investigate to what extent B73—F2 PAVs are
conserved among maize genetic groups, we used
the genotyping of PAV sequences in our tem-
perate maize panel to estimate frequencies in the
different genetic groups. As expected, F2 novel
regions were more often present in other Euro-
pean Flints than in any other set of inbreds. Only
a small number was detected in the Stiff Stalk
group, to which B73 belongs and where the
“absent” allele was found. Inbred lines from
France or close proximity (Pyrenean) shared
more variants with F2 than lines from any other
origin, independent of their classification into
European Flint and Northern Flint groups, thus
reflecting the history of the European germplasm.
PCA-based analyses from PAV or SNPs showed
very similar classification, showing that SNPs
and PAVs have segregated similarly.

A large proportion of PAVs are shared
between F2 and at least one other European Flint
or one Corn Belt Dent line, which were the most
represented groups in our panel. PAVs that were
found present in all the four genetic groups were
also generally found at high frequency in all
groups, suggesting an ancient and shared origin.
Consistently, a comparative genomic hybridiza-
tion experiments on 19 maize lines and 14 teo-
sinte, the wild ancestor of maize, found that 86%

of the SVs (CNV and PAYV) that were identified
were also present in teosinte (Swanson-Wagner
et al. 2010). However, 347 PAVs were present
only in maize but not in teosinte, and among
them, 257 were present in only two to three
maize lines suggesting these variants could be
specific to maize. We also observed that when
PAVs are present in only one genetic group their
frequency is low in this group, suggesting the
occurrence of recently emerged PAVs. Interest-
ingly, among the 4,218 PAVs that we scored,
396 were found only in European Flints and 134
only in F2 (Darracq et al. 2018). Genotyping of
these putative European-specific PAVs in larger
maize panels will allow precise allele frequencies
and group specificity to be determined.

1.6 Tomorrow’s Challenges
in Maize Structural Variation

Over the past decade, there has been a growing
attention for structural variation in plant evolu-
tion. In maize, several genomic studies, including
ours, have described some of the characteristics
of CNVs and PAVs. But such studies are still in
their infancy, and many questions remain to be
solved. First, because the maize genome is highly
repetitive, discovering structural variants in the
repetitive fraction is still a challenge, and most
structural variants that have been discovered are
from low copy regions. Some studies have made
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the choice to focus on genes, which is a
cost-effective way of finding SVs with possible
phenotypic impact (Hirsch et al. 2014). Using a
non-targeted, without a priori approach, we could
discover full-length PAVs containing both genic
and non-genic regions and characterize their
breakpoints. This gave us access to their full
sequence content and made LD analyses possi-
ble. However, only a subset of our F2 PAVs
could be anchored, either because their break-
points could not be unambiguously anchored or
because the assembly was not complete enough
to extend PAVs to their biological breakpoints.
In both, cases, these issues are linked to the
highly repetitive nature of the maize genome,
which impairs both unambiguous alignments of
short reads in remapping experiments or in
whole-genome assembly. This issue might soon
be solved, as several maize whole-genome
assemblies are under progress. High-quality
metrics obtained from new assembly method-
ologies will open the way to whole-genome
sequence comparison, thus eliminating the
problem of aligning short reads. Such assemblies
are now available for American lines (B73,
PH207, W22, CML247) and European lines
(EP1, F7). We will soon double this number by
adding seven new genome sequences from lines
of interest for the European community, and with
contrasted genome sizes as well as the complete
set of NAM founder parents.

A second challenge is to discover genes
standing within these structural variants. As we
presented, the particular features of these genes
make them difficult to annotate, and the genera-
tion of large datasets of RNAseq and proteomic
data in many tissues and conditions will be nec-
essary to solve this problem. For this reason, for
our seven genotypes and for B73, we are gener-
ating deep mRNAseq datasets from a set of tissues
from standard- and abiotic-constrained conditions.

Once discovery and annotation of SV will be
resolved, the next step will be to combine the
information given by these new datasets to make
the best use of it. Several laboratories are work-
ing on this question, and discussions are emerg-
ing. But this is only the beginning, and the maize
community needs to organize.

Clearly, pan-genome sequence will be very
useful for better analyzing phenotypic data at the
molecular (methylome, transcriptome, proteome)
or plant scale to find the underlying genetic
components. Using the entire genomic informa-
tion in GWAS will therefore be a major task in
the coming years, and typing both SVs and SNPs
will be necessary. We developed a pan-genome
strategy that allows efficient alignment of rese-
quencing data, as well as an efficient statistical
methodology to classify PAVs as present or
absent. This methodology can be used across a
combination of a large number of maize lines.
However, considering the history of maize, and
the relatively limited bottleneck involved in its
domestication, reconstructing haplotypes repre-
senting the entirety of maize genetic diversity
will likely require retrieving information from
hundreds of maize lines. This number is likely
too high for producing public whole-genome
sequence assembly resources for all of them, and
defining a cost-effective strategy to do so will be
an incoming task. We believe discussions at the
community level will help build homogeneous
datasets that can profit the whole community.
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Abstract

The pan-genome of a species is comprised of
genes/sequences that are present in all indi-
viduals in the species (core genome) and
genes/sequences that are present in only a
subset of individuals within the species (dis-
pensable genome). In maize, the study of the
pan-genome began in the 1940s through
cytogenetic experiments and has seen an
increased focus in research over the last
decade largely driven by advances in genome
sequencing technologies. It is estimated there
are at least 1.5x as many genes in the
pan-genome (greater than 60,000 genes) as
there are in any individual’s genome
(~40,000 genes), with even more variation
outside the gene space being observed. This
variation has been associated with phenotypic
variation and is hypothesized to be an impor-
tant contributor to the high levels of heterosis
often observed in maize hybrids. Due to the
high level of variation and the existing genetic
and genomic resources, maize has become a
model species for plant pan-genomics studies.
This chapter will review the mechanisms that
can create genome content variation, tools that
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are available to study the pan-genome, the
history of maize pan-genome research ranging
from the early cytogenetic studies to today’s
genomics-based approaches, and the func-
tional consequences of this variation.

2.1 Introduction

By definition, the pan-genome refers to the
non-redundant set of sequences distributed
throughout the population of a particular species.
A pan-genome consists of two sets of sequences:
those present in every individual in the popula-
tion, the core genome, and those present in only a
subset of individuals, the dispensable genome.
The dispensable genome can be further parti-
tioned based on a frequency spectrum. Genes
present in low frequencies are part of the “cloud”
set, while those in intermediate and high fre-
quencies are part of the “shell” and “soft core”
sets, respectively (Koonin and Wolf 2008).

The concept of a pan-genome was introduced
by the bacterial community to describe the
extensive variation in genome content between
species (Tettelin et al. 2005; Medini et al. 2005;
Hogg et al. 2007; Tettelin et al. 2008). Techno-
logical advances and reduced sequencing tech-
nology costs have permitted the pan-genome
concept to be extended beyond bacterial species
to the plant and animal kingdoms (Li et al. 2010;
Computational ~ Pan-Genomics  Consortium
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2016). Within the plant kingdom, pan-genome
analyses have been applied to a number of model
and crop species such as Arabidopsis thaliana
(Cao et al. 2011; 1001 Genomes Consortium
2016), Brachypodium distachyon (Gordon et al.
2017), Brassica oleracea (Golicz et al. 2016),
Glycine soja (Li et al. 2014), maize (Zea mays;
Hirsch et al. 2014), Medicago truncatula (Zhou
et al. 2017), Oryza sativa (Yao et al. 2015),
soybean (Glycine max; Anderson et al. 2014),
and wheat (Triticum aestivum; Montenegro et al.
2017).

Depending on the number of genomes that
need to be surveyed to capture the full suite of
dispensable genes in a species, a pan-genome can
be considered open or restricted. The former is
common of bacterial species, where with each
additional genome that is sequenced new genes
are added to the species pan-genome (Tettelin
et al. 2008). In contrast, restricted genomes like
maize are typical of plant and animal species,
where the majority of the pan-genome is cap-
tured in a relatively limited set of individuals. In
maize, through a transcriptome-based analysis it
was estimated that approximately 350 lines were
needed to capture the suite of dispensable genes
transcribed in the seedling (Hirsch et al. 2014).

Genome content variation in pan-genomes is
often described in the context of gene copy
number variation (CNV) and gene
presence/absence variation (PAV). Copy number
variation describes the situation in which addi-
tional copies of a particular gene exist in one
individual compared to another, and PAV is
simply the extreme form of CNV, where one
individual possesses one or more copies and
another has zero copies of the gene. Genome
content variants can result from
recombination-based mechanisms,
replication-based mechanisms, or other molecu-
lar mechanisms and can be divided into two
broad categories based on whether they lead to a
balanced or unbalanced outcome. This chapter
will expand on these mechanisms that generate
genome content variation in plant pan-genomes,
tools to measure genome content variation, his-
torical and contemporary knowledge on the
maize pan-genome, and the functional
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importance of this variation in driving pheno-
typic variation within the species.

2.2 Mechanisms that Generate
Genome Content Variation
2.2.1 Transposable Elements
Transposable elements (TEs) are genomic ele-
ments that have the ability to move in the gen-
ome either through a copy-and-paste or
cut-and-paste mechanism. Transposable ele-
ments were first identified by Barbara McClin-
tock through studying disruption of pigments in
maize kernels (McClintock 1950) and comprise
approximately 85% of the maize genome
(Schnable et al. 2009). In addition to having
direct effects on protein-coding sequence and
transcript regulation (Tenaillon et al. 2010), TEs
also provide multiple avenues for generation of
genome content variation. Some classes of TEs
“capture” and shuffle gene fragments or entire
genes during transposition such as Pack-MULEs
and Helitrons. Additionally, TEs are a form of
dispersed homologous sequence throughout the
genome, which can lead to ectopic recombination
and the generation of novel gene sequences
(Bennetzen and Wang 2014). Finally, the pres-
ence of TEs can stimulate meiotic recombination,

presumably  through the generation of
transposase-induced double-strand breaks
(Yandeau-Nelson et al. 2005). Subsequent

error-prone repair of these breaks then provides
further opportunity for genome content variation.

2.2.2 Unequal Recombination

Unequal recombination occurs when homolo-
gous chromosomes do not pair exactly during
meiosis, and recombination results in gametes
with differing DNA content. This is particularly
prone to occur in regions of the genome that are
already duplicated, because paired sequences
may be locally homologous, but may not be
globally homologous. Recombination between
these improperly paired chromosomes then
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generates some gametes with more DNA than the
progenitor cell, and some gametes with less
DNA. Genes arranged in tandem duplicate arrays
are common in maize (Messing et al. 2004;
Schnable et al. 2009) and provide opportunities
for genome content variation via unequal pairing
and recombination of duplicated sequences. For
example, the A/-b locus in maize is a naturally
occurring tandem duplication of the antho-
cyaninlessl (al) gene that has been well char-
acterized for unequal recombination
(Yandeau-Nelson et al. 2006). In this case,
unequal pairing of the duplicated genes occurred
preferentially between homologous chromo-
somes, but could also occur between sister
chromatids. Unequal recombination rates at the
duplicated locus were similar to equal recombi-
nation rates at non-duplicated al loci, suggesting
that unequal recombination is a common phe-
nomenon at this locus.

2.2.3 Non-allelic Homologues

Similarly to unequal recombination, segregation
of single-copy homologues in non-allelic posi-
tions can also lead to changes in gene copy
number in the genome (Emrich et al. 2007).
Mating between two individuals carrying
single-copy homologues in non-allelic positions
will result in progeny that are hemizygous for
each of the homologues. Independent assortment,
or meiotic recombination if the homologues are
physically linked, generates gametes that have
variable copy number for the homologues.
Inbred progeny produced from these gametes
then have zero, one, or two copies of the
non-allelic homologues, resulting in apparent de
novo copy number variation. An example of this
phenomenon in maize is two loci involved in
elongation of fatty acid precursors for surface
lipids, gl8a and gI8b. These two loci are unlinked
paralogs with 96% nucleotide sequence identity
in B73 that can form de novo copy number
variation (Dietrich et al. 2005). On a
genome-wide scale, several dozen genes were
documented to be non-allelic homologues in a
single recombinant inbred line population that
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showed apparent de novo copy number variation
through segregation of the non-allelic homo-
logues (Liu et al. 2012). This de novo copy
number variation was hypothesized to contribute
to the phenotypic transgressive segregation
observed in the population across a number of
phenotypic traits.

2.2.4 Horizontal Gene Transfer

Horizontal gene transfer (HGT) refers to the
asexual transfer of genes between organisms of
divergent evolutionary lineages. Maintenance of
a newly transferred gene as a segregating gen-
ome content variant depends on several events.
First, the horizontally transferred gene must
integrate into a cell that gives rise to gametes in
order for it to be transmitted into subsequent
generations. It must then not be lost due to
genetic drift and provide strong enough selective
advantage to be maintained in a population. As
such, it is hypothesized that horizontally trans-
ferred genes that persist as segregating variation
within a population have a particularly high
likelihood of contributing to phenotyping
variation.

Horizontal gene transfer was first observed in
bacteria (Freeman 1951) and is now known to be
highly prevalent among bacterial species. In
bacteria, HGT occurs through random uptake of
extracellular DNA, incorporation of viral DNA
into the host genome, or direct transfer of plas-
mids among individuals (Syvanen 2012). While
rare in plants, HGT has been observed via viral
DNA repeats in Nicotiana tabacum (Bejarano
et al. 1996). Expressed transfer DNAs from
Agrobacterium rhizogenes have also been
observed in cultivated sweet potato (Kyndt et al.
2015). Plant-to-plant HGT has also been docu-
mented in parasitic species. For example, a
nuclear gene in Striga hermonthica, a hemipar-
asitic plant that can cause devastating crop loss in
species such as Sorghum bicolor, has been found
to have high similarity to genes from S. bicolor,
suggesting HGT as an origin for this gene in S.
hermonthica (Yoshida et al. 2010).
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2.2.,5 Genome Duplication
and Fractionation

When a genome undergoes a whole genome
duplication event, it generates four copies of each
nuclear gene where there were previously just two.
New mutations can then begin to cause the func-
tion of the duplicates to diverge. Under classical
models, the net direction of molecular evolution
will be toward the ancestral state of two functional
copies of each gene. Three major paths to this
outcome are that one duplicate evolves a new
function (Ohno 1970), the copies are retained and
each partially loses function (Force et al. 1999), or
one of the copies completely loses function (Jacq
et al. 1977). Following a whole genome duplica-
tion, the most common mechanism to restore the
ancestral diploid function is through fractionation
(Langham et al. 2004; Tang et al. 2008).

An ancient genome duplication event in the
ancestor of maize resulted in two subgenomes in
present-day maize. Analysis of the B73 reference
genome assembly showed that one subgenome
has greater gene retention than the other, and
these subgenomes were named “Maizel” and
“Maize2,” respectively (Schnable et al. 2011).
The paralogs lost during fractionation are not
completely consistent between individuals within
the species and this variation in gene loss during
fractionation generates genome content variation
within the species (Brohammer et al. 2018).
Many genes that show presence/absence varia-
tion within maize also show sequence similarity
to genes in closely related grass species (Hansey
et al. 2012; Hirsch et al. 2014). This suggests that
these genes were present before the divergence of
the maize lineage from other grass species and
were differentially lost among maize individuals.

2.3 Contemporary Tools
to Measure Genome Content
Variation

2.3.1 Reference-Based Methods

Reference-based methods used to measure gen-
ome content variation within species include
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oligonucleotide arrays and next-generation
sequencing (NGS) read mapping. Oligonu-
cleotide arrays were the first reference-based
method used for conducting genome-wide sur-
veys of genome content variation within maize
(Springer et al. 2009; Belo et al. 2010). A speci-
fic technique called array-based comparative
genomic hybridization (aCGH) was particularly
important to advancing our knowledge of PAV
and CNV in maize. In this method, two labeled
DNA samples are hybridized to probe sequences
designed to target regions throughout the gen-
ome, and signal intensity from each labeled
sample indicates its relative copy number.
A major limitation to aCGH, and arrays in gen-
eral, is the inability to detect sequences absent
from the reference genome since probes are often
designed from a single reference individual.
Related issues brought about by limitations of
probe design from a single reference individual
include biased CNV detection toward deletion
discovery and a reduced ability to evaluate
regions of high sequence diversity.

Unlike aCGH, NGS methods allow for the
discovery of the full suite of structural variants
within the species including sequences outside
the reference genome (Young et al. 2016). There
are three common NGS structural variant detec-
tion methods: read depth, split read, and read
pair. The read-depth method relies on sequence
read depth from mapping reads to a reference
genome assembly as a proxy for copy number.
Both the split-read and read-pair methods take
advantage of imperfect mapping to identify
genomic rearrangements and allow for the
detection of all structural variant classes,
including inversions and translocations.
Paired-end and mate-pair sequence reads have an
expected insert size between the two sets of
reads. Deviation from these expected distances
between the two reads can be used to identify
structural variations. The read-pair method uses
reads whose distance or orientation between
mapped reads from the same fragment is dis-
cordant with the reference genome to detect
structural variation. The split-read approach to
structural variation detection uses information
from paired-end sequence reads where one of the
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pairs maps accurately while the other pair maps
only partially or fails to map entirely. The
split-read approach can also be expanded to
splitting an individual read and identifying reads
in which only a portion of the read can accurately
map to the reference genome as another method
to identify structural variation.

Each method of NGS structural variation
detection has its own set of biases (Alkan et al.
2011), and each has variable sensitivities. Many
of the available structural variation callers were
originally developed to work with human cancer
data or model mammalian species and may pro-
vide unreliable results or require extensive
knowledge and tuning of parameters to be
properly used with plant genomes. Combining at
least two of these structural variation detection
methods into a hybrid structural variation caller
(i.e., SURVIVOR; Jeffares et al. 2017) that
reports consensus structural variations can over-
come some of these issues. Additionally, some of
these methods rely on imperfect read mapping,
which can be prevalent when mapping short
NGS reads to highly repetitive plant genomes
even in the case of reference genome reads
mapping to the reference genome assembly.
Increased read coverage and optimization of
mate-pair library sizes can mitigate this chal-
lenge; however, long-read sequencing technolo-
gies offer the most promise for avoiding
inconsistent structural variation detection in
repetitive regions and for the detection of large
structural variants.

2.3.2 Non-Reference-Based Methods

With reference-based variant detection, there is
an ascertainment bias that is caused by the reli-
ance on a single reference genome assembly.
One method for characterizing gene content
variation beyond a single reference genome
assembly is through direct comparison of multi-
ple de novo genome assemblies. Schatz et al.
demonstrated the power of this approach by
generating de novo genome assemblies of indica,
aus, and temperate japonica rice strains, where
they identified several megabases of variable
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sequence between the three strains (Schatz et al.
2014). This approach has also been used in maize
where approximately thousands of novel genes
were identified in a comparison of de novo
genome assemblies of elite inbred lines from
opposite heterotic groups (Hirsch et al. 2016;
Darracq et al. 2018).

Direct comparison of whole genome de novo
assemblies allows for detailed analysis of variation
outside of a single reference genome; however, a
major disadvantage is the cost and computational
effort required to bring these studies to fruition.
This disadvantage is important for pan-genome
studies because it often leads to a small number of
genotypes being assayed and an underestimate of
dispensable genome content within species. An
alternative approach is to use the transcriptome as a
proxy to evaluate the gene space within a species
pan-genome. This approach has the advantage of
reducing both the amount of sequencing and
computation required in pan-genome studies. In
maize, the gene space is only ~97 MB of the
genome, and as such, this approach was able to be
used to study the maize pan-genome using over
500 accessions (Hirsch et al. 2014).

Recent improvements in assembly algorithms
and the continued decline in sequencing costs are
making multiple de novo genome assemblies
within a species more practical (Schatz et al.
2014; Wetterstrand 2018). An example of this
shift toward the generation of de novo genome
assemblies for pan-genome analysis is the
assembly and annotation of a panel of 54
Brachypodium distachyon accessions by Gordon
and colleagues (Gordon et al. 2017). For seven
years, only two reference genome assemblies for
maize were available: the B73 reference genome,
and Palomero Toluquefio, a popcorn landrace
(Vielle-Calzada et al. 2009). In the span of just
three years, nine additional genome assemblies
were made publicly available (W22—GenBank
assembly accession GCA_001644905.2; F7 and
Epl—(Unterseer et al. 2017); PH207—(Hirsch
et al. 2016); B73—(Jiao et al. 2017); F2—
(Darracq et al. 2018); Mo17, B104, and CML247
(Maize Genetics and Genomics Database 2017)).

New and emerging technologies that provide
long-range information will help to further
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improve genome assembly and facilitate struc-
tural variant discovery. This information can
come from special library preparation protocols
for short-read sequencing, long-read sequencing,
or large-scale optical maps. For example, 10x
Genomics linked-reads are synthetic long reads
that preserve single-molecule information
through microfluidic encapsulation technologies.
This technology is similar to Illumina TruSeq
Synthetic Long-reads (formerly Moleculo), but
does not attempt to reconstruct each fragment.
The Dovetail Chicago library preparation proto-
col relies on the Hi-C method of cross-linking
DNA to capture long-range information, and like
the 10x Genomics method, the processed reads
can be read-out by a short-read sequencer such as
an [lumina HiSeq. Third-generation
single-molecule sequencing, which includes the
technologies of Pacific Biosciences Inc. and
Oxford Nanopore Technologies, sequence long
DNA fragments to provide long-range linkage
information. Finally, a separate method of pre-
serving long-range information is through the
construction of optical maps (i.e., OpGen and
BioNano Genomics), which use restriction sites
as “fingerprints” to resolve chimeric assemblies
and identify large structural variations.

2.3.3 Iterative Mapping

and Assembly

A common approach to querying
population-scale variation in plant pan-genomes
is iterative mapping and assembly. An example
of this approach was recently published by Yao
et al. who analyzed 1,483 cultivated rice acces-
sions to identify non-reference genome assembly
sequences (Yao et al. 2015). In this strategy, all
of the individuals were sequenced at low cover-
age and then aligned to the reference genome.
After filtering to remove contaminants and
low-quality reads, the unmapped reads represent
dispensable genome sequence. Yao et al.
assembled the unmapped reads from indica and
Jjaponica separately so that the dispensable gen-
ome of each subspecies could be studied. After
annotating protein-coding genes and
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transposable elements in each dispensable gen-
ome, they determined the genomic positions of
~80% of these features relative to the Nippon-
bare reference genome using linkage disequilib-
rium mapping. The iterative map and assemble
approach allows for a larger portion of the natural
variation to be sampled at a relatively low cost
compared to de novo assemblies. A limitation of
the method is that the specific breakpoints of the
PAV are often not clear.

2.4 History of Maize Genome
Content Variation Studies

Over the 9 years that have passed since the
original publication of the B73 reference
assembly (Schnable et al. 2009), the maize
community has developed a nuanced under-
standing of genomic variation, in particular
structural variation within the species. Maize
genome content studies can be reviewed as a
progression through four relatively distinct
epochs: molecular and cytogenetic studies of
large-scale chromosomal aberrations, Sanger
sequencing applied to bacterial artificial chro-
mosomes (BACs), whole genome-scale studies
using array technologies, and application of
next-generation sequencing to study genome
content variation across numerous genotypes.
These eras represent a timeline that spans nearly
70 years, with a number of seminal discoveries
made during each era (Fig. 2.1).

2.4.1 Molecular and Cytogenetic Era

The study of structural variation in maize can be
traced back to early observations of genome-size
variation among maize and its wild relatives.
Extraordinary levels of variation for nuclear
DNA content were observed between different
maize inbreds and landraces ranging from 9.4 to
25.2 pg 4C content values (Laurie and Bennett
1985). Much of this variation in genome size was
attributed to the presence of supernumerary B
chromosomes (Ayonoadu and Rees 1971; Pog-
gio et al. 1998), and variation in heterochromatic
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* 4C estimates of diverse
maize breeding lines and
landraces reveal broad
variation in genome size

genomes are characterized

maps

First evidence for variation
in heterochromatic knob
content

Sanger sequencing of BACs
uncovers small-scale
rearrangements

Repetitive sequences are
proposed to be a key driver
of genome expansion

between inbred lines

Regions of broad synteny in grass

Large-scale rearrangements are
detected using recombinational

Direct comparison of loci reveals
lack of sequence conservation

« Extensive variation in read-
depth of NGS sequencing
reads reveals high levels of
CNV

* Whole genome
comparisons of maize
inbreds reveal
extensive levels of

PAV and CNV * Pan-genome analyses
* SV is linked to identify and characterize
variation in sequences absent from the

quantitative traits reference genome

The B73 reference
genome is sequenced

* Additional maize references
genomes are released

Fig. 2.1 Timeline of seminal studies leading to our
current understanding of the maize pan-genome and
functional consequences of genome content variation
within maize. BAC—bacterial artificial chromosome;

knob content that makes up over 8% of the
genome on average (Brown 1949; Kato 1976;
McClintock et al. 1981; Peacock and Dennis
1981; Rayburn et al. 1985). Wide variation in the
copy number of repeat sequences has also been
widely observed in maize using molecular and
cytogenetic approaches. These high-repeat
sequences included ribosomal DNA (rDNA)
repeats (Phillips et al. 1974; Buescher et al.
1984), centromere satellite DNA repeats (CentC)
(Albert et al. 2010), telomere repeats (Burr et al.
1992), and dispersed repetitive sequences (Hake
and Walbot 1980; Flavell 1986; Rivin et al.
1986; SanMiguel and Bennetzen 1998; Meyers
et al. 2001). More recent surveys of the maize
genome using modern cytogenetic and genomics
techniques have confirmed these findings
regarding variation in repetitive DNA content
between maize lines (Kato et al. 2004; Liu et al.
2017).

PAV—presence/absence variation; CNV—copy number

variation; SV—structural variation; NGS—
next-generation sequencing

24.2 Sanger Sequencing Era

The standardization of shotgun sequencing

improved protocols for BAC library construc-
tion, and development of bioinformatic algo-
rithms gave rise to the next era in the study of
maize genome content variation in the late 1990s
and early 2000s. Comparisons of orthologous
regions between related grasses using recombi-
nation maps generally revealed broad synteny
(Whitkus et al. 1992; Ahn and Tanksley 1993);
however, in some cases large-scale rearrange-
ments were observed (reviewed in Gale and
Devos 1998). Subsequently, sequencing-based
analyses of classical loci showed that
smaller-scale rearrangements of orthologous
sequence were much more common (Tikhonov
et al. 1999). Soon thereafter, a landmark study
discovered that the variation seen between
orthologous regions could also be found between
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maize inbred lines. Using the inbred lines McC
and B73 to examine sequence variation at the bz
locus, it was shown that four of the predicted
genes in the McC haplotype were absent from
B73 and many of the retroelements present were
derived from independent insertion events (Fu
and Dooner 2002). To determine if this result
was due to a peculiarity between McC and B73,
the region was evaluated across 10 separate
inbred lines and four distinct structural variation
haplotypes were found. In an accompanying
commentary, it was hypothesized that the PAV
between haplotypes was the result of differential
fractionation between McC and B73 (Bennetzen
and Ramakrishna 2002). The z/C-1 locus was
also evaluated using Sanger sequencing and
significant variation in gene collinearity between
the B73 and BSSS53 haplotypes was observed
(Song and Messing 2003). A larger-scale com-
parison of 2.8 Mb of sequence between B73 and
Mol7 revealed extensive stretches of nonho-
mology, in which more than one-third of the
genes in the regions examined were variable in
their presence (Brunner et al. 2005).

These studies raised numerous questions.
What is the genetic mechanism that gives rise to
these presence/absence variants? What propor-
tion of the gene complement is dispensable? Do
presence/absence variants encode functional
proteins? The first of these questions was
explored in a follow-up study by Dooner and
colleagues who found that the variability in genic
content at the bz locus could be attributed to
Helitron elements (Lai et al. 2005). This was
further supported via a genome-wide comparison
of the inbred lines, B73 and Mol7, in which it
was estimated that only ~80% of genomic
segments were shared between these two lines
based on hybridization to probes designed from
genic sequences (Morgante et al. 2005). In-depth
characterization of nine of the non-shared
sequences showed that all but one displayed the
hallmarks of Helitron capture (Morgante et al.
2005). At this time, prior to the completion of the
B73 reference genome, it was hypothesized that
any one line would contain only ~85% of
functional maize genes (Buckler et al. 2006).
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2.4.3 Array-Based Comparative
Genomic Hybridization
Era

The question of how many maize genes are
affected by structural variation genome-wide was
not addressed until the publication of the B73
reference genome (Schnable et al. 2009) and the
subsequent development of an aCGH platform
(Springer et al. 2009). A seminal paper from this
era by Springer et al. showed that 180
high-confidence genes were present in B73 and
absent in Mo17 (Springer et al. 2009). In addition
to over 400 CNVs, a 2.6 MB stretch of sequence
harboring 31 genes was identified that was
completely missing from 17 of 24 inbred lines
that were subsequently evaluated. This pattern of
CNVs being common in maize populations has
been recapitulated in other studies. A comparison
of 14 inbred lines showed approximately half of
over 2,100 identified CNVs were at high allele
frequency (Bel6 et al. 2010). In a further com-
parison of 19 diverse maize inbred lines and 14
teosinte accessions, 3,410 CNVs were detected,
~86% of which were shared between maize and
teosinte (Swanson-Wagner et al. 2010). These
studies marked an important advance in knowl-
edge not only due to the genome-wide scale of
the studies, but also because they showed that
low-copy expressed genes can be PAVs and
CNVs, not just repetitive elements and
pseudogenes.

2.4.4 Second- and Third-Generation
Sequencing Era

The growth of next-generation sequencing tech-
nologies is closely tied to the next era of maize
genome content variation studies. The initial
maize HapMap study utilized
sequencing-by-synthesis technology to inventory
variation in the low-copy portion of the genome
across 27 diverse inbred lines and estimated that
B73 contained only 70% of the low-copy maize
sequence  (Gore et al. 2009). The
second-generation =~ HapMap  study  also
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inventoried standing variation, but in an expan-
ded collection of 103 inbred lines that included
landraces and wild relatives (Chia et al. 2012).
This study described the maize genome as being
in “flux” with high levels of read-depth variants
(RDVs). This description was based on scanning
the genome in 10-kb bins and finding that more
than 90% of the tested bins displayed greater
than twofold variation in read depth across the
individuals. Further, these RDVs were enriched
for GWAS hits indicating their importance to
phenotypic variation.

A number of subsequent studies have expan-
ded beyond the reference genome assembly
using iterative mapping and assembly approa-
ches. In the first of this type, a set of six elite
Chinese inbred lines were resequenced, and 570
novel gene sequences absent from the B73
assembly with an average coding sequence
length of 527 bp were discovered (Lai et al.
2010). Of these 570 novel genes, 413 had high
coverage from B73 resequencing reads while the
remaining 157 did not, suggesting that the latter
were true PAVs. Further analysis of the subset of
the PAVs that did not have high resequencing
coverage showed that many segregated in
accordance with the heterotic group and did not
have paralogs elsewhere in the genome. A simi-
lar approach was taken using RNA-seq of 21
diverse inbred lines across heterotic groups that
identified 1,321 novel transcripts outside of the
reference genome assembly, in which ~11%
were heterotic group specific (Hansey et al.
2012). Finally, in a study of 503 diverse inbred
lines that again used an RNA-seq mapping and
assembly approach, over 20,000 transcribed
sequences were identified that were not present
in the B73 reference genome assembly, and it
was determined that in this set of lines the closed
maize pan-genome could be represented by
~350 lines (Hirsch et al. 2014). Subsequently, a
novel method to convert GBS tags to
pan-genome anchors across more than 14,000
genotypes found that B73 represents ~74% of
the low-copy sequence present in maize (Lu et al.
2015). In this study, PAV SNPs were enriched
for significant GWAS hits, but they were also
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negatively correlated with gene density and
recombination frequency.

A new era in the study of maize genome
content variation is emerging with the publica-
tion of multiple de novo genome assemblies and
the availability of a new B73 reference genome
assembly. The new B73 reference genome is a
substantial improvement over the previous
Sanger-based assembly with a 52-fold increase in
contig length. Comparisons of this B73 genome
assembly with the optical maps of two other
inbreds, Kill and W22, showed that only 32%
and 39% of the optical maps could be mapped to
B73, respectively. Moreover, a large proportion
of the aligned region showed evidence for
structural variation including 257 PAVs missing
in Kill and W22 (Jiao et al. 2017). De novo
assembly of Iodent founder line PH207 allowed
for a direct genome to genome comparison of
gene content to B73 and reported 1,169 B73- and
1,545 PH207-specific genes in addition to
extensive variation in gene family size (Hirsch
et al. 2016). F2, an important inbred line in
France, was assembled and 88 Mb of sequence
was reported as unique to F2 in a comparison to
B73 (Darracq et al. 2018).

2.5 Functional Importance

of Genome Content Variation
2.5.1 Gene and Genome Evolution
Genome content variation represents an impor-
tant class of potentially functional genetic vari-
ation. Duplication or deletion of genomic regions
may have strong impacts on phenotypic varia-
tion, presumably because they disrupt the stoi-
chiometry of gene products in physiological
contexts (Torres et al. 2008). This disruption,
however, is not necessarily detrimental. In the
short term, changes in genome content may
confer resilience to sudden stresses (Yona et al.
2012). In longer terms, changes in genome con-
tent may provide the starting point for evolu-
tionary novelty and species diversification
(reviewed in van de Peer et al. 2017).
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Considering a single genetic locus, individuals
that contain a gene (or multiple copies of a gene)
that is not in the genome of others in a population
may be able to perform unique biochemical
functions, which may then increase variation for
fitness. This is a major mechanism underlying the
rise and spread of resistance to certain biotic
(Cook et al. 2012) or abiotic (Maron et al. 2013)
stresses. Duplicated genes may also provide a
starting point for the evolution of novel gene
function, because one copy of the gene is
potentially released from purifying selection,
allowing it to diverge in function (Ohno 1970;
Nasvall et al. 2012). Genome content variants
outside of protein-coding sequences may also
have phenotypic effects and, thus, contribute to
fitness variation. For example, maize transpos-
able elements have been shown to influence
neighboring gene expression, resulting in alter-
ation of plant morphology (Studer et al. 2011),
and abiotic stress response (Makarevitch et al.
2015). However, maintenance of increased copy
number or unique biochemical pathways come at
a cost, and gene duplicates are often purged in
the absence of selective pressure to maintain
them (Berglund et al. 2012).

2.5.2 Phenotypic Association
and Cloned Genes

The phenotypic importance of genome content
variation (CNVs and PAVs) has been shown
through a number of genome-wide studies. The
second-generation maize HapMap study (Chia
et al. 2012) was particularly noteworthy as one of
the first genome-wide studies to relate genome
content variation to phenotypic variation in traits
of agronomic importance. A subsequent associ-
ation mapping experiment incorporated data
from the HapMap studies to perform association
mapping across 41 diverse phenotypes (Wallace
et al. 2014). In both cases, the authors reported
that while SNPs were most often associated with
GWAS hits by virtue of their prevalence, CNVs
are the most highly enriched polymorphism class
in GWAS hits relative to their genome-wide
frequency. In another study that conducted
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GWAS for key developmental transitions includ-
ing the juvenile-to-adult vegetative and the
vegetative-to-reproductive  transitions, it was
shown that novel gene associations were identified
using transcript abundance and transcript PAV as
markers relative to analyses that used only SNP
markers (Hirsch et al. 2014). Presumably, some of
the transcript PAV markers used in this study are
based on genomic level PAV. A comparison of
two maize de novo genome assemblies and the
transcriptome profiles across six tissues from these
genotypes revealed that approximately half of the
transcript PAVs that were observed were the pro-
duct of genome-level PAV (Hirsch et al. 2016).
Furthermore, a broad-scale study across more than
14,000 maize inbred lines found that phenotypic
variation in four complex traits was more associ-
ated with SNPs linked to PAVs than to SNPs not
linked to PAVs (Lu et al. 2015). Finally, a diver-
sity characterization of maize landraces found that
the majority of SNPs associated with altitude
adaptation overlapped regions of the genome with
large-scale structural variation (Romero Navarro
et al. 2017).

Despite the extensive levels of PAV and CNV
detected across maize and the enrichment of
structural variation in GWAS hits, there are rel-
atively few examples of well-characterized phe-
notypes in maize that result from a specific
structural variant (Table 2.1). One of the first
examples of a structural variant affecting a phe-
notype in maize was enhanced aluminum toler-
ance resulting from copy number amplification
of the MATEI gene, a transporter from the
multidrug and toxic compound extrusion family
(Maron et al. 2013). The tunicate phenotype of
pod corn (Zea mays var tunicate) is another
example of a structural variant affecting a
developmental phenotype (Wingen et al. 2012;
Han et al. 2012). The characteristic phenotype of
glume covered kernels in the Tunicatel (Tul)
mutant is the result of ectopic expression of
Zmml9, a MADS box transcription factor,
expressed in developing maize inflorescence.
The ectopic expression of Zmml19 is manifested
through a ~1.8 MB inversion associated with a
Mutator-like transposon. A more extreme tuni-
cate phenotype caused by duplication of two



2 The Maize Pan-Genome

genes at the breakpoint of the rearrangement can
also be seen. The White Cap (Wc), locus in
maize, is another example of structural variation
brought about through transposon rearrangement
(Tan et al. 2017). Variable repeats of a
carotenoid-degrading enzyme, Ccd1, at this locus
confer quantitative variation for grain color and
are the basis for the white-endosperm phenotype.
Another example of a structural variant associ-
ated with a mutant carotenoid phenotype is the
Maize white seedling 3 (w3) locus. This classical
mutant phenotype was recently shown to be
caused by a complete gene deletion of a
homogentisate solanesyl transferase (HST) gene
(Hunter et al. 2018). Finally, at the sugary
enhancer (Sel) gene that is important for fresh
market sweet corn, there is a recessive allele
(sel) that is a 630 bp deletion, which eliminates
the entire open reading frame of Sel and results
in loss of normal Se! transcript and function. The
recessive allele in combination with sugaryl
results in increased sugar content and high levels
of water-soluble polysaccharide in the endo-
sperm (Haro von Mogel et al. 2013).

While there are only a few examples of cloned
genes in maize with natural PAV/CNV alleles,
there are numerous other examples across the plant
kingdom (Table 2.1). These cloned examples in
other species have a range of phenotypic outcomes
from biotic/abiotic stress tolerance to develop-
mental impacts and production of novel secondary
metabolites. The technological advances described
earlier are decreasing the barriers to de novo gen-
ome assembly, which will facilitate CNV and PAV
discovery and reduce the recalcitrant nature of
studying the phenotypic outcomes of these geno-
mic features. It is anticipated that as multiple ref-
erence genome assemblies become available for
various plant species, including maize, the ability
to identify and characterize functional structural
variants will improve.

2.5.3 Heterosis

Since the discovery of interspecific gene content
variation in maize, there has been considerable
interest in the potential role of variable genes in
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heterosis. Here, we define heterosis in the
breeding context as the difference in performance
of a hybrid relative to the performance of its
better inbred parent, otherwise known as better
parent heterosis. Many non-mutually exclusive
hypotheses have been put forward to explain the
mechanism of heterosis in maize (reviewed in
Kaeppler 2012; Schnable and Springer 2013).
The three classical quantitative genetics
hypotheses include dominance, overdominance,
and epistasis. The dominance hypothesis, which
posits that heterosis results from the comple-
mentation of mildly deleterious alleles present in
inbred parents, is most often invoked in the
context genome content variation.

Based on early Sanger sequencing work, it was
hypothesized that maize genotypes with comple-
mentary dispensable gene subsets would produce
hybrid offspring with a more complete suite of
quantitative-effect dispensable genes (Fu and
Dooner 2002). One of the reasons for invoking
gene content variation in discussions of heterosis is
that it is consistent with the breeding practice of
crossing inbreds from complementary heterotic
groups to form superior hybrids. Crosses between
opposite pools (i.e., Stiff Stalk Synthetic x
Non-Stiff Stalk Synthetic) would be expected to
generate a more full gene complement compared
to crosses that take place within heterotic group
crosses (i.e., Stiff Stalk Synthetic x Stiff Stalk
Synthetic). This model was supported by later
work that demonstrated patterns in PAVs that
reflect heterotic groups (Lai et al. 2010; Hansey
etal. 2012). Lai et al. resequenced six elite Chinese
breeding lines and found that many of the struc-
tural variants identified were private to a single
heterotic group (Lai et al. 2010). A second study,
based on RNA-seq of 21 diverse North American
breeding lines, found 145 loci absent from B73
that also showed heterotic group patterning (Han-
sey et al. 2012). Further, in a comparison of two de
novo assemblies from genotypes that have high
specific combining ability, over 2,500 PAVs were
identified as well as extreme expansion and con-
traction of gene families (Hirsch et al. 2016).
While this association is suggestive, clear evidence
for a causal role of gene content variation in
heterosis has yet to be realized.
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Table 2.1 Examples of copy number variants (CNVs) and presence/absence variants (PAVs) with known phenotypic

outcomes

Species Variant type Trait

Barley CNV Boron toxicity tolerance
Barley CNV Freezing tolerance
Barley CNV Flowering time
Cucumber CNV Reproductive morphology
Maize CNV Tunicate phenotype
Maize CNV Aluminum tolerance
Maize CNV Grain color

Maize PAV Carotenoid synthesis
Opium poppy PAV Noscapine synthesis
Palmer amaranth CNV Glyphosate resistance
Rice PAV Phosphorus uptake
Rice PAV Submergence tolerance
Soybean CNV SCN resistance

Tomato CNV Fruit size

Wheat CNV Photoperiod response
Wheat CNV Dwarfing

Wheat CNV Freezing tolerance
Wheat CNV Winter hardiness

2,54 Dosage Balance

The concept of dosage balance has been formal-
ized as the Gene Balance Hypothesis, which
declares that balanced stoichiometry among
members of multi-subunit complexes is critical for
optimal function of the macromolecular complex
(Birchler and Veitia 2007, 2010, 2012). In prac-
tical terms, this posits that gene products that
function as part of a complex or interact closely
within a certain biochemical framework will likely
have an optimal ratio of subunits. Any change that
modifies this ratio, such as alteration of gene copy
number, will cause a deviation from the optimal
balance. This can have important implications for
gene expression regulation and, in the context of
this chapter, on the evolutionary fate of CNVs.
One line of evidence supporting this hypothesis
comes from the study of genes retained in dupli-
cate following the most recent polyploidization
event in maize and other paleopolyploids. It has
been shown that functional classes of genes that

Reference

(Sutton et al. 2007)
(Knox et al. 2010)
(Nitcher et al. 2013)
(Zhang et al. 2015)
(Wingen et al. 2012; Han et al. 2012)
(Maron et al. 2013)
(Tan et al. 2017)
(Hunter et al. 2018)
(Winzer et al. 2012)
(Gaines et al. 2010)
(Schatz et al. 2014)
(Schatz et al. 2014)
(Cook et al. 2012)
(Xiao et al. 2008)
(Diaz et al. 2012)

(Li et al. 2012)

(Zhu et al. 2014)
(Wiirschum et al. 2017)

participate in macromolecular complexes such as
transcription factors and signaling components are
more likely to be retained than other functional
classes (Woodhouse et al. 2010). This bias also
extends to non-polyploidy-derived copy number
polymorphisms. Given that many CNVs segre-
gate, inbreds may contain a more dramatic shift
from optimal dosage when averaged across the
genome compared to the hybrid state due to
complementation. Under this model of heterosis,
increased inbred performance is expected to lead
to decline in the number CNVs observed across
the genome (Kaeppler 2012).

2.6 Future Bioinformatic
Challenges in the Era
of Multiple Genome Assemblies

The number of sequenced and assembled plant
genomes is growing at an exponential rate
(Michael and Jackson 2013), and many species,
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including maize, have genome assemblies from
multiple individuals within the species. This
burst of activity is due to the realization that a
single reference genome is not representative of
the variation present in a species. The availability
of additional reference genomes will greatly
facilitate structural variation characterization and
lead to a better understanding of the maize
pan-genome. Before new genomic resources can
be effectively used, however, current bioinfor-
matic workflows need to be modified to accom-
modate multiple reference genomes. Some
questions raised by the Computational
Pan-Genomics  Consortium  (Computational
Pan-Genomics Consortium 2016) include:

1. What is a reference genome? The genome of
a selected individual, the consensus sequence
from a population, or a maximal genome with
all sequences detected?

2. How do we efficiently translate coordinates
and compare genome features from one
genome  assembly to genome
assembly?

3. Should we abandon the concept of single,
linear reference genome and move toward a
graph-based approach?

another

The incorporation of alternative/novel loci is
an important step toward more comprehensive
representation of sequence diversity. One chal-
lenge associated with their adoption is that read
mapping software must be modified to support
alternate loci. The development of “alt-aware”
algorithms is an area of extensive development.
While these loci are useful for capturing variation
at regions of interest, they do not attempt to fully
represent variation at the pan-genome level. In
order to best utilize the full suite of variation
present in a population, research communities
will need to move beyond the representation of
reference genomes as linear strings. The idea of
adopting a graph-based genome has been
advanced by the Computational Pan-Genomics
Consortium, which has advocated for a paradigm
shift in how we think of reference genomes.
Graph-based structures are already commonly
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used in assembly software in the form of de
Bruijn graphs, which are directed graph struc-
tures in which nodes represent kmers (unique
strings of length k) and edges represent an
overlap of k-1 bases between two nodes. Simi-
larly, a basic graph structure might encode shared
sequences as nodes in a graph and novel
sequences as edges.

Moving from a reference genome being a
linear representation of single genotype to a
graph-based data structure that represents an
amalgam of haplotypes will require new a con-
sensus data structure, new coordinate systems,
and the modification of genome browsers and
other tools. However, as additional genome
assemblies become available and our knowledge
of the size and complexity of species
pan-genomes continues to grow, the difficulty in
these challenges will be far outweighed by the
benefit to biological understanding and utiliza-
tion of diversity in plant species.
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Abstract

Over the last few decades, next-generation
sequencing has revolutionized the way that
genetic diversity is preserved, studied, and
used. Maize, because it is one of the most
important crops in the world, has been at the
cutting edge in the application of these new
technologies. Recently, several different plat-
forms have been used to explore the diversity
of the maize genome and its connection to
observed phenotypes. This chapter presents a
summary of the most successful platforms to
date. As technology improves at a rapid rate,
generating new and more complex data,
researchers need new tools to optimize the
use of resources to explore maize germplasm
for genomics and breeding.

3.1 Introduction

Maize (Zea mays L.) is one of the major crops in
the world. It is cultivated in most of the tem-
perate and tropical regions of the planet and is a
main source for human food, animal feed, and
industrial processes (FAOSTAT 2018). More-
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over, it is an important model plant for the sci-
entific community used to study many different
biological processes. The economic and scientific
importance of maize makes it one of the first
crops where cutting-edge technologies are usu-
ally applied. From the first studies using isoen-
zymes to characterize maize diversity (Stuber
and Goodman 1983) or analyzing quantitative
traits (Edwards et al. 1987), to the newest
next-generation technologies for an improved
reference genome (Jiao et al. 2017a), maize has a
rich history of developing community resources
generated using innovative molecular techniques.

Molecular markers in maize are used for
population and genome evolution studies,
germplasm characterization and selection of core
collections, trait mapping, and breeding. For
example, in a market where intellectual property
rights for breeders need to be protected, essen-
tially derived varieties (EDV) are identified using
a set of 435 single sequence repeat (SSR) mark-
ers (Kahler et al. 2010). This allows breeders to
determine if someone has stolen their variety.
Similarly, genebanks can use molecular markers
to analyze their collections and help make deci-
sions regarding contamination, errors, or dupli-
cated entries while they minimize the negative
effects of genetic drift or unconscious selection,
and maximize use of resources (Romay et al.
2013). If the information generated by the banks
is shared, breeders can use it in combination with
passport and phenotypic data to identify sources
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of possible favorable alleles to introduce into
their programs through biotechnology or
pre-breeding (Wang et al. 2017). The same
information can also be used to study the rela-
tionship between genotypes and phenotypes and
better understand the genetic architecture of
quantitative traits (Romero Navarro et al. 2017).
Furthermore, markers scored on ancient DNA
combined with information on recent accessions
can help us predict ancient phenotypes and
understand the dynamics of adaptation (Swarts
et al. 2017). In addition, the prediction of

Table 3.1 Commonly used genotyping methods in maize

Method Advantages
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phenotypes from only genotypic information
using genomic selection (GS) has revolutionized
modern breeding (Meuwissen et al. 2001). Maize
breeding programs already benefit from the use
of molecular markers in GS (Xu et al. 2017b;
Han et al. 2018) and even greater progress can be
made in the public sector if we achieve low-cost
and ultra high-throughput genotyping (Buckler
et al. 2016; Rasheed et al. 2017).

Over the last three decades, the maize com-
munity has been using different types of
DNA-based markers for their work. Starting with

Disadvantages

KASP™ and TagMan™

Illumina® GoldenGate™ and
MaizeSNP50 BeadChip

Affymetrix® Axiom® Maize

genotyping arrays

Genotyping by sequencing

(GBS)

DaRTSeq, tGBS, RAPID Seq

rAmpSeq

Transcriptome sequencing

Whole genome resequencing

* Low cost
* Work in low-quality DNA
* Quick turnaround time

« Stable and defined set of SNPs
* Very low missing
* Reliable call of hets

« Stable and defined set of SNPs
* Very low missing data
* Reliable call of hets

* High throughput (hundreds of thousands

SNPs/sample)

* Reduced cost per sample

* Less biased (no discovery step needed)
* High throughput (hundreds of thousands

SNPs/sample)

* Reduced cost per sample

* High throughput (hundreds of thousands

SNPs/sample. Less than GBS)
» Lower missing data than GBS
* Reliable heterozygote calls

* Low cost

* Work with low-quality DNA
* Quick turnaround time

* Reliable heterozygote calls

* Low missing data
* Provides additional information
(expression)

* Very high throughput (millions
SNPs/sample)

* Less biased (no discovery step needed)

* Very low throughput (<10
SNPs/sample)

» Middle throughput (thousands
SNPs/sample)

» Expensive

* Ascertainment bias

» Expensive
» Ascertainment bias

* High missing data

* High errors in heterozygote
calls

* Requires high-quality DNA

* Requires high-quality DNA

» Middle throughput (thousands
markers/sample)

» Complicated and species
customized bioinformatics

* Only dominant markers

* Labor intensive

* Limited representation of
genome

* Dependent on tissue sampled

» Complicated bioinformatics
and data management

» Complicated bioinformatics
and data management

» Missing data and errors
correlated with cost
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SSR and Amplified Fragment Length Polymor-
phisms (AFLP), the recent development of new
sequencing technologies has made single-
nucleotide polymorphisms (SNPs) the markers
of choice. This is because of their abundance and
even distribution across the genome (Gupta et al.
2008; Kumar et al. 2012). An SNP is a
single-nucleotide difference in an otherwise
identical sequence of the genome. The use of
SNP markers requires an initial discovery step
where a set of diverse accessions is sequenced
and compared. Once discovered, SNPs can be
scaled to use in many different methods (Gupta
et al. 2008). However, the maize genome is large
and complex when compared with other crops
and model plant species (Fu and Dooner 2002).
The levels of diversity between two corn inbred
lines are higher than between humans and
chimpanzees (Buckler et al. 2006). This diversity
is caused by a dynamic genome (Hirsch et al.
2014b) and a number of structural variations that
often associate with phenotypic changes (Wal-
lace et al. 2014). Some of these structural vari-
ations include location of repetitive elements and
genes (Morgante et al. 2005; Chia et al. 2012),
presence/absence variation (PAV), and copy
number variations (CNV) (Springer et al. 2009),
and even large differences in chromosomal
structure like big inversions that are related to
phenotypic variation and adaptation (Pyhdjirvi
et al. 2013; Romero Navarro et al. 2017). These
features make the development of SNP-based
genotyping platforms for maize more challenging
than for humans, animals, and other crop species
with smaller genomes.

Regardless, there are several successful plat-
forms generally used for genotyping in maize.
Some of the most popular methods are single
SNP methods like KASP™ from LGC Genomics
(He et al. 2014) and TagMan™ from Applied
Biosystems (Tobler et al. 2005). However, there
are also other systems that can produce a few
thousand to a hundred thousand SNPs per sample,
like array-based technologies such as BeadX-
press™ and GoldenGate™ from [llumina® (Yan
et al. 2010; Ganal et al. 2011) and Axiom®
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Genotyping Array from Affymetrixs® (Unterseer
et al. 2014) or next-generation sequence-based
genotyping platforms, such as DArTSeq, devel-
oped by Diversity Arrays Technology (Sansaloni
et al. 2011), or genotyping by sequencing
(GBS) (Elshire et al. 2011). These approaches can
be used for different applications, depending
mostly on the amount of data needed, available
cost per sample, and tolerance of missing data.
This chapter gives an overview of the resources
available to the community to characterize maize
genetic diversity in a high-throughput manner,
the uses to date, and future directions. A summary
of frequently used methods, their advantages, and
disadvantages is presented in Table 3.1.

3.2 Array-Based Genotyping
Platforms

Array technologies are designed to target mostly
the genic portions of the genome, which may
imply targeting more of the SNPs that influence
the phenotypes. They are more stable than other
technologies, since they always characterize the
same set of SNPs across materials and have very
little missing data points making comparison and
replication of results easier. In return, they are
more expensive than other technologies, with a
correlation between the price of the array and the
number of SNPs it contains, and they often miss
most of the regulatory regions. In addition, the
need to select only certain sections of the genome
for its development requires an initial discovery
work and SNP selection that frequently causes
reference bias (Ganal et al. 2012).

Most of the genotyping array platforms have
been developed based on technologies from
MNumina® and Affymetrix®. Although the pur-
pose and output of the different technologies are
similar, the process to obtain the data differs
significantly (Rasheed et al. 2017). There are
several reviews with technological comparisons
of these different platforms and their applications
in different crops (Gupta 2008). Here, we will
focus on the characteristics and use in maize.
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3.2.1 Illumina® GoldenGate™ Assay
The GoldenGate assay is a medium density array
that incorporates locus and allele-specific oligos
that fit into patterned microwells for hybridiza-
tion, followed by allele-specific extension and
fluorescent scanning of 48-384 and 384-3072
SNPs per sample (Shen et al. 2005). In maize,
several 1,536 Oligo Pool Assays (OPA) have
been developed from resequencing data from the
Maize Sequence Project (www.panzea.org) and
used for different purposes. The first integrated
linkage map of the Nested Association Mapping
(NAM) Population with 1,106 SNPs was estab-
lished with this technology between 2006 and
2008 (McMullen et al. 2009). The mappable
SNPs were combined with an additional 430
obtained from the same database and used to test
two populations of Recombinant Inbred Lines
(RILs) and a diverse collection of 154 inbred
lines, most of them from Chinese origins.
Approximately 92% of the SNPs tested were
called successfully and the genotyping was
highly repeatable, showing less than 20% miss-
ing data in these materials (Yan et al. 2010).
Those high-quality SNPs were later used to
genotype diverse materials, most of them
important for breeding programs around the
world (Yang et al. 2010; Pan et al. 2012).
Another OPA was also developed, replacing the
unmappable SNPs with markers from candidate
genes associated with mechanisms and pathways
related to drought tolerance. This chip was tested
in a global collection of inbred lines from tem-
perate, tropical, and subtropical breeding pro-
grams and its information was used to study
Linkage Disequilibrium (LD) decay and to select
a core collection that maximized diversity (Yan
et al. 2009). This technology was also used to
characterize breeding pools from other different
programs (Nelson et al. 2008, 2016; Jones et al.
2009; Wen et al. 2011a; Semagn et al. 2012), and
to study the integrity of accessions preserved in
different germplasm banks (Wen et al. 2011b).
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3.2.2 lllumina® MaizeSNP50

BeadChip

The MaizeSNP50 BeadChip uses the same Bea-
dArray technology that the GoldenGate assay, but
is expanded to higher density using Infinium®
assays. These assays are based on a two-color
single base extension from a single hybridization
probe per SNP marker with allele calls ranging
from 3,000 to over 5 million SNPs per sample
(Steemers and Gunderson 2007). The initial
design of this array started with the selection of
800,000 SNPs across multiple discovery projects.
From those, a set of approximately 58,000 were
initially chosen, giving priority to SNPs located in
genes. Among the 49,585 scorable SNPs, 34,182
came from Panzea, 13,037 from Syngenta, 1,816
from INRA, 400 from TraitGenetics, and 150 from
other sources. These markers covered a total of
17,520 different genes. In general, the markers are
well distributed across the genome, although with
lower numbers toward the centromeric regions.
Usually, the distance between markers is a few
kilobases (kb), although there are some gaps up to
100 kb, and even a 2 Megabase (Mb) region
without markers on chromosome 6. Ganal et al.
(2011) detailed information for the array and each
SNP, including source and genotypes across all the
initially scored 274 lines. The biases in this array
were investigated and compared with other marker
systems. The Syngenta SNPs, selected mostly
from two inbreds, B73 and Mol7, can be prob-
lematic if the array is used for comparisons
between genotypes belonging to different hetero-
tic groups. Selection of only the most diverse
subset of the markers is recommended in those
cases (Ganal et al. 2011; Romay et al. 2013). The
MaizeSNP50 BeadChip chip has been widely
used for different purposes and materials. For
example, it has been used to characterize the
MAGIC maize population (Dell’Acqua et al.
2015), to study the genetic architecture of kernel
composition (Cook et al. 2012; Li et al. 2013), to
characterize two new European association panels
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(Rincent et al. 2014), and to study population
genomics of adaptation, domestication, and
improvement (Hufford et al. 2012a; van Heer-
waarden et al. 2012; Pyhédjarvi et al. 2013).

Several smaller and germplasm-specific arrays
were developed later by selecting subsets of
these SNPs. The GoldenGate array chip mai-
zeSNP3072, containing 3,072 SNPs, was devel-
oped to fingerprint and perform marker-assisted
breeding in Chinese maize varieties (Tian et al.
2015), and it has been used in several studies
involving mostly Chinese germplasm (Li et al.
2014; Yin et al. 2014; Guo et al. 2015; Cui et al.
2015; Hao et al. 2015a, b; Zhou et al. 2016, 2017;
Meng et al. 2016; Shi et al. 2016; Song et al. 2017;
Hu et al. 2017; Luo et al. 2017). KWS SAAT AG
(Einbeck, Germany) has a custom Infinium iSe-
lectHD® chip that comprises 9,000 of the SNPs
(Pestsova et al. 2016). Similarly, Limagrain has a
design which includes a subset of 18,480 SNPs on
a Affimetrix® array (Giraud et al. 2017). A col-
laboration between Illumina, Syngenta, and Pio-
neer created a standard tool for EDV testing,
featuring 3,047 evenly distributed SNPs (Mai-
zeLD BeadChip 3 K). Nucleotide selection for
this chip was based on a comparison of pairwise
distance data for public and commercially relevant
samples of US and European lines and SSR
markers previously shown to discern EDV status
(Rousselle et al. 2015).

3.2.3 600 K and 55 K Affymetrix®
Axiom® Maize
Genotyping Array

Recently Affymetrix implemented the Axiom
technology based on a two-color, ligation-based
assay with 30-mer probes allowing simultaneous
genotyping of 384 samples with 50 K SNPs, or
96 samples with 650 K SNPs (Hoffmann et al.
2011). In maize, a high-density genotyping array
with 616,201 variants, including the SNPs of the
Ilumina® MaizeSNP50 BeadChip, has been
developed (Unterseer et al. 2014). This array is
optimized for European and American temperate
maize. It is one of the largest publicly available
genotyping arrays in crop species and supports
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the need for higher marker resolution in a crop
with a large genome and rapid LD decay like
maize. Starting with 57 million SNPs and small
indels discovered by mapping whole genome
sequence reads of 30 representative temperate
maize lines, 1.2 million variants were selected for
further testing on 285 temperate maize samples.
The final selection of variants was based on their
high quality in assay performance, physical dis-
tribution, and concordance with in silico variant
calls from sequencing data. The 600 K array has
an average density of one variant every 3.4 kb,
with a median of one variant per 0.3 kb.
Approximately 89% of genes were represented
by at least one variant. This assay has already
been used to genotype a collection of European
landraces (Mayer et al. 2017) and for a
Genotype-by-Environment (G x E) study in
European hybrids (Millet et al. 2016).

Another platform with 55,229 SNPs has been
recently established (Xu et al. 2017a) with this
technology. This array shows lower rates of
missing data and heterozygosity and more SNPs
with lower minor allele frequencies in tropical
materials than the MaizeSNP50 BeadChip. Initial
SNPs were selected for even distribution from
the 600,000. Then, supplemental SNPs that were
highly polymorphic between temperate and
tropical materials were added by selecting from
the MaizeSNP50 BeadChip and a RNA-Seq
study (Fu et al. 2013). SNPs from the dispensable
parts of the genome, the classic maize gene list,
and tags for published transgenic events com-
pleted the selection. The array has been evaluated
in a diverse set of approximately 500 inbred lines
mostly from China, USA, and the tropics (Xu
et al. 2017a), and used to map starch paste vis-
cosity in waxy corn (Hao et al. 2017).

3.3 Sequence-Based Genotyping
Platforms

Recent advances in DNA sequencing technolo-
gies over the last decade have allowed the pro-
duction of millions of bases per sample in one
round. These improvements have made the use
of sequencing for genotyping feasible (Egan
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et al. 2012). Sequence-based genotyping has
several advantages when compared with array
technologies. First, the discovery and SNP call-
ing process can be done in one single
step. Second, raw sequence reads can be stored
and reevaluated with different analysis pipelines
as new bioinformatic tools, improved reference
genomes, or new datasets are developed. Third,
more calls are obtained across the genome for a
smaller cost and the ascertainment bias is
reduced since there is no need to select in
advance which markers will be scored. On the
other hand, bioinformatic analysis of the result-
ing data is, in general, more challenging, and the
set of markers scored on each sample is highly
variable depending on many different factors
(sample prep, machine, coverage, etc.). Addi-
tionally, there are difficulties related to insuffi-
cient and variable read depth, which leads to
problems with missing data.

Although sequencing the entire genome
would always be ideal, it is often not feasible. In
the case of large and repetitive genomes like
maize, costs can quickly become an issue.
A reduced representation approach to get better
coverage of sequence reads in targeted regions
can be a less expensive approach (Hirsch et al.
2014a; Ott et al. 2017). These samples can be
obtained in many ways. The most common
procedure is the use of a restriction enzyme
(RE) targeted to keep less repetitive regions of
the genome. There are different protocols to
obtain these type of libraries with different levels
of genome reduction, from the initial RAD-Seq
(Baird et al. 2008), to double digest RAD-Seq
(Peterson et al. 2012), 2b-RAD (Wang et al.
2012), GBS (Elshire et al. 2011), tGBS (Ott et al.
2017), Phased GBS (Manching et al. 2017),
DArTSeq (Sansaloni et al. 2011), etc. Other
options for a reduced representation of the gen-
ome are exome capture (Hodges et al. 2007; Fu
et al. 2010; Yang et al. 2015), transcriptome
sequencing (Wang et al. 2009), or amplicon
sequencing (Bybee et al. 2011). Many of these
reduced representation methods have been suc-
cessfully used in maize, a summary of the most
frequently approaches and some of their appli-
cations are presented below.
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3.3.1 Genotyping by Sequencing
(GBS)

The most popular genotyping by sequencing
protocol applied to maize was first developed at
Cornell University (Elshire et al. 2011). The
method avoids repetitive regions of the genome
using the ApeKI enzyme and targets any
sequence with low copy, including the important
non-coding regulatory regions. The protocol is
easy, quick, reproducible, and specific. The
procedure eliminates the size selection and a few
enzymatic and purification steps and adds the
inexpensive barcoding system to a previously
developed method (Baird et al. 2008). The result
was a genotyping method that produced more
SNPs at a much lower cost than the SNP arrays
popular at the time. The protocol was initially
tested in maize with 276 RILs from the IBM
population (Lee et al. 2002), and later expanded
to the entire NAM population (McMullen et al.
2009).

In 2013, GBS was used to explore the entire
collection of maize inbred lines preserved by the
US national germplasm system (Romay et al.
2013). Although researchers have characterized
subsets of these inbred lines for different pur-
poses, this was the first time that technology
enabled a large-scale genomic characterization of
maize resources and haplotypes. This allowed the
discovery of rare variants and a deeper study of
LD decay in maize. This GBS data has been used
to identify accessions that have been misclassi-
fied, select best sources for multiplication and
distribution, eliminate duplications, select core
collections, add or recommend new experimental
entries, and assess genetic profile changes over
successive regenerations.

The first analysis of the US national germ-
plasm system sequence data produced approxi-
mately 700,000 markers distributed across the
genome, with reduced representation in the
pericentromeric regions. The mean discrepancy
rate when SNP calls were compared with the
llumina® MaizeSNP50 BeadChip data was
about 0.6% for homozygote calls, while average
missing data was 35%. Results showed that most
of the SNPs in the collection are rare, present in
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less than 5% of the accessions, with some alleles
unique to certain groups of germplasm. Only a
modest amount of the total genetic diversity was
present in the pool of Ex-PVP lines. GBS data
also allowed the study of the integrity of the
USDA maize collection, showing that more than
98% of samples with the same name were the
same. GBS permitted the reconstruction of the
expected pedigree and breeding program rela-
tionships and showed less ascertainment bias
than the MaizeSNP50, although still more than
previous studies with SSR markers. The bias is
caused by the step that requires alignment to the
reference genome and some of the filtering steps
(Romay et al. 2013). This genetic characteriza-
tion of the collection is publicly available
through MaizeGDB (https://www.maizegdb.org/
snpversity).

However, as the number of samples processed
with GBS increased, an improved bioinformatics
pipeline was needed. The key features of the new
pipeline were scalability, running from a few to
thousands of samples, ability to run on simple
small computers with 8—12 GB of RAM usually
available to small breeders, rapid turnover, and
accommodation of high genomic diversity that is
usually encountered in the most important crop
species, especially maize (Glaubitz et al. 2014).
The new pipeline includes two different options,
one for discovery of SNPs and another for pro-
duction SNP calling. The pipeline favors calling
large numbers of SNPs versus depth per SNP and
later uses filters based on population genetics to
reduce error rate. In maize, the latest discovery
build (GBS 2.7) has been done with 31,978
samples (plus 758 blank negative samples) and it
produced almost one million SNPs. All of the
USDA collection and NAM data was included in
this build and data is available through Panzea
(https://www.panzea.org/genotypes). In addition,
the same pipeline has been used to call SNPs in
the collection of inbred lines that have been
evaluated from 2014 to 2017 as part of the
Genomes2Fields initiative, and the data is pub-
licly available through their Webpage (https:/
www.genomes2fields.org/resources).
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In 2016, the collection of inbred lines at
CIMMYT consisting of 539 inbred lines released
between 1984 and 2003 was also characterized
using GBS 2.7 (Wu et al. 2016). Due to their
wide distribution and great contribution to trop-
ical maize breeding improvement, the collection
represents the total genetic diversity of improved
tropical maize germplasm. The population
structure analysis showed that most of the
inbreds could be classified into three main clus-
ters: Lowland Tropical, Subtropical/Mid-altitude,
and Highland Tropical, with most of them dis-
tantly related to each other. Gene diversity of the
three tropical subgroups was similar and higher
than temperate materials. LD decay was also
faster. Public data for this collection can be
obtained on the CIMMYT Research Data
Repository Website (https://data.cimmyt.org/
dataset.xhtml?persistentld=hdl:11529/10423).

Another interesting GBS 2.7 public dataset
from CIMMYT consists of a large collection of
maize landraces from 35 different countries across
the Americas. Data can be accessed from
CIMMYT Seeds of Discovery Repository (https://
data.cimmyt.org/dataset.xhtml?persistentld=hd]l:
11529/10034). Markers were used to study
flowering time and its relationship with the genes
driving adaptation to low, middle, and high ele-
vation (Romero Navarro et al. 2017). Country of
origin was the main clustering factor for the lan-
draces, but sampling across different Mexican
altitudes did not show a complete differentiation
of the materials, indicating that alleles still seg-
regate between different adaptation classes at the
maize center of origin. Latitude and altitude were
used to map adaptation and they found that more
than 50% of significant hits were in regions of
low recombination, in particular a 13 Mb inver-
sion on chromosome 4 introgressed from high-
land teosinte (Pyhijérvi et al. 2013). Outside of
these regions, numerous other genes associated
with adaptation to altitude were identified and
most of them were shared across clades and lan-
draces. This study showed the power and reso-
lution that genotypic characterization of landraces
and association with well-curated passport data
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can have, and has opened the door to further study
the materials preserved at the germplasm banks
beyond inbred lines.

A collection of 1,197 flint inbred lines repre-
senting European diversity has also been char-
acterized using the same GBS pipeline and its
diversity compared against the USDA collection
(Gouesnard et al. 2017). The inbred lines were
selected from the INRA collection, the Cornfed
flint association panel (Rincent et al. 2014), and
inbred lines recently derived from European
landraces. Seven groups, in agreement with
known breeding knowledge, were identified.
Consistent with previous results, the homozygote
data had high quality when compared with pre-
vious data from the MaizeSNP50 BeadChip. The
collection was compared to the USDA data and,
as expected, it showed reduced diversity,
although most of the European flints formed their
own group (Gouesnard et al. 2017). Although
data is not publicly available, it can be obtained
upon request.

The main weaknesses of GBS datasets gen-
erated with this method are the amount of miss-
ing data and undercalling of heterozygote SNPs,
both caused by low and uneven read depth. It has
been shown in maize that even at relative low
coverage, GBS can produce enough information
for powerful QTL mapping in biparental popu-
lations. However, dense genotyping requires
increased target coverage per individual (Beis-
singer et al. 2013). When working with inbred
lines, the depth problem is partially dealt with by
analyzing large numbers of samples that share
the same haplotype. Once a certain read depth
has been achieved for a sample, a big portion of
the missing data most likely has real biological
value, since it is probably caused by large
divergence of the reads with the reference gen-
ome, small insertions or deletions, PAV, or larger
structural variants. For example, the popcorn
inbred line SA24 was sequenced in 25 pools in
the USDA collection but still showed 16%
missing data (Romay et al. 2013). Similarly,
markers that are scored in many more samples
than the average or present higher heterozygote
rates will probably present higher read depth than
the average, and should be used with caution
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since they are very likely targeting regions of the
genome that include CNV.

If missing data is still a problem, modifica-
tions of the method can be used to genotype large
samples taken from heterogeneous populations
of heterozygote materials (Manching et al. 2017
Ott et al. 2017), or multiple imputation proce-
dures can be tested for accuracy. Most of the
available imputation pipelines like Beagle v4.0
(Browning and Browning 2016) have been
optimized for humans. Although this may work
well with highly heterozygous materials, these
algorithms cannot take advantage of the library
of high-quality scored haplotypes created by
inbred lines, large LD blocks present in most
crop species, or the ability to use controlled
mating designs. In addition, they usually fill all
missing data with a variant, losing some of the
biological signal present in the initial dataset. In
crops with controlled mapping designs, highly
accurate recombination points can be found
using algorithms like FSFHap for ordered
genotypes, or FILLIN, a more generalized
method (Swarts et al. 2014). To avoid problems
caused by pedigree tracking errors and contami-
nation, both methods do not require known par-
ental genotypes and rely instead on a Hidden
Markov Model. Ordered markers can be modeled
as a Markov chain and the missing genotype
calculated using a Vitervi algorithm (Rabiner
1989). Compared with Beagle v4.0, FILLIN is
faster and makes less errors imputing the minor
allele on inbreed samples. For highly heterozy-
gous samples like landraces, Beagle v4.0 per-
forms better. Regardless of the materials or
imputation method, the generation of a subset of
genotypes covering the diversity of haplotypes at
a higher coverage to ensure good haplotype
generation is recommended (Swarts et al. 2014).

3.3.2 DArTseq

Another protocol that uses restriction enzymes
for complexity reduction is DArTseq (Diversity
Arrays Technology Pty. Ltd. 2018). While the
initial method involved hybridization on an array
(Jaccoud et al. 2001), it has been adapted to
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produce higher density of markers (tens of
thousands) by sequencing the representations on
a next-generation sequencing machine (Sansaloni
et al. 2011). When compared with GBS, DArT-
seq produces less markers, but deeper coverage
per marker, allowing reliable calling of
heterozygote samples.

In the case of maize, large DArTseq datasets
from 577 elite CIMMYT maize inbred lines
(CMLs) have been generated using a combina-
tion of two enzymes, PstI and HPall and 96-plex
sequencing (Chen et al. 2016). Data is publicly
available through CIMMYT Dataverse (https://
data.cimmyt.org/dataverse/root?q=CML+dartseq
). The generated SNPs were used to evaluate
quality control (QC) of the germplasm, to iden-
tify mislabeled packages or plots, and to measure
heterogeneity of each germplasm entry. The
study analyzed several factors affecting the cost
of data generation for QC purposes and found
that a subset of only 80 markers in a sample of
192 individuals worked well for broad QC of
germplasm in the bank (Chen et al. 2016). In
addition, the technology has also been used to
analyze 447 inbred lines preserved at the germ-
plasm bank from the Federal University of Lav-
ras (Brazil), and the information was used to
select resistant varieties to ear rot (dos Santos
et al. 2016).

3.3.3 rAmpSeq

Enzyme-based reduction representation libraries
require high-quality DNA, which is expensive,
laborious, and under certain circumstances
complicated to obtain. This is a serious obstacle
for genomic selection because thousands of
samples need to be genotyped in a very short
period at a very low cost per sample. rAmpSeq
(Buckler et al. 2016) is an amplicon sequencing
technology that allows the use of low-quality
DNA, focuses on the repetitive regions of the
genome, and produces hundreds to thousands of
markers across a genome. Genotyping these
regions of the genome is an old approach, but the
recent improvement of sequencing technologies,
with reads more than 150 bp, has now allowed it
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to be done at scale. Working with repetitive
regions solves several problems that similar
technologies like AmpSeq (Yang et al. 2016)
have. It reduces PCR competition that causes
problems to score heterozygote samples because
all amplicons are similar in size and composition,
and it only needs a few primer pairs that can be
designed without previous knowledge of the
sequences to amplify, which reduces bias. On the
other hand, when compared with GBS, rAmpSeq
produces fewer markers, needs knowledge of a
reference genome to initially design the primers,
and is focused on intergenic regions, which
makes the bioinformatics processing complicated
and customized for each species. In addition, the
current analysis pipelines can only score domi-
nant markers. The major advantage of the tech-
nology is simplicity, which provides a very
competitive cost per sample (approximately
$5/sample). Cornell University and CIMMYT
are currently working together to use this tech-
nology for genomic selection in breeding pro-
grams serving low- and middle-income
countries. Genomic prediction accuracies and
cost reports will be available in the near future
(Zhang et al. 2017).

3.3.4 Transcriptome Sequencing

Another approach to obtaining a reduced repre-
sentation of the genome consists of using tran-
scriptome data. The process involves isolating
mRNA and converting it into a library of cDNA
that is then used as input in the next-generation
sequencing machine (Nagalakshmi et al. 2008;
Wang et al. 2009). Only about 1-2% of the
genome is usually represented with this approach,
but these sequences are likely to contain a high
number of functional variants (Scheben et al.
2017). This technique provides information about
diversity but also expression differences in the
same tissue. Its major limitation is that the gene
must be expressed in the sampled tissue to obtain
data (Hirsch et al. 2014a). RNA-Seq has been
used in maize to obtain genetic markers, in
combination with other technologies or alone. For
example, a modification of a bulk segregant
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analysis that made use of RNA-Seq data was used
to clone the glossy3 gene in maize (Liu et al.
2012).

Analysis of RNA-Seq data from a diverse set
of inbred lines has provided useful information to
differentiate between the core and the dispens-
able portions of the genome (pan-genome). An
initial dataset generated with seedlings of 21
diverse inbred lines showed that the transcribed
gene set was highly variable with only about
49% of the genes expressed in all the lines.
Moreover, this study found 350,710 SNPs, with
22,831 genes having at least one SNP (Hansey
et al. 2012). In 2014, a study with a bigger panel
of 503 inbred lines at the seedling stage, repre-
sentative of the major US grain heterotic groups
and including all 465 inbred lines in the Wis-
consin Diversity Set (Hansey et al. 2011), found
that only 16.4% of the genes were expressed in
all of them. The study identified more than 1.5
million SNPs in the transcribed genome and a
subset of markers with higher quality was used to
map flowering time and juvenile-to-adult vege-
tative phase transition (Hirsch et al. 2014b). This
study helped to understand the dynamics of the
maize pan-genome and demonstrated that a
substantial proportion of the variation in quanti-
tative traits may be due to genes not present in
the reference genome. This set of markers for the
Wisconsin Diversity Panel is publicly available
on Data Dryad (https://doi.org/10.5061/dryad.
r73cH).

A variation of the RNA-Seq method, known
as 3' RNA-Seq, consists of sequencing only one
fragment per transcript in the 3’ region (Torres
et al. 2008). The main advantage of this method
when compared with traditional RNA-Seq is that
since only one fragment is sequenced per tran-
script, the level of expression can be estimated
directly from the number of reads regardless of
transcript length (Tandonnet and Torres 2017).
On the other hand, since only a small portion of
the transcribed gene is sequenced, the number of
markers obtained is very limited. However, the
protocol allows cheaper and high-throughput
characterization of the transcriptome. 3’
RNA-Seq has recently been used to characterize
seven different tissues in approximately 300
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maize inbred lines (Flint-Garcia et al. 2005) and
demonstrates how rare alleles affect expression
and plant phenotypes (Kremling et al. 2018).
Public data from this study is available on Panzea
(http://www.panzea.org).

3.4 Future Directions
and Challenges: Cheap
Sequencing and Data Sharing

Over the last decade, an incredible drop in prices,
reduction in sequencing errors, and increased
read lengths have transformed next-generation
sequencing and altered what information can be
easily obtained to study the maize genome, its
diversity, and its changes trough domestication
and breeding. With this revolution of prices, tar-
get enrichment or reduction of genome com-
plexity is not a key element for the development
of new molecular markers anymore, and whole
genome sequencing can become more wide-
spread for crop genotyping (Scheben et al. 2017).
Availability of resequencing data from multiple
accessions of the same species has allowed a
further exploration of the intraspecific variation,
and it has become clear that a system to represent
that diversity that goes beyond a single reference
genome is needed (Hurgobin and Edwards 2017).

In maize, the first-generation haplotype map
to study diversity at the whole genome level for
27 diverse inbred lines was published less than
10 years ago, in 2009 (Gore et al. 2009), right
after the publication of the first version of the
B73 reference genome (Schnable et al. 2009).
The study still targeted only the low-repetitive
regions of the genome, using a combination of
two restriction enzymes that only sampled about
20% of the genome. A study with six elite
commercial inbred lines covering the entire
genome was published shortly after (Lai et al.
2010). The next version of a haplotype map for
maize already included 103 inbred lines across
pre-domesticated and domesticated Zea mays
varieties and covered the entire genome (Chia
et al. 2012). Similarly, 278 temperate inbred lines
from different stages of breeding history were
sequenced (Jiao et al. 2012). The latest version of
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the Hapmap of maize combined over 12 trillion
base pairs of sequence data, covering 1,218 dif-
ferent taxa (Bukowski et al. 2017). During the
same period of time, three additional improved
versions of the reference genome (Jiao et al.
2017b) have been published, and technology has
enabled the publication of assemblies for another
six inbred lines of variable completeness (Lu
et al. 2015; Hirsch et al. 2016; Unterseer et al.
2017; Yang et al. 2017) with more efforts cur-
rently ongoing (Andorf et al. 2016a). Rese-
quencing technologies have also been recently
used to construct high-density recombination
maps of important mapping populations, like
IBM using deep sequencing of the Mol7 parent
and skim of progeny (Liu et al. 2015), or to study
the origins, demography, and selection of maize
(Hufford et al. 2012b; Brandenburg et al. 2017).

The current technology offers enormous pos-
sibilities for obtaining genomic information at
many different throughput and price point levels.
A simple workflow that allows efficient use of
those possibilities to mine and manage diversity
and prediction of phenotypes from genotypes
while maximizing resource usage is a key. First,
resources should be invested in deep exploration,
that is, good-quality whole genome sequence
data of the most important germplasm. This
selection would cover a bigger pool of alleles
that researchers and breeders can select for their
work and provide a collection of all the genes at
the clade level (Varshney et al. 2016). Then,
cheaper methods can provide skim or reduced
representation sequencing that can be used for
maintenance of the banks or construction of
high-density linkage maps trough imputation of
the haplotype blocks from the whole genome
samples. These skim sequencing methods could
target regions of interest to guarantee an even
distribution of markers and allow breeders to
follow their most important genes clearly through
their programs. Additionally, these approaches
should work on low-quality DNA to reduce costs
and allow their use in environments where
resources are scarce like developing countries
and have quick turnaround time. All these are
similar to what single-plex systems currently
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offer (Chen et al. 2016), but should be imple-
mented in a high-throughput manner (at least a
few thousand markers to track recombination
breakpoints).

The volume of data being generated by
high-throughput technologies will require new
tools, methods, and policies for data storage, data
processing, and data sharing. Bioinformatics,
mostly related to data management and the
analysis of a complex and repetitive genome, is
still a bottleneck. Specific analysis pipelines for
each of the different library construction methods
need to be developed each time technology
evolves and most of the analysis developed for
human genomes do not work well in plant spe-
cies with more complicated genomes. Generated
datasets are then difficult to combine since they
do not share most of the markers and analysis
biases. With the speed at which technology
improvements keep happening, a universal
pipeline that can be applied to any plant species,
capturing information about the pan-genome and
allowing the combination of data from any
sequencing method is essential to take maximum
advantage of existing and future datasets. In
addition, rational agreements to establish policies
to allow public data sharing while encouraging a
fair use of maize genetic resources and support
for data-related initiatives that facilitate the use of
the genomic information by breeders like the
genomic open-source breeding informatics ini-
tiative (GOBIi; http://gobiiproject.org/) or com-
munity resources like MaizeGDB (Andorf et al.
2016b) are crucial to keep making progress in
understanding the links between genotype and
phenotype and breeding for a more productive
and sustainable maize (Rasheed et al. 2017,
Halewood et al. 2018).

In summary, although there are some chal-
lenges that need to be addressed during the next
few years, a new interesting era to further explore
genomic diversity for breeding and genomics
through high-throughput and affordable geno-
typing is ahead of us.
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Abstract

Transposable elements (TEs) are among the
most important factors in the evolution of
gene and genome structure/function in plants.
All plant genomes contain mostly quiescent
TEs that are activated, independently by
family, in currently unpredictable timeframes
by largely unknown phenomena. Different
reawakened or horizontally transferred TE
families can remain active for as little as a few
years to as much as a few million years, and
the reasons for these duration-of-activity dif-
ferences are also not known. The maize
lineage has seen extraordinary TE activity,
and changes in TE activity, over the last few
million years, and much of this dynamic
continues to be ongoing. Hence, studies of TE
biology have been particularly informative in
maize, and will continue to be so. This review
describes the history of TE activity over the
last few million years in the maize lineage,
briefly mentions the extensive literature
regarding maize TE regulation, and suggests
approaches for characterizing the processes
that determine which TEs are active: where,
when, how and why.
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4.1 Introduction

Transposable elements (TEs) were first discov-
ered and described in maize, initially through the
brilliant studies of genome dynamics conducted
by McClintock (McClintock 1951, 1953).
Although first considered by many to be a tech-
nical artifact or a maize-specific oddity, subse-
quent research has shown that TE activity has
been present in all biological lineages and con-
tinues to play leading roles in the processes of
gene and genome evolution. Despite TE ubiquity
across genomes, and genomic evidence of recent
(within the last few million years) activity in the
great majority of taxa of both plants and animals,
it has been surprisingly difficult to find currently
active TEs. In flowering plants (angiosperms),
only a handful of species have been associated
with TEs with ongoing transposition that can be
studied in real-time. Often, these activities were
only identified after a severe stress was employed
to reactivate epigenetically silenced TEs
(Peschke et al. 1987; Grandbastien et al. 1989;
Peterson 1991; Hirochika et al. 1996). The maize
genome, for reasons unknown, provides an
exception to this rarity of current TE activity. At
least ten TE families have been associated with
mutations that occurred in the last few years in
maize. Despite this, most maize TE families
continue to be inactive in most maize lineages,
such that, even for this “most TE-unstable gen-
ome” in the eukaryotic world, silenced TEs are
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still the general rule. This chapter discusses the
history of TE activity in the maize lineage (Zea)
and also presents arguments regarding the tran-
sitions between TE active and TE inactive states.

4.2 The Recent History of TE
Activity in the Zea Lineage
4.2.1 Panicoid Grass Genomes
Early molecular analyses of the maize nuclear
genome indicated that it was >70% TEs
(SanMiguel et al. 1996), a value that was updated
to >85% upon full-genome sequence analysis
(Schnable et al. 2009). Inspection of the maize
genome sequence led to the conclusion that there
are ~210,000 TE-encoded genes compared to
the ~35,000 protein-encoding nuclear genes
that are not TE-derived (Bennetzen 2009).
Moreover, transcripts homologous to TEs make
up a minimal estimate of 0.1-7.7% of the
polyadenylated mRNA in investigated maize
tissues (Vicient 2010), so one might expect that
TE activity would routinely be observed, even on
a daily basis. As in other plants, however, most
maize lines do not have active TEs that can be
detected by transpositional, mutational or
somatic instability assays. Hence, the very
abundant TEs in all plant species are mostly
quiescent at any given time, with activity that can
be measured in an evolutionary timeframe rather
than in real-time experiments.

The first analysis to try to determine the
evolutionary timing of TE activity in plants was
conducted on the long terminal repeat
(LTR) retrotransposons of maize (SanMiguel
et al. 1998). This study indicated that >90% of
current TEs had to have transposed into their
current locations within the last six million years,
primarily within the last 1-2 million years. This
recency of TE activity has also been observed in
almost all other plant genome investigated with
the notable exception of gymnosperms (Nystedt
et al. 2013) and perhaps other very large
(>10 GB) genomes (Kelly et al. 2015). The high
frequency of TE transposition, mostly LTR
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retrotransposons, was shown to be the leading
cause of genome size expansion (reviewed in
Bennetzen et al. 2005), but it was not initially
clear why most of these expansions seemed to
have originated from recent TE amplifications
rather than an accumulated history of ancient TE
amplifications, as observed in gymnosperms,
Fritillaria, olive (Barghini et al. 2015) and a few
other species. However, the discovery of rapid
processes for DNA removal, initially in Ara-
bidopsis and rice (Devos et al. 2002; Ma et al.
2004), indicated that old TEs were missed only
because they had been degraded beyond recog-
nition (Maumus and Quesneville 2014). Most of
this degradation was caused by the accumulation
of small deletions, primarily via illegitimate
recombination outcomes that are apparently
derived from inaccuracies in double-strand break
repair (Puchta 2005). Different species varied not
only in their frequency and degree of TE
amplification bursts, but also in their rate of DNA
removal (Vitte and Bennetzen 2006; Puchta
2005; Nystedt et al. 2013; Cossu et al. 2017),
thus creating the very dynamic differences
observed in plant genome sizes, TE content and
genome structure.

In an analysis of the panicoid grass lineage,
which includes maize, sorghum, sugarcane and
several millets, commonality in the nature of
recent TE amplification bursts was found to be
shared by some but not all lineages in the ~25
million years of panicoid grass evolution (Estep
et al. 2013). For instance, the family Ji/Opie was
separately active in each of the Zea lineages
investigated, but not in sorghum or any other
grass looked at in this study. In contrast, family
Huck exhibited recent high activity in all of the
investigated panicoids, including maize, sor-
ghum, sugarcane and pearl millet, but not in rice,
a non-panicoid grass. This indicated that trans-
positions were generated for specific TE families
in particular time windows, and that other TE
families were not detectably activated by these
same events (Estep et al. 2013). What phe-
nomenon might have created the potential for
convergent activity bursts for specific TE fami-
lies some >20 million years later is not known.
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Fig. 4.1 Genome sizes and quantities of the most
abundant repeats in three diploid species in the genus
Zea. Blue indicates genome size (left y axis), while
orange, gray, yellow and green indicate the Huck, Ji, Opie
and Prem LTR retrotransposons, respectively, quantified
on the right y axis. The relatedness of the three species is
shown by the minimalist phylogenetic tree at the top of

4.2.2 Three Diploid Zea Species

The article by Estep and coworkers (Estep et al.
2013) was particularly informative with respect
to recent TE activity in members of the genus
Zea. Two diploid species, Z. diploperennis and
Z. mays, share similar genome sizes of ~2.5
GB, but the diploid Z. luxurians has a genome
of ~4.5 GB. In less than two million years since
these three shared a common ancestor, the Z.
luxurians genome has nearly doubled in size,
mainly caused by the amplification of a few
families of LTR retrotransposons. Some of these
amplifications were shared by the other two Zea
species, and some were not (Fig. 4.1). This rel-
ative addition of ~2 GB of TEs into Z. luxuri-
ans is likely to be a huge underestimate of TE
activity during that time frame, however, because
the processes of DNA removal in the Zea lineage
are so rapid that maize haplotypes have essen-
tially erased previous intergenic TE content
within less than 2 million years (Wang and
Dooner 2006). Hence, one can predict that, in the
1-2 million years or less of haplotype divergence
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the figure. These results are taken from Estep and
coworkers (Estep et al. 2013). Z. dip stands for Zea
diploperennis and Z. lux stands for Zea luxurians. Note
that Z. luxurians has had numerous LTR retrotransposon
amplifications, one of which (Huck) was also observed in
Z. mays

between Z. mays and Z. luxurians, the Z. luxu-
rians genome probably acquired ~6 GB of new
TEs, but lost ~3 GB of that new DNA to ran-
dom deletions. Z. mays, in the meantime, would
have gained ~2 GB of new TEs, and lost ~1
GB of that to deletions, so that the relative
growth of Z. luxurians would be ~2 GB more
than Z. mays. The idea that >5 GB of new TE
insertions can be generated, in as little as a mil-
lion years, provides an eye-opening perspective
on how dynamic some plant genome lineages
can be.

4.2.3 Vertical Versus Horizontal TE
Transmission

Most transposable elements are transmitted ver-
tically, through the standard sexual transmission
process, as indicated by the fact that careful TE
family phylogenies routinely shadow the species
phylogenies determined by comparisons of gene
sequences. In some animals, however, horizontal
transfer of TEs has been observed many times
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(reviewed in Schaack et al. 2010). In plants,
similar observations of horizontal TE transfer
have been few (Diao et al. 2005; El Baidouri
et al. 2014), but this may be more an outcome of
the small number of studies that have been
undertaken rather than any extreme rarity of the
phenomenon (Christin et al. 2012; Mahelka et al.
2017).

Transgenic experiments have allowed hori-
zontal transfer to be engineered by interested
investigators, and have often led to highly active
TEs that can be studied for de novo activity and
used for transposon tagging (Baker et al. 1986;
Masson and Fedoroff 1989; Lucas et al. 1995). If
a TE is moved into a new genome, then its
negative regulation by any cytoplasmic factors or
nuclear epigenetic silencing might be escaped,
thus allowing a burst of activity. Hence, even if
rare, horizontal TE transfer should be considered
a likely source of active TEs over an evolution-
ary time frame.

4.3 The Transition Between

Inactive and Active TE States
4.3.1 Epigenetic and Genetic
Regulation

We have much better understanding of TE
silencing than we do of TE activation in plants.
Transposable elements were shown to be
silenced by DNA methylation-associated pro-
cesses (Bennetzen 1985; Walbot et al. 1985)
even before this had been shown to be true for
regular genes. It is now clear that the most
abundant small RNAs in large plant genomes
like maize, the 24 ntd hc-siRNAs (heterochro-
matic small interfering RNAs), are derived from
TE transcription, processing and DNA methyla-
tion by the RADM (de novo RNA-directed DNA
methylation) complex that leads to TE silencing
(reviewed in Hammond et al. 2018).

However, it is not at all clear how some TEs
can retain activity in a genome where the great
majority are silenced. Studies with Mutator of
maize have shown that the presence of an active
transposase can prevent oOr even reverse
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epigenetic silencing (Lisch et al. 1995), perhaps
by transposase binding to the transposon, thereby
prohibiting access of the silencing machinery
during somatic or germinal DNA replication. The
work of Lisch and collaborators has shown very
clearly how a Mutator TE with internal inverted
duplication can induce a silencing phenomenon
across homologous members of the TE family
(Slotkin et al. 2005), an idea they propose could
be a general phenomenon because TE insertions
into members of their own family could also
create such inverted structures. This would sug-
gest a dosage-effect outcome, in the sense that
the more TEs amplified, then the greater chance
that such an inverted structure would be ran-
domly generated.

From a TE perspective, unregulated activity in
a genome might not be purely beneficial. Too
many mutational insertions, or too great of an
occupation of transcriptional and translation
machinery, might debilitate the plant in which
the TEs are found. Hence, the fascinating endo-
sperm: embryo interactions that are proposed to
reinforce epigenetic silencing each plant gener-
ation (Martienssen 2010). Some TEs, including
in plants (McClintock 1951), exhibit negative
self-regulation. Moreover, TEs that preferentially
insert into silenced regions of a genome (Gai and
Voytas 1998; Baucom et al. 2009b) might also
accomplish a moderation of activity simply by
increasing their likelihood of silencing by adja-
cent heterochromatin (Matzke and Matzke 1998,;
Eichten et al. 2012; Bennetzen and Wang 2018).
In this regard, it is interesting that episodes of
diversifying selection that may distinguish which
LTR retrotransposon families are active and
which are not in rice were associated both with
reverse transcriptase and integrase. The latter
result suggests that finding a new insertion site
might be important for initiating or (more likely)
sustaining a transposition burst (Baucom et al.
2009a).

4.3.2 Mutational Control

Any sequence in a genome can mutate to an
inactive form, and this is likely to happen very
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rapidly in a genome like maize that has excep-
tionally aggressive processes for DNA removal.
Genes usually survive this removal process, pri-
marily because of selection for their retention,
but perhaps also by more rapid/accurate DNA
repair targeted on active regions of the genome
(Bohr et al. 1985). Most TE insertions are likely
to be selectively neutral, or have negative effects
caused by their propensity for mutating genes.
Morever, the higher DNA methylation levels in
TEs should increase the frequency of C to T
transitions (SanMiguel et al. 1998), thus making
these mobile DNAs more susceptible to random
mutational inactivation. Primarily, because of the
absence of selection for their retention, most or
all TE families will be lost to the point of com-
plete extinction very rapidly in a genome like
maize. Only the random expression of transpo-
sitional activity, and the occasional horizontal
transfer, have any chance of overcoming this
great tide of mutational erosion into extinction.

From the opposite perspective, mutation has
the potential to reactivate a quiescent TE, per-
haps by creating a sequence variation that is not
silenced (e.g., by escaping hc-siRNA homology)
or by creating a wholly new TE chimera through
an unequal or illegitimate recombination process
(Sharma et al. 2008). Horizontal TE transfer,
wide crosses leading to polyploidy, TE insertion
into TEs, genomic rearrangement (deletions,
insertions, inversions, translocations) and TE
fragment acquisition by other TEs would all be
expected to create opportunities for chimeric TE
production that might yield a new mobile DNA
able to initially escape epigenetic silencing.

4.3.3 Stress-Induced Activation

From the first observation of Spm/En activity
arising in maize seed exposed to the Bikini Atoll
nuclear bomb tests (Peterson 1991), many cases
of TE activation by “genomic stress” have been
reported. Taking somatic cells through tissue
culture or tissue wounding are routine activa-
tional cues for some TE families (Peschke et al.
1987; Grandbastien et al. 1989; Hirochika et al.
1996). The precise mechanism or mechanisms of
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this activation are not known, although it seems
likely that high levels of DNA damage could
induce repair events that would play havoc with
the maintenance of epigenetic silencing. Some
cases of wide crosses, like those that sometimes
lead to allopolyploidy, have also been proposed
to transiently activate TEs (reviewed in Parisod
et al. 2010; Vicient and Casacuberta 2017).
Whatever the cause, it is clear that the evolu-
tionary history of each TE family is unique
(Wicker and Keller 2007; Baucom et al. 2009b;
El Baidouri and Panaud 2013), so the transition
from quiescence to active appears to occur on a
family-by-family basis, not with an overall
genomic activation that becomes fully uncon-
strained for all TE families at once. This is
undoubtedly a good thing, given that tens of
thousands of TEs all active in a single nucleus
would lead to so many insertional mutations and
chromosomal rearrangements that the plant
would have zero chance of survival. Moreover, if
this severe “genomic shock” (McClintock 1984)
had actually saved any plant lineage under severe
stress from extinction, then we would perceive
this as massively rearranged genomes when
comparing very close relatives on a phylogenetic
tree. I know of no case where this has been
observed, particularly considering that even the
massively unstable maize genome maintains
excellent genetic collinearity and gene com-
monality with its close relative sorghum
(Bennetzen and Freeling 1993; Tikhonov et al.
1999; Devos and Gale 2000).

4.4 Selection for or Against
General TE Activity

The origin of the variation in eukaryotic genome
sizes was resolved by the twin discoveries that
TEs made up most of the higher eukaryotic
genome and that TE content can vary enor-
mously even between closely related species
(SanMiguel et al. 1996; Tikhonov et al. 1999;
Estep et al. 2013). The question that remains on
this issue is: Why does TE content vary so
greatly? One simple answer is that TEs persist
purely because of their ability to amplify, thereby
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Fig. 4.2 Possible outcomes of a burst of TE amplifica-
tion. a—d represent chromosome segments before the TE
burst, and a’—d’ represent those same segments after the
burst. Genes, their transcript size and their orientation of

providing a perfect example of the selfish DNA
hypothesis (Doolittle and Sapienza 1980; Orgel
and Crick 1980). Selfish DNA is a simple
extrapolation of the concept of Darwinian natural
selection, but it also demands that this selfish
DNA be subject to selection for a possible
acquired (gain-of-function) use by the nuclear
genome. In fact, there are numerous cases of
known advantageous mutations caused by TE
insertions. Figure 4.2 depicts a burst of TE
insertions that can have positive or negative
effects on the genes in the four chromosomal
segments shown, a—d. The insertion in a' could
create new promoter regulation in gene 1, and
perhaps also in gene 5 in b’. If this is a single
active TE family burst, then it is likely that the
promoter regulatory sequences provided to genes
1 and 5 by adjacent TEs would have the same
gain-of-function outcomes, so that the two
unlinked genes now become regulated by the
same new environmental or developmental sig-
nals. This has been observed in rice (Naito et al.
2009), wherein a suite of genes suddenly became
regulated by cold treatment after a burst of mping
transpositions into promoter regions. Insertions
like those near genes 1, 5 and 9 could also
inactivate genes by simple structural interruption.
Alternatively, the 1, 5 or 9 insertions (especially
if the 9 insertion was into an intron) could bring
the gene under epigenetic control. In fact, all
cases to date of an epigenetic control of a regular
plant gene have been derived from an initial TE
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transcription are indicated by arrows with numbers above
them. TE insertions are depicted by triangles, with their
points of insertion indicated by where the triangle touches
the bar that represents the genomic segment

insertion that created the epigenetically regulated
locus (Lisch and Bennetzen 2011). Finally, an
insertion like that seen in segment ¢’ might not
have any initial effects on plant fitness, but sub-
sequent mutations (e.g., unequal recombinations
and/or deletions causing fusion with a structural
gene or its regulatory regions) could lead to
evolved value. Because intact TEs and TE frag-
ments make up the majority of most plant gen-
omes (Maumus and Quesneville 2014), they can
serve as the raw material for the evolution of all
kinds of genomic novelty.

One particular aspect of TE dynamics that
deserves a great deal of additional attention in
plants is the propensity of TEs for creating new
genes. Many studies have shown that all or vir-
tually all plant TE types can incorporate nuclear
genes and/or gene fragments within their trans-
positional modules. This is particularly frequent
with Pack-MULEs (Jiang et al. 2004a, b) and
Helitrons (Morgante et al. 2005), but also com-
mon with some LTR retrotransposons. Some
genes or acquired fragments inside LTR retro-
transposons have exhibited a new function for a
TE-amplified gene copy (Kim et al. 2017). For
the Helitrons of maize, ~4% of the acquired
fragments were found to be under purifying
selection and ~4% under diversifying selection,
suggesting an evolving role for these acquired
DNA segments (Yang and Bennetzen 2009).
Figure 4.3 shows the possible evolutionary fates
of a Helitron that sequentially acquired two gene



4 Maize Transposable Element Dynamics

55

N

aTC

ECTRR‘C —

[ Fragment acquisition

.4

aTC

JCTRRt —

l 2 Fragment acquisition

N

aTC

d R ECTRRt —

— 1 T

Amplification

Fig. 4.3 Possible fates of a Helitron after it has acquired
two gene fragments. Helitrons almost always insert within
an AT dinucleotide, which is shown by “a” and “t” in this
figure. The TC at the 5" end (relative to transcription from
the Helitron promoter), and the stem loop followed by
CTRR at the 3’ end are standard structural features of
Helitrons, which do not cause any target site duplication
when they insert. This Helitron first acquires one gene
fragment (blue) and then another (brown), probably
during transposition events, so the three Helitrons shown
here are proposed to have parent: progeny: progeny
relationships (top to bottom), but would not be at the same
chromosomal locations. Within the acquired gene

fragments, leading to the possible creation of a
new gene from fusion of two previously unre-
lated loci. This process would be an ongoing
mechanism of “exon shuffling” (Gilbert 1978) to
create genetic novelty. Because maize and other
plants have thousands of gene fragments inside
TEs in a single nucleus, the opportunity for
generating new genes is enormous.

Selection

Drift & deletion

fragments, the thick regions indicate exons and the thin
regions indicate introns. The arrows above the Helitrons
represent predicted transcripts that could fuse these two
acquired gene fragments into a chimeric gene. The arrows
at the bottom of the figure indicate possible fates of the
Helitron with two internal gene fragments. Further
amplification may occur (possibly including additional
fragment acquisitions), selection against (or very rarely,
for) the newly created TE may occur if it affects gene or
genome function, or (the most likely outcome) additional
mutations will occur. Many of these mutations will be
deletions, such that the newly created TE and its chimeric
internal acquisitions are lost

Perhaps this potential for creating new genes
and thus new genetic functions is one reason that
TEs are so abundant in so many genomes. Given
the rate of mutational loss predicted for TEs in
most angiosperms, it is difficult to see how any
function that is not used at least once every few
generations can be maintained. Perhaps the sheer
abundance of TEs in a genome means that chance
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will allow a few individuals to escape mutational
inactivation over any given time frame. If this
dynamic holds true, then one expects that some
lineages of plants might have more need for TE
activity than would others. That is, it could be that
plants that are subject to a greater need for genetic
innovation will thus have selection for a higher
TE activity over evolutionary time (concept
reviewed in Bennetzen and Wang 2014). If this is
the case, then it seems likely that such TE-rich
genomes as maize must belong to lineages that
are particularly in need of conservation for an
elevated TE activity. This then suggests an
“evolutionary genomic shock dependence” model
that really only differs from the “genomic shock”
model (McClintock 1984) in the timing, duration
and breadth of TE activity.

4.5 Conclusions

Transposable element abundance, variation and
involvement in gene/genome evolution have
been documented for more than 60 years. How-
ever, we still do not fully understand why some
lineages show a great deal more TE activity than
others or why each TE family exhibits a unique
history of activity. Maize provides an excellent
resource for studying TE dynamics because of its
uniquely broad spectrum of currently active TEs
and because of a very recent history of extreme
TE activity. It would be highly appropriate if
future studies undertook examination of pro-
cesses leading to the activation of quiescent TEs
under real-world scenarios of stress exposure or
wide crosses. Transgenics, reverse genetics and
Mendelian genetics could be used to investigate
possible selective advantages of different levels
of TE activity in different genetic backgrounds.
Maize continues to be a leading organism for the
investigation of TE biology and genomic insta-
bility, a prominence that is not likely to wain in
the foreseeable future.
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Abstract

Maize is a model organism for centromere
research in part because many of its cen-
tromeres are composed of complex sets of
genetic elements rather than being dominated
by simple tandem repeats common at the
centromeres of other taxa. Centromeres in
maize range in size to about 2 MB on ~ 200
MB chromosomes and are characterized by
the presence of two repetitive elements: CentC
is a 156 bp satellite present in highly repetitive
arrays, and CRM is an active retrotransposon
that apparently prefers centromeric chromatin
as sites of insertion. However, there is signif-
icant polymorphism for the exact positioning
of the centromeric-specific histone, CENH3.

J. I. Gent - N. J. Nannas - R. Kelly Dawe
Department of Plant Biology, University of Georgia,
Athens, GA 30602, USA

Y. Liu - H. Su - F. Han

State Key Laboratory of Plant Cell and Chromosome
Engineering, Institute of Genetics and
Developmental Biology, Chinese Academy of
Sciences, Beijing 100101, China

H. Zhao - J. Jiang

Department of Plant Biology, Department of
Horticulture, Michigan State University, East Lansin,
MI 48824, USA

Z. Gao - J. A. Birchler (<)

Division of Biological Sciences, University of
Missouri, Columbia, MO 65211, USA

e-mail: Birchler] @Missouri.edu

© Springer Nature Switzerland AG 2018

Such centromere repositioning events indicate
centromeric inactivation and de novo forma-
tion in maize, both of which have been
observed experimentally. Further, de novo
centromere formation over unique DNA that
lacks CentC and CRM has been found on
chromosomal fragments produced in a variety
of ways, sometimes in conjunction with cen-
tromere inactivation. The centromere of the
supernumerary B chromosome has a specific
repetitive sequence interspersed and surround-
ing the CENH3-enriched core region. This
feature has allowed a detailed analysis of the B
centromere and the classical phenomenon of
centromere misdivision in the background of
intact centromeres on A chromosomes. Here
we review the DNA and protein components of
maize centromeres and how they are main-
tained for fidelity of chromosome transmission
while being malleable in the contexts of both
gradual and abrupt genetic changes.

5.1 Introduction

Centromeres are the sites on chromosomes where
microtubule spindles attach during cell division.
A set of proteins bind to centromeres during this
process to constitute the large complexes called
kinetochores that link centromeres to the spindle
and regulate chromosomal dynamics.
proteins, such as the centromeric histone H3
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variant CENH3 (also known as CENP-A in
many animals and fungi) bind to DNA. With the
exceptions of broken chromosomes and B chro-
mosomes, maize chromosomes are metacentric,
as clearly seen by the primary constrictions in the
center of metaphase sister chromatids (Fig. 5.1).
Barbara McClintock pioneered research on maize
centromeres in her creation of dicentric chro-
mosomes in the 1930s, which resulted in two
centromeres on a single chromosome pulling
toward opposite poles and led to her discovery of
the breakage-fusion-bridge cycle (McClintock
1939). Similar cytogenetics tools continue to be
the source of discoveries about centromeres
today, but the pace of discovery has increased
dramatically with the advent of next-generation
sequencing and centromere reference sequences.

Fig. 5.1 Karyotype of inbred line B73. Chromosomal
features of inbred line B73 are labeled by different
fluorescent probes. The centromeric repeat, CentC, is
green at the primary constriction of each chromosome.
Note the variability in intensity among different chromo-
somes. Other repetitive sequences in green include the
NOR on the short arm of chromosome 6 and a
subtelomeric repeat (4-12-1). Features labeled in red
include Cent4 near the primary constriction of chromo-
some 4, the TAG microsatellite (1-26-2) arrays and
another subtelomeric repeat (pMTY9ER). The 5S RNA
cluster on the long arm of chromosome 2 is yellow.
Features in blue are the 180 knob heterochromatin arrays.
The white labels are for the TR-1 type heterochromatin
knobs. Preparation of root tips and chromosome painting
was as described (Kato et al 2004). Bar = 10 um. Photo
by Zhi Gao
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5.2 Genetic Composition of Maize
Centromeres

5.2.1 Centromere Repeats

Centromeres are regularly associated with satel-
lite DNA (simple tandem repeats). However, the
major satellite of maize, the 180 bp repeat called
knob180, is exclusively on chromosome arms
and visible as heterochromatic knobs (Fig. 5.1).
A much less abundant satellite, the 156 bp
CentC, is present in centromeres but in variable
quantities (Albert et al. 2010) (Fig. 5.1). In fact,
there is 20-fold more knobl80 than CentC in
B73, and up to 200-fold more in other maize
varieties (Bilinski et al. 2015; Gent et al. 2017).
The centromeres with little CentC are composed
of complex sets of genetic elements, mainly
diverse retrotransposons, but also including
transcriptionally active protein-coding genes
(Zhao et al. 2016). Among the retrotransposons
in maize centromeres are some that are enriched
in centromeres and thus named centromeric
retrotransposons (CRMs) (Nuemann et al. 2011;
Presting et al. 1998; Miller et al. 1998; Sharma
and Presting 2014). These CRMs specifically
accumulate in centromeric chromatin, presum-
ably due to chromodomains and putative cen-
tromere targeting by their integrases.

5.2.2 Simple and Complex
Centromeres

The low abundance of satellites and complexity
of other genetic elements in some maize cen-
tromeres provides an experimental resource for
studying centromeres because the sequence
complexity allows for assembly into the genome
reference sequence and because it allows for
unique mapping of sequence reads within cen-
tromeres (Wolfgruber et al. 2009, 2016; Jiao
et al. 2017). We refer to such centromeres as
complex centromeres. The maize reference
inbred, B73, has seven complex centromeres and
three dominated by CentC arrays; however, the
number and location of complex centromeres
varies widely among maize varieties and in wild
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10 um

Fig. 5.2 Karotype of inbred line B73 plus B chromo-
somes. The chromosomes are stained with DAPI (blue).
CentC (green) labels the centromeres. The B chromo-
somes are distinguished by the presence of the B-specific
repeat (red) mainly in and around the centromere but also
with a representation at the tip of the long arm of the B.
Note also the presence of CentC along the length of the B
chromosome. Bar = 10 um. Photo by Zhi Gao

relatives (Albert et al. 2010; Gent et al. 2015,
2017; Schneider et al. 2016; Zhao et al. 2017).
Centromeres at unequal positions or with dis-
similar sequence composition on homologous
chromosomes in hybrids do not appear to perturb
meiotic chromosome pairing, and the cen-
tromeres do not shift their positions on chromo-
somes to equilibrate (Lamb et al. 2007; Mondin
et al. 2014; Gent et al. 2017). The supernumerary
B chromosome has a specific repeat present in
and around its centromere in addition to the
elements common to the A centromeres (Lamb
et al. 2005; Jin et al. 2005) (Fig. 5.2).

5.2.3 Centromere Positioning: Stable
but Responsive to Genetic
Change

The fact that maize centromeres are composed of
such diverse genetic elements illustrates an
important feature of centromeres: They are
defined by their chromatin rather than their
sequence, and in that sense, centromeres are
thought of as epigenetic structures. Specifically,
they are operationally defined by the presence of
the H3 variant CENH3, a convention we use in
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this review. CENH3 occupies a subset of nucle-
osomes in centromeres, and chromatin immuno-
precipation of CENH3 followed by sequencing
(ChIP-seq) provides precise locations of CENH3
nucleosomes and hence centromeres. Another
strong indication of the epigenetic nature of
centromeres is the de novo formation of cen-
tromeres (neocentromeres) on broken chromo-
some arms (Fu et al. 2013; Zhang et al. 2013a, b,
c; Liu et al. 2015). Related to this, maize cen-
tromeres expand when maize chromosomes are
transferred into oat, which indicates that the
DNA sequences on the chromosomes do not
strictly define the size of centromeres. Nonethe-
less, all heritable variation in maize centromere
positions observed to date is associated with
major changes in the centromere DNA sequence
or chromosome structure. Minor shifting in
centromere position does occur at the purely
epigenetic level, as evidenced by CENH3
ChIP-seq of individual plants, but it is not heri-
table and does not accumulate into large shifts
over generations (Gent et al. 2017; Wang and
Dawe 2018). In the absence of genetic change,
centromere positions are usually stably main-
tained (Gent et al. 2015).

5.2.4 Influence of Genetic Elements
on Centromere

Positioning

The stability of centromere positioning suggests
that genetic elements in or flanking centromeres
might contribute to centromere positioning.
A strong candidate for reinforcing centromere
stability is euchromatic, transcribed genes (Wang
et al. 2014), which are not conducive to CENH3
accumulation. Heterochromatic repetitive DNA
such as CentC and retrotransposons, in contrast,
likely positively reinforce centromere position-
ing. Even within centromeres, CENH3 occu-
pancy is higher at such repetitive elements than at
genes (Gent et al. 2015; Zhao et al. 2016). CentC
is of particular interest because of its abundance,
especially in wild Zea species and in Tripsacum
(Bilinski et al. 2015; Gent et al. 2017). Surpris-
ingly, however, despite conservation of its
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consensus sequence across species, there appears
to be little constraint on its sequence within
individual genomes. Instead, individual copies
are highly polymorphic and show no evidence for
homogenization even within species with abun-
dant CentC. CentC is also not confined to active
centromeres (Lamb et al. 2005; Gao et al. 2011;
Wang et al. 2014; Bilinski et al. 2015). It is not
clear whether complex centromeres arise as a
consequence of CentC deletion or whether for-
mation of complex centromeres makes
non-centromeric CentC susceptible to deletion. In
most cases, even complex centromeres have some
CentC within or very close to them (Albert et al.
2010; Gent et al. 2017). It is also not clear whe-
ther the ancestral state of Zea and Tripsacum
represents complex or repetitive array cen-
tromeres. At present, CentC dominates cen-
tromeres in most Zea genomes and presumably in
Tripsacum dactyloides, with its abundant CentC
(Lamb and Birchler 2006) but the related genera,
Sorghum and Miscanthus, lack CentC (Melters
et al. 2013). It is clear, however, that the presence
of large arrays of CentC usually indicates the
locations of active centromeres, which suggests
compatibility with centromere function. Any such
contribution would not be the consequence of the
specific linear sequence of CentC, but of some
other property, for example, facilitating a specific
form of heterochromatin (Gent et al. 2014; Zhao
et al. 2016; Su et al. 2017), non-coding tran-
scription (Gent and Dawe 2012), nucleosome
positioning (Gent et al. 2011; Zhao et al. 2016),
and/or DNA repair (Osman et al. 2013; Wolf-
gruber et al. 2016).

5.3 Centromere Chromatin
Structure and Transcription

5.3.1 Features of CENH3

Nucleosomes

Maize centromeric chromatin is clearly distin-
guished from flanking pericentromeric chromatin
in interphase cells by the presence of CENH3
and at least one other centromeric chromatin
protein, CENP-C (Dawe et al. 1999). The
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amount of CENH3 present in maize centromeres
is unknown, and it is not clear what affect
CENH3 has on nucleosome or on higher-order
chromatin structure. Digestion of chromatin by
micrococcal nuclease produces similar sizes of
DNA fragments from CENH3 nucleosomes as
from total nucleosomes, approximately 150 bp,
under moderate digestion conditions, but pro-
duces smaller fragments from CENH3 nucleo-
somes under more severe digestion conditions
(Gent et al. 2011; Zhao et al. 2016). Similar
observations have been made with micrococcal
nuclease digestion of human CENP-A chromatin,
which is attributed to weaker interactions
between the nucleosome and DNA at its entry
and exit points (Hasson et al. 2013). The spacing
of CENH3 nucleosomes, approximately 190 bp
between start positions, is indistinguishable from
total nucleosomes (Gent et al. 2011; Zhao et al.
2016). Nucleosomes tend to reproducibly occupy
the same positions relative to CentC and CRMs.
In CentC, these positions tend to occur at
approximately 10 bp intervals, corresponding to
AA/TT dinucleotides (Gent et al. 2011), a phe-
nomenon also observed in rice CENH3 nucleo-
somes (Zhang et al. 2013a, b, c). Several specific
positions are strongly favored for nucleosomes
on CentC (Zhao et al. 2016). 10 bp spacing of
AA/TT dinucleotides can produce strong
nucleosome/DNA interactions (Trifonov and
Nibhani 2015), which could be advantageous in
light of tension on the chromatin during mitosis.

5.3.2 Other Centromeric Chromatin
Modifications

The timing of centromere replication, mid S
phase rather than late S phase, distinguishes it
from pericentromeric heterochromatin (Wear
et al. 2017). Immunofluorescence experiments
with 5-methylcytosine antibody revealed a
striking lack of signal in centromeres relative to
pericentromeres (Zhang et al. 2008; Koo et al.
2011). Bisulfite sequencing, however, has
revealed little reproducible difference between
centromeres and pericentromeres (Gent et al.
2012) and indicated that centromeres have highly
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methylated DNA that is characteristic of hete-
rochromatin (Gent et al. 2014; Su et al. 2016).
Maize centromeres are deficient in RNA-directed
DNA methylation and its associated siRNAs, but
so too are pericentromeres and most other hete-
rochromatin. A theoretical explanation for the
discrepancy between immunostaining and
sequencing results could be that
centromere/kinetochore proteins obstruct access
of the DNA to antibody binding under the
immunofluorescence conditions that are other-
wise suitable for the remainder of the genome.
Phosphorylation of histone H2A at threonine 133
(H2AThr133ph) marks centromeres even in
interphase (Dong and Han 2012; Su et al. 2017),
and phosphorylation of histone H3 at threonine 3
(H3T3ph) marks centromeres during cell division
(Liu et al. 2017). Other than H2AThr133ph, no
examined histone modifications clearly differen-
tiate the centromere from other heterochromatin
in interphase cells. The heterochromatic H3
modifications dimethylation of lysine 9 and
lysine 27 (H3K9me2 and H3K27me2) are rela-
tively reduced in centromeres, which may be a
consequence of reduced canonical H3 because of
replacement by CENH3 (Gent et al. 2014; Zhao
et al. 2016). None of the four euchromatic his-
tone  modifications examined, H3K4me3,
H3K36me3, H3K27me3, nor H3K9ac have sig-
nificant levels in centromeres or pericentromeres
except in genes (Gent et al. 2012; Zhao et al.
2016). Meiotic crossover frequencies in cen-
tromeres are also low, as in other heterochro-
matin (Gore et al. 2009; Shi et al. 2010).

5.3.3 Non-coding Transcription
of Centromeres

RNA from maize centromeric elements has been
reported (Topp et al. 2004). Northern blots pro-
bed with DNA probes for CentC and a specific
CRM named CRM2 to detect RNA
co-immunoprecipated with CENH3 produced
signal corresponding to a range of RNA sizes
(Topp et al. 2004). CENP-C is capable of bind-
ing to RNA, which can facilitate its binding to
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DNA in vitro (Du et al. 2010). RNA fluorescence
in situ hybridization (RNA-FISH) with probes
for CentC produced signal in nucleoli (Koo et al.
2016). Neither CENH3 nor CENP-C was
detectable in nucleoli by immunofluorescence,
but the kinetochore component MIS12 was, and
its nucleolar localization was lost upon treatment
with RNase (Koo et al. 2016). Some level of
transcription of CRMs, at least of their polypro-
tein genes, is required for their maintenance in
the genome. Full-length CRMs encode their own
transcriptional units driven by RNA polymerase
IT (Neumann et al. 2011). Transcription of CentC
is more enigmatic. Integration of CRMs or other
transposons into CentC arrays could drive its
transcription. Hypothetically, either the tran-
scripts themselves could have a function, e.g., in
facilitating assembly of the kinetochore, or the
act of transcription itself could by facilitating
CENH3 incorporation into nucleosomes.

5.4 Centromere and Kinetochore
Proteins

5.4.1 Experimentally Confirmed

Proteins in Maize

The kinetochore is comprised of many proteins;
there are over 50 identified in yeast (Biggins
2013) and over 80 identified in humans
(Cheeseman and Desai 2008). The structure and
function of many of these proteins are highly
conserved, which has allowed their identification
in a range of organisms (Meraldi et al. 2006;
Przewloka and Glover 2009). Four structural
kinetochore proteins have been identified in
maize: CENH3 (Zhong et al. 2002), CENP-C
(Dawe et al. 1999), NDC80 (Du and Dawe 2007)
and MIS12 (Li and Dawe 2009). CENH3 and
CENP-C are constitutive components of the
inner kinetochore that interact with centromeres,
while NDC80 and MIS12 are members of the
outer kinetochore that promote interactions with
microtubules during cell division (Cheeseman
and Desai, 2008). Three additional kinetochore
proteins have been identified that monitor
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attachments to the spindle and ensure correct
segregation of chromosomes: MAD2 (Yu et al.
1999), BUBI1, and BUB3 (Su et al. 2017).

5.4.2 CENH3

CENH3 is the foundation of the kinetochore in
most species and helps recruit other kinetochore
proteins such as CENP-C (Kato et al. 2013).
Maize CENH3 was identified based on homol-
ogy to its H3 counterpart, with 56% identity over
the entire sequence and 78% identity within the
histone-fold domain (Zhong et al. 2002). Maize
CENH3 is a 17 kDa protein, 157 amino acids in
length, and produced by a single-copy gene,
CenH3 (Zhong et al. 2002). As in other organ-
isms, the N-terminal tail of maize CENH3 is
longer than the tail of histone H3 and is diverged
greatly in sequence (Henikoff et al. 2000; Talbert
et al. 2002). Divergence in CENH3 N-terminal
tails is so extreme that it is not possible to align
sequences across taxa (Malik and Henikoff 2003;
Maheshwari et al. 2015). The loop-1 domain of
CENH3 is also highly divergent; this region
contacts DNA, and its longer sequence compared
to H3 has been proposed to confer greater
sequence specificity (Malik and Henikoff 2003).
Sequence specificity of CENH3, however, must
be limited for its own positioning given the
predominance of complex maize centromeres
and the ability of maize CENH3 to reproduce the
same DNA localization patterns as native
CENH3 when transformed into Arabidopsis
(Maheshwari et al. 2017).

Maize CENH3 localizes to the inner kineto-
chore of all chromosomes in all stages of the cell
cycle in both mitotic and meiotic cells (Zhong
et al. 2002). It co-localizes with another known
maize inner kinetochore protein, CENP-C. While
direct interaction between maize CENH3 and
CENP-C has not been demonstrated, human
versions have been shown to interact (Carroll
et al. 2010). A CENH3-YFP fusion has been
stably transformed into maize, and its incorpo-
ration into kinetochores has allowed visualization
of active centromeres (Jin et al. 2008). The
fusion has been used to demonstrate the
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interspersion of CENH3 and H3 on centromeres
(Jin et al. 2008), identify phosphorylation pat-
terns within the centromere (Dong and Han
2012), and study the mechanisms of haploid
induction (Zhao et al. 2013). As in Arabidopsis,
perturbing the structure of CENH3 in maize can
induce haploidy, though at lower frequencies
(Kelliher et al. 2016; Ravi and Chan 2010).

5.4.3 CENP-C

CENP-C is another conserved constitutive
member of the inner kinetochore, and the maize
homolog was identified based on a conserved 23
amino acid sequence known as region I (Brown
1995; Dawe et al. 1999; Meluh and Koshland
1995). Maize has three variants of CENP-C:
CENPCA, CENPCB, and CENPCC. CENPCB is
produced by a single-copy gene, while CENPCA
and CENPCC are produced by multi-copy genes.
CenpcA and CenpcC are 99.9% identical but
diverge in the C-terminal coding region and 3’
untranslated region. The resulting CENPCA and
CENPCC proteins share 95% identity, while
CENPCB shares 76-78% identity with A and C
(Dawe et al. 1999).

Using both fluorescence tagging and
immunolocalization, CENP-C has been shown to
localize to the inner kinetochore and associate
closely with CENH3 and the centromere (Dawe
et al. 1999; Du et al. 2010). CENP-C is present at
kinetochores throughout the cell cycle, but
accumulates in interphase between G1 and G2
(Dawe et al. 1999). CENP-C has DNA-binding
capabilities, and it has been shown to directly
bind the CentC centromere repeat in vitro (Du
et al. 2010). However, this interaction is
non-sequence specific in these assays because
CENP-C can be competed away from CentC
with non-centromere sequences. CENP-C also
binds RNA non-specifically using the same
C-terminal DNA-binding subdomain located in
exons 9-12. This interaction does not compete
with DNA. In fact, addition of single-stranded
RNA promotes and stabilizes binding of
CENP-C to DNA in vitro. Using stably trans-
formed YFP-CENP-C fusions, it has been shown
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that deletion or substitution of the exon 9-12
subdomain reduces kinetochore localization by
20% (Du et al. 2010). Additionally, tagging the
C-terminus of CENP-C also disrupts kinetochore
localization (Du et al. 2010).

5.4.4 NDC80

NDCSO is a broadly conserved outer kinetochore
protein that links inner kinetochore proteins with
microtubules (Varma and Salmon 2012). It
directly attaches to microtubules through a pos-
itively charged tail and calponin homology
domain found in the N-terminus (DeLuca and
Musacchio 2012). The maize NDC80 homolog
was identified through these conserved regions
(Du and Dawe 2007). It shares more than 40%
similarity with yeast, Xenopus, chicken and
human versions of NDC80. Maize NDCB80 is a
576 amino acid protein with a molecular mass of
75 kDa produced from a single-copy gene (Du
and Dawe 2007). While microtubule-binding
capacity has not been demonstrated, maize
NDCB80 does localize to the outer kinetochore.
Using a peptide antibody to the N-terminus, it
was shown that maize NDC80 localizes beyond
CENP-C and CENH3 on the outer face of the
kinetochore where microtubules associate (Du
and Dawe 2007), consistent with NDC80 in
animals (DeLuca et al. 2006). Surprisingly,
however, maize NDC80 is also constitutively
present on kinetochores throughout the cell
cycle, unlike other species where it is present
only during cell division (Hori et al. 2003).
NDCB80 localizes with another maize kinetochore
protein, MIS12, and helps form a bridge that
holds sister kinetochores together in meiosis I, as
discussed further below.

5.4.5 MiIS12

MIS12 is part of a complex that interacts directly
with the NDC80 complex and indirectly with
CENH3 and CENP-C (Cheeseman and Desai
2008). It is required to maintain the structural
integrity of the kinetochore (Kline et al. 2006).
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Maize has two copies of the MisI2 gene, MisI2-
1, and Misi2-2, which share 89% sequence
identity but produce two different sized proteins.
MIS12-2 is a 244 amino acid protein, while
MIS12-1 is a 223 amino acid protein due to an
early stop codon (Li and Dawe 2009). Both
genes are expressed, but with Mis/2-2 at a higher
level. As with CENH3, CENP-C, and NDCS0,
MIS12 proteins localize constitutively to the
kinetochore throughout the cell cycle. In meiosis,
homologous chromosomes separate in meiosis I,
and sister chromatids separate in meiosis II.
MIS12 co-localizes with NDC80 on the outer
kinetochore, and in meiosis I, they form the
“NDC80-MIS12 bridge” that holds sister kine-
tochores together to help prevent premature
separation of chromatids (Li and Dawe 2009).
RNAi knockdown of MIS12-1 and MIS12-2
causes 30% of sister kinetochores to separate
prematurely in meiosis I, producing failures in
chromosome alignment, uneven microtubule
bundles, and stalled chromosomes in anaphase
(Li and Dawe 2009). Anaphase I disjunction
failures cause errors in meiosis II spindle
assembly and tetrad formation with isolated
chromosomes forming independent mini-nuclei
(Li and Dawe 2009).

5.4.6 MAD2, BUB1, and BUB2

Chromosomes must attach to the spindle in the
proper orientation to ensure that each daughter
cells receives one copy. The spindle assembly
checkpoint monitors and breaks down incorrect
attachments between kinetochores and micro-
tubules. MAD?2 is one of the major components
of the spindle checkpoint; this highly conserved
protein localizes on kinetochores that are
improperly attached to the spindle and delays cell
cycle progression until all attachments are correct
(Musacchio and Salmon 2007). The single-copy
maize homolog of MAD2 was identified based
on similarity to MAD2 homologs of human,
Xenopus and yeast (64—70% similarity) (Yu et al.
1999). Mad?2 produces a 208 amino acid protein
with a molecular mass of 24 kDa. In maize
mitosis, MAD?2 is absent from kinetochores in
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prophase but appears in prometaphase. Its
localization on the outer kinetochore is correlated
with microtubule attachment; once microtubules
associate with the kinetochore, MAD?2 staining
disappears. Treating cells with microtubule
depolymerizing drugs causes intense localization
of MAD2 on kinetochores, demonstrating that
the maize spindle checkpoint is activated by
unattached kinetochores. MAD2 remains on
kinetochores until the chromosomes have aligned
on the metaphase plate and are under sufficient
tension (Yu et al. 1999).

BUBI1 and BUB3 are also components of the
spindle checkpoint that localize on kinetochores
(Lara-Gonzalez et al. 2012). In humans, BUB1
and BUB3 localize to the outer kinetochore and
serve as a scaffold for coordinating other
checkpoint proteins (Elowe 2011). BUB3 is
crucial for stabilizing kinetochore—microtubule
attachments (Logarinho et al. 2008). Unlike
MAD?2, localization of BUB1 and 3 on kineto-
chores is not an indicator that the spindle
checkpoint is active, rather they make the kine-
tochore competent to signal the checkpoint
should it be necessary (Lara-Gonzalez et al.
2012). Maize homologs of BUB1 and BUB3
have been identified (Su et al. 2017). BUB1 is a
553 amino acid protein with a highly conserved
Ser/Thr kinase domain (amino acids 249-543). It
lacks the GLEBS domain identified in other
species that promotes interaction with BUB3 and
other checkpoint proteins, suggesting its function
may have diverged (Elowe 2011). Maize BUB3
is a 343 amino acid protein with seven WD40
domains that have been shown to promote pro-
tein—protein interactions in other species (Smith
et al. 1999; Su et al. 2017). Both proteins localize
to mitotic kinetochores in maize beginning in
interphase and increase through prophase, but
show reduced localization in metaphase and
anaphase. In meiosis, BUB1 and BUB3 localize
weakly in interphase and peak in pachytene of
prophase 1. Both proteins remain at the outer
kinetochore in metaphase and anaphase I and
throughout all stages of meiosis II (Su et al.
2017). BUBI is also involved in phosphorylation
of histone H2A; RNAi knockdown of maize
BUBI1 caused a reduction in H2AThrl33
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phosphorylation levels in certain tissues (Su et al.
2017).

5.5 Maize Centromeres in Oat
5.5.1 Use of Oat-Maize Addition
Lines to Study
Centromere Structure

Because most of the centromeric repeats can be
located in both centromeric and pericentromeric
regions as well as in most or all centromeres in
the same species, it is technically challenging to
study the fine structure of a specific centromere
in most plant species. Oat-maize chromosome
addition (OMA) lines provide unique materials
to study individual maize centromeres.
The OMA lines were developed from crosses
between oat and maize (Kynast et al. 2001; Rines
et al. 2009). In such crosses, the maize chromo-
somes are usually lost to create an oat haploid.
However, maize chromosomes can become
established and perpetuated in oat at low fre-
quency. Chromosome doubling of these events
generates disomic OMA lines that contain all 42
oat chromosomes and a pair of maize chromo-
somes, which are relatively stable. Thus, disomic
OMA lines can be readily maintained and used
for various cytological and molecular studies of
individual maize chromosomes present in oat
(Fig. 5.3).

The CentC satellite repeat is in most maize
centromeres but is absent from oat centromeres
(Jin et al. 2004). Thus, it provides an excellent
DNA mark to track individual maize centromeres
in oat. The structure and sizes of the CentC
repeat arrays in each maize centromere can be
analyzed via fiber-FISH mapping of the OMA
lines (Jin et al. 2004). Maize centromeres contain
variable amounts of intermingled CentC-CRM
arrays, ranging from ~300 Kb to several
megabases based on such fiber-FISH measure-
ments. The association of CentC and CRM with
CENH3 can be directly visualized by
immunofluorescence on stretched maize cen-
tromeres in OMA lines (Jin et al. 2004). The
cytological studies also revealed that not all
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Fig. 5.3 B chromosomes in an oat background. The
chromosomes are stained with DAPI (blue). The maize B
chromosome is labeled with the B-specific repeat
(red) and CentC (green). Note that CentC is not present
in oat chromosomes. Bar = 10 um

CentC or CRM sequences are associated with
CENH3 (Jin et al. 2004).

5.5.2 Expansion of Maize
Centromeres in Oat

The increasingly improved throughput of
next-generation sequencing techniques allowed
sequencing-based analyses of the maize cen-
tromeres in oat. Although >95% of the sequence
data obtained from OMA lines are derived from
the oat genome, the amount of maize sequences
from the OMA lines are sufficient for genomic
and epigenomic studies of individual maize
centromeres (Wang et al. 2014; Zhao et al.
2016). In addition, maize and oat sequences are
sufficiently diverged to allow unequivocal iden-
tification of the maize sequences. Chromatin
immunoprecipitation using a CENH3 antibody
followed by sequencing (ChIP-seq) in OMA
lines resulted in a surprising discovery: the
CENH3-binding domains of maize centromeres
are dramatically expanded to encompass a larger
area in the oat background (~3.6 Mb) than the
average centromere size in maize (~ 1.8 Mb)
(Wang et al. 2014). In addition, the direction of
maize centromere expansion appears to be

67

restricted by the transcription of genes located in
regions flanking the original centromeres (Wang
et al. 2014). Studies of maize centromeres in oat
have revealed several fundamental features
associated with centromere function: (1) The size
of the centromere is regulated. Centromeres
appear to maintain a uniform size within a spe-
cies regardless of chromosome size. (2) The
plasticity of centromeres is epitomized by the
expansion of maize centromeres in oat. The
expanded array of CENH3 nucleosomes can
adapt to various types of DNA sequences located
in the pericentromeric regions. (3) The expanded
centromeric regions prefer non-transcribed
sequences.

5.6 Centromere Evolution
5.6.1 Rearrangements of Maize
Chromosomes Relative
to Sorghum

Maize is believed to have originated from an
ancient tetraploid that contained 40 chromo-
somes and underwent dramatic intra- and
inter-chromosomal rearrangements to produce
the current diploid 20 chromosomes (Whitkus
et al. 1992; Paterson et al. 2004; Wei et al. 2007).
Thus, most maize chromosomes are fused from
two or multiple chromosomes from the progeni-
tor tetraploid ancestor (Wei et al. 2007). Half of
the 40 centromeres were either deleted or inac-
tivated during the chromosome number reduc-
tion. The sorghum chromosomes are believed to
maintain synteny with ancient chromosomes that
predate the divergence of maize and sorghum
(Wei et al. 2007; Schnable et al. 2009). Thus,
comparative sequence analysis was used to
determine which of the 20 ancient centromeres
survived during maize genome evolution (Wang
and Bennetzen 2012). For example, maize
chromosome 3 was derived from two ancient
chromosomes, which are homologous to sor-
ghum chromosomes 3 and 8, respectively (Wang
and Bennetzen 2012). An ancient chromosome 8
inserted in the pericentromeric region of an
ancient chromosome 3 and the fused
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chromosome underwent several intrachromoso-
mal rearrangements that resulted in the current
maize chromosome 3 (Wang and Bennetzen
2012; Zhao et al. 2017). The centromere of maize
chromosome 3 (Cen3) was derived from ancient
chromosome 3 and the centromere of ancient
chromosome 8 became inactivated after the
fusion of the two chromosomes (Zhao et al.
2017).

5.6.2 CentC

As noted above, CentC is a 156-bp satellite
repeat that is enriched in centromeres (Ananiev
et al. 1998). Most maize centromeres contain
intermingled CentC-CRM arrays, ranging from
none to several megabases (Jin et al. 2004). The
CentC repeat shows substantial sequence simi-
larity with the centromeric satellite repeats from
several distantly related grass species, including
the 155-bp CentO repeat from rice, but excluding
some closely related species such as sorghum
(Cheng et al. 2002; Lee et al. 2005; Melters et al.
2013). A conserved 80-bp domain was found
among the centromeric repeats from various
grass species (Lee et al. 2005; Yang et al. 2018),
suggesting an evolutionary constraint. The CentC
repeats show high sequence similarity with
minor sequence differences in the form of point
mutations (Ananiev et al. 1998). The average
identity between CentC copies to the consensus
is about 96% (Gent et al. 2017). However,
analyses of long stretches of CentC arrays asso-
ciated with centromere 2 and centromere 5
showed that the CentC repeats are more
homogenized within clusters, supporting the
notion that tandem repeats can increase copy
number by local duplication (Bilinski et al.
2015). Interestingly, with the exception of the
huehuetenangensis  sub-species, the CentC
repeats are significantly more abundant and more
uniformly present in all centromeres in teosintes,
the close wild relatives of maize (Albert et al.
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2010). Thus, reduced amounts of CentC occurred
within the timeframe of maize domestication
(Schneider et al. 2016).

5.6.3 Evidence for Ancient de Novo
Centromeres

Centromeres can be activated de novo in genomic
regions devoid of any centromere-specific
sequences, and these are often called “neocen-
tromeres” in other species. Neocentromeres were
first discovered in humans and have been reported
in several plant species (Nasuda et al. 2005; Gong
et al. 2009; Topp et al. 2009; Fu et al. 2013; Liu
et al. 2015). A chromosomal rearrangement that
deleted a portion of the native centromere of a
maize chromosome in the genetic background of
oat resulted in a new centromere position that was
shifted over a megabase relative to the original
chromosome (Topp et al. 2009; Wang et al.
2014), and maize chromosomal rearrangements
that completely lack native centromeres produce
novel centromere positions (Fu et al. 2013; Liu
et al. 2015) as described in more detail below.
Remarkably, the centromere position for a
specific maize chromosome is not fixed among
different maize inbred lines, possibly indicative of
ancient de novo centromere formation. For
example, three major centromere positions were
observed on maize chromosome 5, including
CENSL located at 102.1-103.7 Mb, CEN5S M at
105.2-106.8 Mb, and CEN5R at 107.9-
109.8 Mb with distinctions in the CENH3 asso-
ciation pattern among these (Schneider et al.
2016). Multiple centromere positions were
observed for most chromosomes in different
maize lines and in wild relatives (Schneider et al.
2016; Zhao et al 2017). Dating CRM elements
within centromeres raised the possibility that the
repositioning occurred after maize domestication
(Schneider et al. 2016). It was proposed that
strong selection for centromere-linked genes in
domesticated maize may have reduced the
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diversity of the maize centromeres to only one or
two post-domestication haplotypes (Schneider
et al. 2016).

5.7 Classical Neocentromeres
on Knobs and Meiotic Drive

While new stable centromeres marked by CENH3
are commonly called neocentromeres, the term
was originally coined by Marcus Rhoades to
describe ectopic formation of centromere-like
activity on knobs in the presence of abnormal
chromosome 10 (Abl0) (Rhoades and
Vilkomerson 1942). The clearly visible move-
ment of knobs at anaphase I and II in Ab10 lines
is associated with a preferential segregation, or
meiotic drive, of knobs and linked loci through
female meiosis (Rhoades 1942, 1952). Further
studies of AblO-mediated neocentromeres have
revealed they are not controlled by the same
proteins as those involved for true centromeres
[not CENH3, CENPC, MIS12, NDCS80, or
MAD?2 (Dawe and Hiatt 2004)]. At least two loci
are involved in neocentromere activity, one that
controls the movement of knobs containing
180 bp (knob180) repeats (shown in Fig. 5.1) and
another that controls the movement of TR-1
repeats (shown in Fig. 5.1) (Hiatt et al. 2002).

Genetic analysis has shown that the locus
controlling 180 bp neocentromere activity is
required for meiotic drive but that TR-I neo-
centromere activity is not (Kanizay et al. 2013).
Both activities have been postulated to be driven
by kinesin microtubule-based motors (Hiatt et al.
2002). Neocentromere activity of knobI80
repeats is now known to be caused by not one
kinesin but a cluster of nine kinesin genes called
Kinesin driver, or Kindr genes, located on Ab10
(Dawe et al. 2018). Stable epimutants that abol-
ish expression of the Kindr complex also result in
a loss of meiotic drive (Dawe et al. 2018), con-
firming the key role of neocentromere activity in
meiotic drive as originally proposed by Rhoades
(1952).
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5.8 B Chromosome Centromeres,
Nondisjunction,
and Centromere Inactivation

Behavior and Structure of B
Chromosomes

5.8.1

The B chromosome of maize is a supernumerary
chromosome (Fig. 5.2) that is not vital nor is it
detrimental unless in high copy number. Its dis-
pensable nature is counteracted by an accumu-
lation mechanism that maintains it in
populations. This mechanism consists of
nondisjunction at the second pollen mitosis fol-
lowed by preferential fertilization of the egg by
the B chromosome containing sperm (Roman
1947, 1948). These two properties keep the
chromosome from drifting to extinction. The
centromere in this near telocentric chromosome
is the site of nondisjunction but other sites on the
B chromosome are also needed for this process.
Notably, the very tip of the long arm is required
(Ward 1973). When it is removed from the same
cell as the centromere, the latter will no longer
undergo nondisjunction.

An experiment to find sequences found only
on the B chromosome was successful in isolating
the B chromosome-specific repeat, ZmBs
(Alfenito and Birchler 1993). The unit length is a
little more than 1.0 Kb, but the numerous copies
analyzed are highly variable. Its sequence has
similarities to the knob heterochromatin repeat
and to telomere repeats. A similar sequence is
present near the centromere of chromosome 4
(Page et al. 2001) in all maize lines examined
(Albert et al. 2010). This repetitive B-specific
sequence is scattered throughout and around the
centromere of the B chromosome (Lamb et al.
2005; Jin et al. 2005). At the core of the B cen-
tromere are CentC and CRM sequences spanning
about a 750 kilobase region (Jin et al. 2005).
Minichromosomes containing basically just the
centromere have CentC and CRM and the
B-specific repeat (Kato et al. 2005; Han et al.
2007a, b). These minichromosomes can be
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induced to undergo nondisjunction in the pres-
ence of a full-sized B chromosome that provides
the needed trans-acting factors in the long arm
(Masonbrink and Birchler 2012). This result rai-
ses the possibility that the B-specific repeat is the
target for nondisjunction because it is unique to
the B chromosome centromere while the other
centromeric repeat elements present are also
located at A centromeres that lack nondisjunction.

5.8.2 Misdivision Analysis of B
Centromeres

Misdivision involves the centromere being
attached to both poles in metaphase and then
ripped apart during anaphase. With regard to the
maize B chromosome centromere, Carlson found
several misdivision derivatives (Carlson 1973;
Carlson and Chou 1981). He used a B-A
translocation involving the short arm of chro-
mosome 9 (TB-9Sb). This arm carries several
excellent endosperm markers that facilitate its
manipulation. Carlson recognized that misdivi-
sions of this centromere in the previous meiosis
could be recognized in the progeny kernels
because they exhibit a mosaicism for the 9S
markers in the endosperm. This is likely related
to the breakage-fusion-bridge (B-F-B) cycle,
although the mechanics with regard to the cen-
tromere are unclear (Kaszas and Birchler 1998).
However, just as with the B-F-B cycle, the bro-
ken chromosomes are “healed” in the sporo-
phytic embryo so the broken centromere or its
fusion onto itself as an isochromosome is cap-
tured in its initial form in the specific embryo
associated with the selected mosaic endosperm.

This phenotypic screen was used to isolate a
large collection of misdivision events for
molecular analysis of the B chromosome cen-
tromere (Kaszas and Birchler 1996). Using this
approach in successive misdivisions, the size of
the B centromere could be reduced progressively
as followed by the complexity of the B-specific
repeat in Southern blots. The main core of the B
centromere was subsequently estimated from a
selection of these derivatives as being approxi-
mately 750 Kb (Jin et al. 2005). The smallest
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centromeres recovered were in the range of a few
hundred Kb (Kaszas and Birchler 1998). Whe-
ther this size is an indication of the minimal size
of a functional centromere is still open to ques-
tion given that it is now known that the domain
of CENH3 can expand relatively quickly, for
example, when introduced into oat, as described
above.

5.8.3 Centromere Inactivation

The first recognized cases of centromere inacti-
vation in plants were found in maize (Han et al.
2006). In the process of studying the chromo-
some type of breakage-fusion-bridge (B-F-B)
cycle, structurally dicentric chromosomes were
found to be stable. The B-F-B cycle was initiated
using a foldback duplication of the short arm of
chromosome 9, first generated by Barbara
McClintock, that had been recombined onto
TB-9Sb by Zheng and colleagues (Zheng et al.
1999) to produce TB-9Sb-Dp9. The advantage of
this arrangement is that the B-F-B cycle can
continue throughout the life cycle because it is
operating on a dispensable chromosome. The
stable chromosomes recovered by Zheng and
colleagues were minichromosomes with B chro-
mosome centromeres that were nevertheless
stable. Han et al. (2006) extended this analysis
with the recovery of additional examples. Of
unusual note were several such minichromo-
somes with apparently two sets of centromeres.
When these were examined for the presence of
CENH3, it was found that only one of the two
sets of centromere sequences was associated with
this centromeric histone, suggesting that the
other set was inactive (Han et al. 2006). Indeed,
examination of meiosis revealed that only the
one associated with CENH3 progressed to the
poles.

Another product of this experiment was the
recovery of an inactive B centromere that is
present on the tip of chromosome arm 9S
(9-Bic-1) (Han et al. 2006) (Fig. 5.4). The pro-
cess by which the broken chromosome became
attached to the same arm from which it was
derived is not known. Homozygotes for this
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Fig. 5.4 Karyotype of a plant with 9-Bic-1 with an
inactive B centromere at the tip of chromosome arm 9S.
Chromosomes are stained with DAPI in blue. CentC is
green and the B-specific centromere repeat is red. The
arrow denotes chromosome 9 with the appended inactive
B centromere. Bar = 10 um

chromosome have a chlorotic phenotype sug-
gesting that some genes are missing from the tip
of 9S. Nevertheless, this example has proven to
be very useful for studies of inactive centromeres
because it has stable transmission from one
generation to the next. Fiber-FISH analysis
indicates that the whole of the B centromere is
present (Jin et al. 2005). There is no association
with CENH3 (Han et al. 20006).

With the realization that centromeres could
become inactive, other cases were soon found.
A translocation between chromosomes 1 and 5
that has been used extensively in maize genetics
was revealed to have an inactive centromere at
the junction of the two chromosomes (Gao et al.
2011) (Fig. 5.5). This translocation was recov-
ered from material exposed to an atomic bomb
test on an atoll in the Pacific Ocean in 1948.
Apparently, the inactive state of the centromere
had been perpetuated over the decades. Yet
another example involved the Tama Flint line.
Chromosome 8 was found to have two spatially
separate sites of canonical centromeric sequences
(Lamb et al. 2007). However, only one site was
associated with CENH3 and was the one that
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Fig. 5.5 Karyotype of Translocation 1-5 with an inac-
tive centromere. Chromosomes are stained with DAPI in
blue. Centromeres are labeled with a CRM probe (green).
The arrow notes one of the T1-5 chromosomes. Note that
only one of the CRM sites is present at a primary
constriction; the other site is the inactive centromere.
Bar = 10 um

progressed to the poles in meiosis. Interestingly,
the active site was displaced by an inversion that
positioned the centromere about 20% of the
chromosome arm from the usual position.
Heterozygotes between this chromosome and a
normal one failed to show any evidence of
recombination between the two, so there was no
negative fitness associated with this arrangement.
Still further, the long arm of the B chromosome
was found to contain sites of typical centromeric
sequences but without any evidence of their
ability to organize a kinetochore (Lamb et al.
2005). Studies of de novo centromere formation
suggest that recovery of potential misdivision
derivatives of de novo centromeres showed evi-
dence of centromere inactivation as well, as
described below (Liu et al. 2015).

Centromere inactivation could also be direc-
ted. The B-9-Dp9 chromosome was crossed to
misdivision derivatives of TB-9Sb with reduced
amounts of centromeric sequences. Because the
duplicated chromosome has a reverse duplication,
it can recombine with misdivision derivatives of
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TB-9Sb described above. From the heterozygotes
of chromosomes with normal/small centromeres,
crossing over will produce a dicentric between the
large and small centromeres (Han et al. 2009). At
anaphase I of meiosis, a bridge will be formed and
the recombinants will be destroyed by breakage.
However, at some frequency, dicentrics were
recovered containing the large and small cen-
tromere together at opposite ends presumably tied
together by recombination. One example that was
inherited has been studied in detail. The small
centromere shows no evidence of centromeric
activity and no detectable CENH3. Thus, in the
tug of war set up between the large and small
centromeres by the recombination event, the
small centromere lost and became inactive. This
chromosome could be maintained in this state
over many generations.

The nature of this recovered chromosome is
that it is a foldback structure with the large active
centromere at one end and the small inactive
centromere at the other. This foldback chromo-
some is capable of recombining with itself (Han
et al. 2009). Some of the recombinant products
will produce a dicentric of the large centromere,
which forms a bridge in anaphase and is
destroyed. The other potential product is a
dicentric of the two small centromeres. Interest-
ingly, these products have been recovered and
there is now detectable CENH3 on the chromo-
some (Han et al. 2009). These cases might be
examples of re-activation of an inactive cen-
tromere. However, with the realization of the
high frequency of de novo centromere formation
on otherwise acentric fragments in maize, it is
possible that such an event could explain their
regular recovery. Because there is as yet no ref-
erence sequence for the B chromosome to
determine if there is re-association of CENH3
with the progenitor sequences, it is not possible
to rule out this possibility.
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5.8.4 de Novo Centromere Formation
on Chromosomal
Fragments

Multiple cases of de novo centromere formation
in the past century have been documented in the
context of deletion of the native centromere. For
example, examination of a chromosome frag-
ment called Duplication 3a that had been induced
by UV irradiation of pollen by Stadler and
Roman in the 1940s revealed a de novo cen-
tromere (Fu et al. 2013). The frequent somatic
loss of this chromosome led to the idea that it
was a ring. However, at least in its present state,
it is a linear chromosome with telomeric
sequences at both ends but has no detectable
CentC nor CRM repeats. When ChIP-seq was
performed using antibodies against CENH3, a
novel region of association spanning 350 Kb was
found in the long arm of chromosome 3 that
encompassed several unique genes. Another de
novo centromere spanning 723 Kb of the peri-
centromere of chromosome 9 was formed in the
mini-chromosome sDic15 (small dicentric chro-
mosome 15) (Zhang et al. 201a, b, ¢). Similarly,
288 Kb of DNA from the short arm of chromo-
some 9 gave rise to a de novo centromere on
Derivative 3-3, produced by a translocation
between a B chromosome and chromosome 9
and a series of misdivisions (Liu et al. 2015)
(Fig. 5.6). In Derivative 3-3-11 (itself a deriva-
tive of Derivative 3-3), a de novo centromere
formed that spanned 200 Kb on the short arm of
chromosome 9, with the progenitor de novo
centromere of Derivative 3-3 being inactivated
(Liu et al. 2015).

The DNA composition of these de novo cen-
tromeres is different from the native, established
ones (Su et al. 2016). De novo centromeres on
Dp3a and Derivative 3-3 were formed in
euchromatic regions with lower retrotransposon
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Fig. 5.6 CENH3 immunolabeling of derivative 3—-3 with
a de novo centromere. Chromosomes are labeled with
DAPI in blue. The green signal indicates
immuno-labeling with antibodies against CENH3. The
small chromosome is derivative 3-3, which has no
detectable CentC or CRM sequences but shows labeling
with CENH3 on a de novo centromere. Bar = 10 um

density, while sDicl5 has a de novo centromere
in heterochromatin with high retrotransposon
density (Su et al. 2016; Zhang et al. 2013a, b, ¢).
These de novo centromeres indicate that CENH3
nucleosomes can load on DNA sequences with
very different features. The DNA methylation
level in the chromosomal regions before de novo
centromere formation can be either high (in
sDicl5) or low (in Dp3a and 3-3) and attain the
same level as native centromeres after de novo
centromere formation (Su et al. 2016; Zhang et al.
2013a, b, c¢). Thus, the DNA methylation level
does not appear to determine sites of de novo
centromere formation but might be involved in
centromere maintenance (Su et al. 2016). The
transcription level of the progenitor sites is also
related to the de novo centromere formation (Su
et al. 2016). CENH3 nucleosomes prefer to load
on regions with low or no expressed genes even
on a fragment with high gene density (Su et al.
2016). The fact that chromosomal fragments that
lost native centromeres were not immediately
eliminated indicates that de novo centromeres
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organize on such fragments rather quickly,
potentially within the span of a single cell cycle
and at a maximum, only a few.

5.8.5 Competition Based
on Centromere Size

If de novo centromeres can arise so quickly and
apparently regularly, the question arises as to
why chromosomes are not fragmented as dicen-
trics on a regular basis. A potential explanation
worthy of test is suggested by the results from the
centromere tug of war. In that case, if a small and
large centromere were pitted against each other,
the small centromere could become inactive, as is
the case with a TB-9Sb derivative (Han et al.
2009). Thus, it is possible that de novo cen-
tromeres might arise in chromosome arms regu-
larly but in opposition with the established
centromere they are quickly epigenetically inac-
tivated without a trace. Relative size difference
between established centromeres and de novo
ones would be the determining factor in such
competitions and has been proposed to explain
CENH3-mutant induced haploidy as well (Wang
and Dawe 2018).

5.8.6 Centromere Activity
not Required for B
Chromosome
Nondisjunction

The 9-Bic-1 dicentric chromosome was used to
test whether the nondisjunction property of the B
chromosome required centromeric activity (Han
et al. 2007a, b). For this test, the 9-Bic-1 chro-
mosome carrying an inactive B centromere was
crossed to a line with normal B chromosomes.
This configuration would supply the trans-acting
factors needed, which are missing from the
9-Bic-1 chromosome because the distal B chro-
mosome tip is not present. When this combina-
tion was used in an outcross as a male, the
inactive B centromere caused chromosomal
breakage at the second pollen mitosis in the
presence of extra B chromosomes but was stable
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otherwise. In some cases, the whole of chromo-
some 9 underwent nondisjunction as evidenced
by two or zero copies being present in some
progeny. The broken chromosome with the
inactive B centromere could become attached to
other chromosomes and in one instance was
present at the terminus of chromosome 7. This
case was homozygous viable, suggesting that the
broken part of 9S was appended to the very tip of
the short arm of 7. These results indicate that it is
B centromere sequence rather than activity that is
required for its nondisjunction property.

5.9 Centromere Pairing

Meiosis is a specialized eukaryotic cell division
by which diploid cells undergo a single round of
DNA replication and two rounds of chromosome
segregation to yield haploid products. To achieve
this result, parental homologs must pair during
meiosis. The centromere has emerged as an
important player in homologous chromosome
pairing, and recent progress in a number of
organisms suggests that centromere interactions
in early meiotic prophase I are a general feature
of meiosis (Da Ines et al. 2012; Kemp et al.
2004; Martinez-Perez et al. 1999; Phillips et al.
2012; Ronceret et al. 2009; Takeo et al. 2011;
Tsubouchi and Roeder 2005; Unhavaithaya and
Orr-Weaver 2013; Wen et al.. 2012; Zhang et al.
2013a, b, c¢). Centromere interactions include
centromere clustering, centromere coupling, and
centromere pairing. Centromere clustering refers
to the situation in which centromeres are asso-
ciated into groups. Centromere coupling is when
there are non-homologous centromere associa-
tions, whereas centromere pairing refers to
homologous centromere association.

In maize, centromeres do not associate in the
pre-meiotic interphase; they begin to pair at
leptotene and persist so until the pachytene stage
(Zhang et al. 2013a, b, c). Centromere pairing
occurs earlier than the telomere bouquet forma-
tion and pairing of chromosome arms but is
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important for initiation of homologous chromo-
some pairing (Zhang et al. 2013a, b, c). Unlike
the non-homologous centromere clustering or
coupling, centromere interactions of early mei-
otic prophase in maize are predominantly (about
65%) between homologous chromosomes. Cen-
tromere pairing depends on centromere activity;
inactive centromeres cannot initiate this process
even when homologous (Zhang et al. 2013a, b,
¢). In a maize line containing a stable dicentric
chromosome, 7-Bic-1, a segment of a B chro-
mosome containing an inactive centromere is
translocated to maize chromosome 7 (Han et al.
2007a, b). At the leptotene stage, the inactive B
centromere cannot pair as do the functional A
centromeres. In another maize line containing a
stable structurally dicentric reciprocal transloca-
tion between chromosomes 1 and 5, T1-5, there
is an inactive A centromere at the translocation
junction (Gao et al. 2011). At the leptotene stage,
the inactive A centromere also does not pair.
These results indicate that the centromeric DNA
sequence is not a sufficient requirement for
meiotic centromere pairing in maize, and
homologous centromere interactions require
functional centromeres.

Meiotic centromere pairing in maize is
dependent on the presence of the REC8 cohesion
protein (Zhang et al. 2013a, b, c¢). In the maize
afd] mutant, which has a deletion of the maize
homolog of the REC8 gene, centromeres do not
pair at early prophase I. The process of cen-
tromere pairing in maize is independent of the
synaptonemal complex (SC) central element
protein ZYP1. ZYP1 is loaded onto the cen-
tromeric regions of chromosomes after cen-
tromere pairing. Another component of the
central element of the maize SC, SMC6 (struc-
tural maintenance of chromosomes 6), is required
for meiotic centromere pairing. The exact role of
centromere interactions remains to be deter-
mined, but the available data suggest that cen-
tromere pairing leads homologous chromosome
pre-alignment and facilitates the homology-
scanning process.
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5.10 Histone H2A Phosphorylation

In contrast to studies on phosphorylation of his-
tone H3, including H3Serl0, H3Thrll, and
H3Ser28 (Houben et al. 1999; Kaszas and Cande
2000; Zhang et al. 2005; Han et al. 2007a, b),
little is known about histone H2A phosphoryla-
tion and its function in plants. Recently, the maize
spindle assembly checkpoint (SAC) component
Bubl-mediated phosphorylation of histone
H2AThr133 was reported to localize in cen-
tromeric regions in plant mitotic and meiotic
chromosomes during the entire cell cycle (Dong
and Han 2012; Su et al. 2017). The immunos-
taining signals of H2AThr133ph in maize dicen-
tric chromosomes reveal that only the functional
centromere is phosphorylated, suggesting that
H2AThr133ph is a new epigenetic marker for
centromere function. Immunolocalization com-
bined with ChIP-seq analysis revealed overlap
between CENH3 and H2AThr133ph during
interphase. H2AThr133ph signals spread to the
pericentromeric and inner centromere regions
during (pro)metaphase, but the strength of the
signal drops during later anaphase and telophase.
The presence and localization of H2AThr133ph
was not changed in various maize lines showing
precocious separation of sister centromeres,
including minichromosomes, afd/ mutants and
Misl2 RNAI transgenic lines, suggesting that
H2AThr133ph is a stable feature of centromeres
regardless of centromere orientation in meiosis I
(Su et al. 2017). Histone phosphorylation is
dynamically regulated during cell division, which
coordinates with chromosome behavior during
the cell cycle (Kouzarides 2007). The cell
cycle-dependent H2AThr133 phosphorylation
and the relationship with CENH3 nucleosomes
may function temporally and spatially on the
centromere morphology for proper chromosome
segregation during cell division in plants.

5.11 Concluding Remarks

Classically, the centromere was thought to be
inviolate and highly stable. However, in the past
few years, it has been revealed that centromeres
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are variable for position in varieties of maize.
Moreover, their activity can be silenced or de
novo centromeres can arise with both states being
perpetuated over generations. There is plasticity
for the chromosomal domains over which they
reside. The reduced crossing over around cen-
tromeres goes hand in hand with the variability
of centromere position observed within a limited
range. Thus, despite the remarkable malleability
of centromeres, these constraints insure the con-
tinuity of the chromosome in development and
over generations.
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Abstract

DNA methylation is a chromatin modification
that has generally been associated with gene
silencing or heterochromatin. Plants have
mechanisms to allow for the stable inheritance
of DNA methylation through mitosis or
meiosis. This creates the potential for DNA
methylation to provide epigenetic inheritance
for traits in maize and other crops. Epigenetics
refers to heritable transmission of information
that is not solely attributable to DNA
sequence. Several examples of epigenetic
inheritance were first described in maize
including paramutation, imprinting, and trans-
posable element inactivation. There is evi-
dence that DNA methylation is associated
with each of these epigenetic phenomena. In
addition, natural variation for epigenetic states
may contribute substantially to variation
among maize inbreds and could be an impor-
tant source of variation for crop improvement.
Advances in our understanding of the molec-
ular mechanisms controlling DNA methyla-
tion in Arabidopsis have provided clues to the
genes and pathways likely to be important in
maize. Recent technological developments

J. M. Noshay - P. A. Crisp - N. M. Springer (D<)
Department of Plant and Microbial Biology,
University of Minnesota, Saint Paul,

MN 55108, USA

e-mail: springer@umn.edu

© Springer Nature Switzerland AG 2018

have provided the opportunity to characterize
the genome-wide distribution of DNA methy-
lation in the maize genome. This has provided
insights into the patterns of DNA methylation
in plant species with large, complex genomes
and has led to the identification of potential
cryptic genomic information that is silenced
by DNA methylation. We will summarize
current understanding of the mechanisms
that regulate methylation and factors that
influence variation and stability of the maize
methylome.

6.1 Introduction

In maize, as in other eukaryotes, DNA methyla-
tion refers to the addition of a methyl group to
the 5’ carbon of cytosine residues. This methyl
group is added after DNA replication. Therefore,
the faithful maintenance of DNA methylation
patterns requires mechanisms to copy DNA
methylation onto the daughter strand. A large
majority of DNA methylation in maize, and other
plants, is found at CG or CHG (where H is any
base except G) sites that have symmetry across
the two strands of DNA (Niederhuth et al. 2016).
This allows for the maintenance of DNA
methylation through targeted methylation of
hemi-methylated DNA that results from the
incorporation of unmethylated cytosines during
DNA replication. Cytosine residues that are not

81

J. Bennetzen et al. (eds.), The Maize Genome, Compendium of Plant Genomes,

https://doi.org/10.1007/978-3-319-97427-9_6

®

Check for
updates


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97427-9_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97427-9_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97427-9_6&amp;domain=pdf

82

followed by a G in the next two bases (CHH
sites) can also be methylated but require alter-
native mechanisms for maintenance of the pat-
terns following replication (Law and Jacobsen
2010; Matzke and Mosher 2014; Springer and
Schmitz 2017). In recent years, Arabidopsis has
provided a model system for studying DNA
methylation due to the availability of reverse
genetics resources and the viability of mutants
with severely reduced DNA methylation (Law
and Jacobsen 2010; Matzke and Mosher 2014).
Our knowledge of the specific mechanisms that
control DNA methylation and the role of DNA
methylation in maize and other crop plants is
more limited. Here, we will describe what is
known in maize and contrast with data from
Arabidopsis noting both conserved features and
key differences.

6.2 Methods for Documenting DNA
Methylation

There are a variety of approaches that have been
utilized to monitor DNA methylation, with
varying levels of sensitivity and specificity (re-
viewed by Zilberman et al. 2007). The genomic
proportion of cytosine residues that are methy-
lated can be roughly estimated by HPLC (Papa
2001). This approach is useful for quantifying
genome-wide DNA methylation levels, but it
cannot determine the level of methylation at
specific sequence contexts, sites, or regions in the
genome. In many cases, the presence of DNA
methylation can inhibit digestion by restriction
enzymes, and in some rare cases, there are
restriction enzymes (McrBC, FspEI, MspJI) that
require DNA methylation in order to cut a site
(Loenen and Raleigh 2014). These methylation-
sensitive or methylation-dependent enzymes can
be combined with Southern blotting or quanti-
tative PCR approaches to document the presence
or absence of methylation at specific sites in the
genome (Zhang et al. 2014). In general, the use
of restriction enzymes for surveying DNA
methylation can provide data for specific sites
but tends to be only partially quantitative and can
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be difficult to apply in a high-throughput fash-
ion. Methylation-sensitive enzymes can be
combined with AFLP-based approaches to
provide a survey of methylation at many different
sites (Lu et al. 2008). Methylation-dependent
enzymes have been used in combination with
shotgun sequencing or microarray approaches for
genome-wide identification of unmethylated
regions referred to as methylation filtration
(Palmer 2003; Rabinowicz et al. 2005). Another
approach for documenting genome-wide methy-
lation levels utilizes a 5-methylcytosine antibody
for immunoprecipitation of methylated DNA
(meDIP) (Eichten et al. 2011). This approach
enriches for fragments containing DNA methy-
lation and can be combined with microarrays or
high-throughput sequencing approaches to pro-
vide genome-wide profiles. The methylation fil-
tration and meDIP assess regional methylation
throughout a genome but do not provide
single-base resolution of DNA methylation.

The “gold-standard” approach for measuring
DNA methylation is with sodium bisulfite treat-
ment followed by sequencing (Lister et al. 2008).
Treatment of single-stranded DNA with sodium
bisulfite will result in conversion of unmethy-
lated cytosine residues to uracil, while methy-
lated cytosines are not converted. Sequencing of
treated molecules reveals which bases remained
as cytosine (methylated) and which bases were
converted (unmethylated). By sequencing multi-
ple molecules, the frequency of methylation at
any particular site can be determined. This
approach was initially combined with PCR to
document methylation at particular genomic
regions. In recent years, this has been paired with
next-generation  sequencing to  perform
whole-genome bisulfite sequencing (WGBS)
which provides base-level resolution and
context-specific information for DNA methyla-
tion throughout the portion of the genome for
which unique alignments are possible (Lister
et al. 2008; Regulski et al. 2013; Gent et al.
2013). Bisulfite treatment can also be paired with
sequence capture approaches to provide
single-base resolution for a subset of genomic
regions (Li et al. 2015c).
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6.3 Genomic Distribution of DNA
Methylation in Maize

WGBS has been used to document the
genome-wide distribution of DNA methylation
in maize (Regulski et al. 2013; Gent et al. 2013;
West et al. 2014). However, it is worth noting
that current short-read sequencing and bioinfor-
matics approaches cannot interrogate the entire
genome. WGBS allows analysis of regions cov-
ered by uniquely aligning reads, which results in
coverage for ~70% of the maize genome. Genic
(78% coverage) and intergenic (90% coverage)
regions have substantially higher coverage than
TEs (60% coverage) for methylation data
(Fig. 6.1). WGBS profiles have revealed that
plant genomes have similar mechanisms for
DNA methylation, but the frequency and pat-
terning of methylation domains varies among
species (Niederhuth et al. 2016; Springer and
Schmitz 2017). While maize has most of the
methylation machinery found in Arabidopsis, it
must operate to methylate a genome with a dif-
ferent organization. Arabidopsis has a relatively
small genome with a high gene density (The
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Arabidopsis Genome Initiative 2000), most
genes are not located near TEs, and the vast
majority of heterochromatin in the Arabidopsis
genome is located in pericentromeric regions. In
contrast, the maize genome has a much lower
gene density (Schnable et al. 2009; Jiao et al.
2017) and TEs are prevalent throughout the
whole length of maize chromosomes (Baucom
et al. 2009). The total abundance and relative
distribution of CG, CHG, and CHH across the
genomes of Arabidopsis and maize are distinct
(West et al. 2014; Neiderhuth et al. 2016).
Methylation in all three sequence contexts is
highly enriched within TEs, repeat sequences,
and pericentromeric regions in Arabidopsis
(West et al. 2014). Maize has among the highest
levels of CG and CHG methylation in species
with characterized methylation profiles, and
methylation at CG and CHG contexts are found
throughout the length of the maize chromosome
(Springer and Schmitz 2017; West et al. 2014;
Nierderhuth et al. 2016). In contrast, the levels of
CHH methylation in maize are relatively low
compared to many other plant species (West
et al. 2014; Niederhuth et al. 2016).

D Unmappable / Low Coverage D CG and CHG only . Unmethylated

D Methylation in All Contexts D CG only . Intermediate Methylation
c
)
@ Intergenic . |
o
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c .
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Fig. 6.1 Frequency of methylation domains in different
genomic regions. A WGBS dataset for maize earshoot (Li
et al. 2015a, b, ¢c) was mapped to version 4 of the maize
B73 genome (Jiao et al. 2017). The level of DNA
methylation in each sequence context was determined for
each 100 bp region as described in West et al. (2014).
Each 100 bp region was classified as genic (7.3% of
genome), TE (72.3%), or intergenic (20.4%) based on
B73v4 annotations. Each 100 bp region was classified

into one of six groups using the following criteria:
unmappable/low coverage (regions with <2X coverage),
all contexts methylated (>15% CHH methylation),
CG/CHG only (40% CG and >40% CHG), CG only
(>40% CG but <40% CHG), unmethylated (<10%
methylation in all sequence contexts), and intermediate
methylation (sufficient coverage but not classified as one
of the other groups). The proportion of 100 bp regions for
each subset of annotated features were determined
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6.3.1 Methylation Domains
in the Maize Genome

Assessing the relative levels of CG, CHG, and
CHH methylation in windows of the maize
genome can be used to define different types of
methylation domains (Springer and Schmitz
2017). The methylation domains include
CG/CHG/CHH regions (RNA-directed DNA
methylation, or RdDM targets), CG/CHG
regions (heterochromatin), CG only (gene body
methylation—gBM), unmethylated regions, and
unclassified regions with intermediate levels of
DNA methylation (Fig. 6.1). CG/CHG domains,
which contain high levels of CG and CHG
methylation, but very low levels of CHH
methylation, are the most common type in the
maize genome, accounting for large portions of
intergenic and TE regions of the genome but are
less abundant within genes (Fig. 6.1). The
RdDM targets, which have elevated methylation
in all three contexts, only account for 2% of the
maize genome and are most prevalent within
intergenic regions. Regions with only CG
methylation account for ~6% of the maize
genome and are often found within maize gene
bodies. Approximately 11% of the maize gen-
ome has low levels of methylation in all three
contexts, and this is most prevalent within the
genic portions of the maize genome and is quite
rare in TEs. Another 10% of the maize genome
has intermediate levels of DNA methylation that
are difficult to classify.

6.3.2 DNA Methylation Patterns
at Maize Genes

The distribution of methylation within plant
genomes reflects the distinct methylation profiles
at genes and TEs. In general, CG and CHG
methylation levels are high in non-genic regions
but drop to low levels near the transcription start
site (TSS) and transcription termination site
(TTS) of annotated genes (Regulski et al. 2013;
Gent et al. 2013; West et al. 2014). Within gene
bodies, there are moderate levels of CG methy-
lation likely reflecting gene body methylation
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(Neiderhuth et al. 2016). Maize also contains
significant levels of CHG methylation in gene
bodies that is partially attributable to methylation
of TEs found within introns (West et al. 2014).
CHH methylation is enriched in regions flanking
maize genes (Gent et al. 2013). These mCHH
islands mark the boundary between high levels of
CG and CHG methylation outside of maize genes
and the reduced levels of methylation in genes
(Li et al. 2015a). Several factors influence the
profile of DNA methylation over maize genes. In
general, highly expressed genes have the lowest
levels of DNA methylation at the TSS and TTS
(Regulski et al. 2013; Gent et al. 2013; West
et al. 2014). However, the inverse pattern is
observed for CHH methylation in regions
upstream of the TSS (Gent et al. 2013). Genes
located in syntenic positions relative to other
grasses exhibit much lower levels of DNA
methylation than inserted (non-syntenic) genes
(Eichten et al. 2011; West et al. 2014). There is
no evidence for differential levels of DNA
methylation for genes in the two subgenomes
that have resulted from the ancient
whole-genome duplication event in maize
(Eichten et al. 2011; West et al. 2014).

6.3.3 DNA Methylation Patterns
at Maize TEs

DNA methylation at TEs is high relative to
flanking regions (West et al. 2014). The levels of
CG and CHG methylation over TEs are higher in
maize than in Arabidopsis (West et al. 2014),
with more gradual transitions from low to high
methylation levels at the edges of TEs, suggest-
ing greater spreading of DNA methylation from
TEs to flanking regions in maize (Eichten et al.
2012). The analysis of transposon superfamilies
revealed variation in chromatin profiles (West
et al. 2014). While CG and CHG methylation are
very high for all families, there is variation for
the level of CHH methylation and H3K9me?2
(West et al. 2014). There is also evidence for
family-specific variation in whether DNA
methylation can spread to flanking regions, sug-
gesting that TE families associated with
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spreading are more likely to reduce the expres-
sion of nearby genes than families without
spreading (Eichten et al. 2012). The association
of CG and CHG methylation (inactive tran-
scription) with spreading retrotransposon fami-
lies and CHH (active transcription) with
non-spreading retrotransposon families can
explain this gene expression correlation. The
methylation levels of transposons located within
maize genes are quite similar to the levels for
intergenic TEs even though these regions
undergo active transcription (West et al. 2014).
This suggests that methylated TEs do not pose a
barrier to transcriptional elongation. However,
there is evidence that plants require machinery to
allow for proper transcription and splicing of
regions that are highly methylated (To et al.
2015).

6.4 Molecular Mechanisms
Regulating DNA Methylation

DNA methylation at any locus is influenced by a
variety of processes including methylation
maintenance, de novo methylation, and
demethylation. We will describe the mechanisms
expected to control CG, CHG, and CHH
methylation based on studies in Arabidopsis and
the evidence for similar systems being present in
maize. The Arabidopsis genome encodes seven
DNA methyltransferases including DOMAINS
REARRANGED METHYLASE 2 (DRMI) and
DRM?2, CHROMOMETHYLASE 1 (CMTI),
CMT2, and CMT3, METHYLTRANSFERASE 1
(METI) and MET?2. Four of these methyltrans-
ferases (DRM2, CMT2, CMT3, and METI) are
responsible for the bulk of methylation in Ara-
bidopsis and contribute to different maintenance
and de novo methylation pathways (Stroud et al.
2013; Law and Jacobsen 2010; Matzke and
Mosher 2014; Du et al. 2015).

6.4.1 CG Methylation

Genetic analysis has shown that METI is
required for CG methylation maintenance in
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Arabidopsis (Law and Jacobsen 2010). MET1 is
dependent on three VARIANTS IN METHY-
LATION (VIM) proteins, which are ubiquitin E3
ligases containing an SRA domain that binds
hemi-methylated DNA (Du et al. 2015; Woo
et al. 2008). After METI1 is recruited to
hemi-methylated CG sites, it functions to
methylate the opposing strand, providing a robust
mechanism to transmit CG methylation patterns
following DNA replication. In maize, two
tandem duplicates of MET1-like genes (Zmetl—
Zm00001d018976 and Zm00001d018977) have
been identified (Li et al. 2014a). The maize gen-
ome also encodes at least three VIM1-like genes.
The tandemly duplicated MET1-like genes in
maize likely play critical roles in maintaining
CG methylation in the maize genome similar
to METI in Arabidopsis. To date, loss-of-
function alleles has not been isolated for these
genes through forward or reverse genetics
approaches, limiting functional studies of these
genes in maize.

6.4.2 CHG Methylation

In Arabidopsis, the bulk of CHG methylation is
maintained by the chromomethylase CMT3
(Matzke and Mosher 2014; Du et al. 2015;
Bewick et al. 2016). CMT3 contains a BAH
domain, a DNA methyltransferase domain, and a
chromodomain. The chromodomain and BAH
domain provide the ability for CMT3 to bind to
histone H3 that has dimethylated lysine 9
(H3K9me2) (Du et al. 2012). In Arabidopsis, the
enzyme that provides H3K9me2, KRYPTONITE
(KYP), binds to CHG methylation (Du et al.
2014). This provides a self-reinforcing loop
between CHG DNA methylation and H3K9me?2
which provides a mechanism for stable memory
of this chromatin state (Du et al. 2015). The
maize genome encodes two paralogs that are
related to Arabidopsis CMT3; Zmet2 (Dmt102—
Zm00001d026291); and Zmet5 (Dmti05—
Zm00001d002330) (Papa 2001; Makarevitch
et al. 2007). A loss-of-function allele, zmet2-ml,
results in significant reductions of genomic CHG
methylation levels (Papa 2001). Other partial
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loss-of-function alleles for zmet2 or zmet5 also
result in partial reductions in CHG methylation
in maize (Li et al. 2014a). Zmet2 and Zmet5 are
expressed in similar patterns across a variety of
tissues in B73 with slightly higher expression
seen in Zmet2 (Li et al. 2014a). Attempts to
isolate plants homozygous for mutations in both
Zmet2 and Zmet5 were unsuccessful, suggesting
essential functions for CHG methylation in maize
(Li et al. 2014a). Recent work suggests that the
vast majority of “CHG” methylation in plant
genomes is confined to CWG (where W is A or
T) sites with very little methylation of the
external C of CCG sites (Gouil and Baulcombe
2016).

6.4.3 CHH Methylation

There is evidence for two separate pathways for
maintaining CHH methylation in plant genomes.
The RdDM, involving DRM1 and DRM?2, plays
an important role in methylation of CHH, par-
ticularly in genomic regions near genes (Law and
Jacobsen 2010; Matzke and Mosher 2014).
RdDM involves the production and perception of
24nt siRNAs through the combined action of two
plant-specific RNA polymerases, PollV and
PolV as well as RNA-dependent RNA poly-
merase RDR2 and additional components
(Matzke and Mosher 2014). The recruitment of
RdDM activity to specific loci appears to require
the presence of DNA methylation and specific
chromatin modifications, suggesting that RADM
plays a critical role in maintaining CHH methy-
lation patterns but may not actually represent true
de novo methylation activities (Law et al. 2013;
Greenberg et al. 2013; Johnson et al. 2014). True
de novo methylation activities may require the
activity of 21nt siRNAs with AGO6 and RDR6
to recruit DRM2 to specific target loci (Panda
and Slotkin 2013; McCue et al. 2014). Ara-
bidopsis also encodes a third domain rearranged
methyltransferase, DRM3 (Henderson et al.
2010). Interestingly, although the DRM3 protein
is catalytically inactive due to changes in the
active site, it is a required cofactor for proper
activity of DRM2 (Henderson et al. 2010).
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In addition to DRM-dependent CHH methy-
lation targeted by RADM activities, there is also
evidence for CHH methylation in deep hete-
rochromatin that requires the chromomethylase
CMT2 (Zemach et al. 2013). These regions are
likely inaccessible to PollIV/PolV activity and
instead depend on CHH methylation activities
from CMT2 (Stroud et al. 2014). In order to
methylate these regions, CMT2 is recruited by
histone methylation (Du et al. 2015). This
“CHH” methylation appears to be largely con-
fined to CWA (where W is A or T) sites (Gouil
and Baulcombe 2016). Together, RADM (utiliz-
ing DRM activities) and CMT2 maintain CHH
methylation in the Arabidopsis genome.

Maize contains several DRM-like genes
including Zmet3 (Dmtl103—Zm00001d048516),
Zmet6 (Dmt106—Zm00001d010928), and Zmet7
(Dmt107—Zm00001d027329). Zmet3 and Zmet7
are retained duplicates most closely related to
DRM1/2, and Zmet6 is most similar to DRM3
(Li et al. 2014a). Zmet3 and Zmet7 are likely
retained duplicates arising from a whole-genome
duplication event in maize and exhibit similar
expression patterns throughout development (Li
et al. 2014a). Two loss-of-function alleles have
been recovered for Zmet7 (Li et al. 2014a), but
there are no documented loss-of-function alleles
for Zmet3 to date. Mutations in Zmet7 do not
have significant effects on CHH methylation in
maize, but this could be due to redundancy with
Zmet3 (Li et al. 2014a). The Zmet6 gene encodes
a protein predicted to be catalytically inactive,
similar to DRM3 due to changes in the amino
acid sequence near the active site of the
methyltransferase domain. Maize also encodes
orthologs for many of the components of the
RdDM pathway (Haag et al. 2014). Several of
these genes have been identified through forward
genetics that identified genes required for para-
mutation at R or Pl (Alleman et al. 2000;
Stonaker et al. 2009; Hollick 2017). Mutations in
several of these genes have been shown to be
required for maintaining CHH methylation at
genomic regions with high (>20%) levels of
CHH methylation (Li et al. 2014a, 2015a).
These mutants that eliminate regions of
high CHH methylation have relatively minor
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effects on gene expression in maize (Forestan
et al. 2017; Anderson et al. 2018). Interestingly,
unlike other grasses, maize does not contain
CMT?2 orthologs (Zemach et al. 2013; Bewick
et al. 2016). In maize, the deep heterochromatin
regions are marked with high levels of CG and
CHG methylation but low (~1-5%) levels of
CHH methylation (Li et al. 2014a) that is largely
confined to CWA sites (Gouil and Baulcombe
2016). It appears that this CHH methylation may
depend on CHH activities of Zmet2/Zmet5 (Li
et al. 2014a; Gouil and Baulcombe 2016).

6.4.4 Demethylation

While plant genomes have encoded proteins that
contribute to a variety of pathways to catalyze
DNA methylation, they also encode enzymes
capable of active demethylation (Zhang and Zhu
2012). Demethylation is essential for certain
plant developmental processes, for instance
tomato fruit ripening (Liu et al. 2015) and
imprinting (Bauer and Fischer 2011). Passive
demethylation occurs via the failure to methylate
hemi-methylated molecules that are present fol-
lowing DNA replication. Active demethylation
(Zhang and Zhu 2012) occurs through targeted
glycosylase activities. Arabidopsis includes at
least four related genes including DEMETER
(DME), REPRESSOR OF SILENCING 1
(ROS1), DEMETER-LIKE 2 (DML2) and DML3
that are DNA glycosylases responsible for
removal of methylated cytosines through a
base-excision-repair mechanism (Zhang and Zhu
2012). The maize genome encodes several DNA
glycosylases (DNGs) that are homologous to
those in Arabidopsis, including a DME-like gene

(Zm00001d016516) and ROSI homologs
dnglO0l  (Zm00001d053251) and dngl03
(Zm00001d038302), but no loss-of-function

alleles for these genes have been reported. We
still have a limited understanding of the mecha-
nisms that target these demethylation activities to
specific genomic regions, but there is clear evi-
dence that the existing methylation patterns in
the Arabidopsis genome reflect a balance of
methylating and demethylating activities.
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6.5 Sources of Variation
for the Maize Methylome
and Inheritance

Understanding the frequency and distribution of
differentially methylated regions (DMRs) among
maize genotypes could help connect DNA
methylation with phenotypic variation. In addi-
tion, understanding whether changes occur
stochastically, during development, or in
response to the environment is important for
documenting the stability of DNA methylation.
We also must understand the inheritance of
variation to determine whether DNA methylation
has the potential to influence heritability of traits
and how to account for DNA methylation in
genomic selection models or GWAS.

6.5.1 Mechanisms of Variation

Multiple mechanisms have been proposed to give
rise to variation in DNA methylation, from pure
epialleles with no genetic changes to obligatory
and facilitated epialleles that depend on under-
lying genetic variation (Richards 2006). Exam-
ples of pure epialleles (Eichten et al. 2011) and of
epialleles associated with genetic changes
(Eichten et al. 2012) have been reported in
maize. Given that >60% of the maize genome is
annotated as transposable elements (Schnable
2009; Jiao et al. 2017), and that the composition
and organization of TEs can vary greatly
between inbred lines (Wang et al. 2015), this
genetic variation may underpin a significant
portion of variation in the methylome.

The rate of spontaneous epimutations has
been studied in detail in Arabidopsis using
mutation accumulation lines. Such investigations
have focused on DMRs rather than single
methylation polymorphisms (SMPs) because
regional changes in DNA methylation are likely
more functionally relevant. DMRs arise at rates
comparable to genetic mutations such as SNPs
(Schmitz et al. 2011; Becker et al. 2011). How-
ever, the frequency of epimutations at single
cytosine residues, SMPs, is many orders of
magnitude more frequent (Becker et al. 2011). It
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is likely different regions of the epigenome and
different methylation contexts vary in SMP rates
(van der Graaf et al. 2015). Transgenerational
studies in Arabidopsis highlight two significant
points; SMPs can occur stochastically and SMPs
are reversible, in contrast to genetic mutation.
Thus, some variation in the DNA methylome
arises over time through random stochastic
variation. Such variation does not increase lin-
early with time indicating that such changes,
while often stable and heritable, are also rever-
sible. However, there was less evidence for high
rates of reversible changes in methylation on a
regional level (DMRs) in these studies.

6.5.2 Sources of Variation

Multiple studies employing a variety of tech-
nologies have demonstrated natural variation for
DNA methylation in maize (Makarevitch et al.
2007; Eichten et al. 2011, 2013; Regulski et al.
2013; Li et al. 2014b, 2015b). Initial efforts
identified around 700 DMRs using meDIP
between B73 and Mol7 (Eichten et al. 2011).
A larger scan that included ~ 50 diverse maize
inbreds identified 1,966 common and 1,754 rare
DMRs (Eichten et al. 2013). A shift from meDIP
to WGBS greatly increased the number of
context-specific DMRs that were identified
in maize, with 5,000-20,000 context-specific
DMRs between any two genotypes (Li et al.
2015b).

When considering this extensive epigenomic
variation, it is important to consider the back-
ground genetic variation. Many DMRs can be
associated with local genomic variation (Eichten
et al. 2011, 2013). For instance; Eichten et al.
(2013) reported that half of the common DMRs
assessed in a panel of 50 inbred lines were
associated with SNPs found within or near the
DMRs; Li et al. (2015b) found that the majority
of DMRs were associated with local sequence
variation. These studies highlight the strong
relationship between genetic and epigenetic
variations. Nevertheless, examples of DMRs
occurring in genomic regions that are apparently
identical between inbreds (e.g., B73 and Mol7)
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indicate the existence of pure epialleles (Eichten
et al. 2011; Li et al. 2015b). Overall, most studies
have found greater than 99% of the methylome is
conserved within a species (Li et al. 2015b). Yet,
this leaves ample variation at hundreds to thou-
sands of loci, which may contribute to pheno-
typic variation and breeding outcomes.

Given that DNA methylation variation can
potentially occur more rapidly than genomic
variation and that it is reversible, regulation of
the methylome may provide a means for local
and rapid acclimation or adaptation to new
environments. Despite this attractive hypothesis,
few concrete documented examples of environ-
mentally induced, heritable changes in DNA
methylation exist (Pecinka and Scheid 2012;
Crisp et al. 2016). Profiling of maize plants
subjected to heat, cold, and UV revealed no
evidence for consistent changes in DNA methy-
lation in response to stress (Eichten and Springer
2015). This analysis also found that stress did not
appear to increase the rate of epimutation. The
examples of variation that have been identified
tend to be enriched in the CHH context and lack
stable inheritance patterns (Secco et al. 2015).
The emerging trend that the methylome is largely
impervious to environmental perturbation has
important implications for breeding, allowing
selection for epigenetic traits for large-scale
agricultural application where plants can be
grown under a wide variety of environments.

Another potential source of DNA methylation
variation is developmental and cellular differen-
tiation leading to cell-type- or tissue-specific
variation. In animals, there are well-documented
examples of developmental epigenetic variation
(Feng et al. 2010; Heard and Martienssen 2014).
Similarly, maize endosperm and embryo have a
number of differences in DNA methylation
(Wang et al. 2015), consistent with findings in
rice and Arabidopsis (Gehring et al. 2009; Hsieh
et al. 2009; Zemach et al. 2010). In the endo-
sperm, there is widespread hypomethylation of
the maternal genome, particularly at TEs, asso-
ciated with the activation of endosperm-specific
DNA demethylases (Wang et al. 2015). Another
example of a cell-type-specific methylome reg-
ulation occurs in the columella. The columella in
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the Arabidopsis root cap has been identified as
the most hypomethylated Arabidopsis cell/tissue
to date (Kawakatsu et al. 2016). Similarly,
developmental regulation of DNA methylation
appears to play an essential role in tomato fruit
ripening, where specific gene promoters become
hypomethylated during the progressive stages of
ripening (Zong et al. 2013). Notwithstanding
these notable examples of DNA methylation in
certain tissues there is very little evidence for
variation in DNA methylation between most cell
types and during the majority of vegetative
development (Kawakatsu et al. 2016).

In contrast to abiotic stress and development,
it has long been known that tissue culture induces
a remarkable degree of variation in the methy-
lome (Kaeppler and Phillips 1993). The tissue
culture process represents a traumatic genomic
stress to plant cells (Phillips et al. 1994; Kaeppler
et al. 2000). Despite the expectation that plants
regenerated from tissue culture will be clones,
regenerates often display heritable phenotypic
and molecular variation (Stelpflug et al. 2014).
Methylome profiles of regenerated plants have
identified 479 DMRs compared to siblings not
subjected to tissue culture, with a bias toward
hypomethylation (Stelpflug et al. 2014). Of the
hypomethylated loci, 75% reproducibly occurred
in plants regenerated from independent replicate
cultures and a significant number also overlap
with naturally occurring DMRs (Stelpflug et al.
2014). This consistency in the genomic location
of DMRs suggests that some loci are susceptible
to epigenetic change in response to tissue culture.
Greater than 60% of hypomethylated loci were
also consistently inherited in self-pollinated
progeny plants. By contrast, hypermethylated
loci overall were less consistent, less repro-
ducible in independent regenerate cultures, and
less heritable. Very similar findings regarding a
role for tissue culture in generating DNA
methylation have been reported in rice (Stroud
et al. 2013).

Inheritance of DNA methylation variation:
Genetic variation is highly heritable and exhibits
well-known inheritance patterns; however, DNA
methylation could be metastable (Regulski et al.
2013). The methylation state of a locus can be
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influenced by both cis- and frans-factors (Li et al.
2014b). The combination of these factors raises
the possibility of intriguing and unexpected
segregation patterns of epialleles. For example,
in the case of paramutation, communication of
epigenetic state occurs between alleles (Chandler
2007); analysis of inheritance in epiRIL popula-
tions also suggests that allelic communication
can occur at some, but not all, loci (Johannes
et al. 2009; Reinders et al. 2009; Schmitz and
Ecker 2012). Similarly, homologous regions
located at distant genomic positions can com-
municate in trans as is the case in PAI silencing
in Arabidopsis (Melquist and Bender 1999).
Thus, efforts are ongoing to understand the
prevalence and stability of a variety of known
and potentially unexpected inheritance patterns.

In general, the methylation state of an allele is
faithfully inherited in offspring, whether the
parent is selfed or outcrossed. This is also subject
to the stochastic changes and reversion that occur
over time as noted above. However, both cis- and
trans-factors can influence the methylation state
of a locus, including the trans-chromosomal
influence of one allele on another. For instance,
when alleles with different methylation states are
brought together in an F1 hybrid, trans-chro-
mosomal methylation (TCM)—a paramutation-
like phenomena—can occur, whereby the previ-
ously unmethylated loci can become methylated.
In turn, this newly methylated state can be
inherited in offspring, irrespective of the presence
of the original methylated allele, leading to
paramutation-like inheritance pattern in F2 plants
(Regulski et al. 2013). This is particularly rele-
vant in outcrossing species, such as maize, where
there is also significant natural variation in DNA
methylation.

Several studies have found that the majority of
DMRs are stably inherited in RIL or NIL popu-
lations (Eichten et al. 2011; Regulski et al. 2013;
Eichten et al. 2013; Li et al. 2014a). In many of
these studies, the majority of DMRs investigated
were highly stable and exhibited locally inherited
(cis) patterns, unaffected by the other allele or
other genomic regions. Li et al. (2014b) profiled
nearly 1000 DMRs in a large set of NILs and
found almost no examples of unstable
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inheritance. Only a small number of examples of
trans-inheritance were identified, and this inves-
tigation did not identify any paramutable loci that
displayed consistent characteristics of paramuta-
tion across NIL and RIL lines and qPCR vali-
dation. In part, experimental design may hamper
the identification of trans-acting loci, due to the
sequence similarity of interacting loci and
requirement for unique alignments during
sequencing read mapping in order to profile
DNA methylation. Nevertheless, these investi-
gations support the conclusion that the majority
of DNA methylation variation in maize is heri-
table, stable, and mostly controlled in cis.

6.6 Roles of DNA Methylation
in Epigenetic Phenomena
and Gene Regulation

A primary reason for the interest in DNA
methylation is its potential role as a molecular
mechanism of epigenetic inheritance. Maize has
historically been a model system for the discov-
ery and genetic characterization of epigenetic
phenomena including transposable element
inactivation, paramutation, and imprinting (Coe
2001). In addition, recent profiles of DNA
methylation for multiple inbred lines of maize
have revealed substantial natural variation for
DNA methylation patterns that might be linked
to variation in gene expression. In this section,
we will review the evidence for functional roles
of DNA methylation in regulating gene expres-
sion in epigenetic phenomena and natural varia-
tion. Ideally, evidence for functional roles of
DNA methylation might be provided through the
use of mutant backgrounds or inhibitor treat-
ments that completely abolish DNA methylation.
However, there is evidence that severe reductions
in DNA methylation in maize are inviable (Li
et al. 2014a). Therefore, much of the available
evidence for function studies is based on correl-
ative evidence of associations or from studies of
plants with minor reductions in methylation at
specific contexts (Li et al. 2014a).
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6.6.1 Transposable Element
Inactivation

Transposable elements (TEs) were first discov-
ered in maize. Very early studies of TEs by
McClintock and others documented variation in
the activity of these elements, sometimes termed
“cycling” or transposable element inactivation
(McClintock 1956, 1964). TEs with identical
sequence could exist in active or inactive states.
Research on maize lines derived from tissue
culture found evidence for activation of several
DNA transposons coinciding with reduced levels
of DNA methylation (reviewed by Kaeppler et al.
2000). These studies provided strong evidence
for an association between DNA methylation and
transposon activity but did not show that DNA
methylation was a required component for
silencing TEs. Expression analyses of plants with
reductions in CHH (Jia et al. 2009) or CHG
methylation (Makarevitch et al. 2007) found
evidence for increased transcription of a subset of
transposons in the maize genome, but neither
study assessed the potential for functional trans-
poson movement. Perhaps the strongest evidence
for a functional role of DNA methylation in
controlling TE activity is based upon studies of
TE activation in maize lines with defective
RdADM machinery (Lisch et al. 2002). DNA
methylation levels of Mu transposons are
reduced in mopl plants (Lisch et al. 2002) with
defective RDR2 gene (Alleman et al. 2006).
Following multiple generations of self pollina-
tion in a mopl genetic background, there is evi-
dence for stochastic reactivation of Mu elements
(Lisch et al. 2002; Woodhouse et al. 2006a, b).
These findings may suggest that RADM activity
and CHH methylation is not necessarily required
for silencing of Mu elements, but is required for
stable maintenance of the silenced state
(Woodhouse et al. 2006a). Smith et al. (2012)
found that treatments of maize tissue cultures
with the DNA methylation inhibitor 5-azacytidine
could result in reactivation of another transpos-
able element, TCUP. This element appears to be
regulated by DNA methylation and is often
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reactivated during tissue culture (Smith et al.
2012). Studies in Arabidopsis have also provided
strong evidence for critical roles of DNA
methylation in TE silencing using mutants that
affect DNA methylation (reviewed by Under-
wood et al. 2017). It is likely that DNA methy-
lation is required for the maintained silencing of
TEs in the maize genome, and the low viability in
genotypes with severe reductions in DNA
methylation could be a direct consequence of
increased TE expression and transposition.

6.6.2 Paramutation

Paramutation, the directed interaction between
two alleles that results in a heritable change in
the expression of a paramutable allele following
exposure to a paramutagenic allele in a
heterozygote, was first discovered at the r/
(Brink 1956) and b1 (Coe 1959) loci in maize.
Subsequent studies have documented paramuta-
tion, or paramutation-like phenomena, at other
loci in maize and other species (reviewed by
Stam 2009; Hollick 2017). While the genetic
sequence of the paramutated locus is the same at
the paramutable locus, there is a heritable change
in gene expression, providing evidence for epi-
genetic information. At some paramutated loci,
there is evidence for differences in DNA
methylation (Eggleston et al. 1995; Walker 1998;
Sidorenko and Peterson 2001) or other chromatin
marks (Haring et al. 2010). However, the exact
nature of molecular mechanisms involved in
establishing and maintaining paramutated states
remain unclear. Genetics screens have uncovered
a number of factors required for paramutation
(reviewed by Hollick 2017), including compo-
nents of the RADM pathway as well as other
chromatin genes, providing evidence that RADM
and/or DNA methylation is necessary for main-
tenance of the paramutated epigenetic state at
some loci (Alleman et al. 2006; Hale et al. 2007;
Barber et al. 2012). The fact that multiple com-
ponents of the RADM pathway have been iso-
lated through forward genetic screens to find
factors involved in paramutation certainly sug-
gests a functional linkage between DNA
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methylation and paramutation. However, it is
worth noting that only components of the RADM
pathway, not pathways involved in maintenance
of CG or CHG methylation, have been recov-
ered. This could indicate a special role for CHH
methylation or could suggest that the siRNAs
produced and utilized by RdDM are critical for
paramutation. Alternatively, this could be due to
the fact that severe reductions in CG or CHG
methylation may be inviable.

6.6.3 Imprinting

Imprinting (reviewed by Gehring 2013) was first
characterized in maize based on differential
expression of the transcription factor from the
R locus depending upon whether this locus was
inherited from the maternal or paternal parent
(Kermicle 1970). Similar patterns upon
parent-of-origin-dependent seed color can also be
observed for some alleles of the B locus (Selinger
et al. 2001). Recent genome-wide surveys of
imprinting in the maize endosperm have revealed
several hundred imprinted genes in maize (Zhang
et al. 2011; Waters et al. 2011). Differential
methylation of the maternal and paternal alleles
has been documented for several of the
well-characterized imprinted genes (Haun et al.
2007; Hermon et al. 2007). Lauria et al. (2004)
documented evidence for extensive hypomethy-
lation of the maternal genome in maize endo-
sperm tissue. Based on studies in Arabidopsis
and rice, where a similar phenomenon is found
(Jullien et al. 2012), it is likely that this is due to
expression of the DNA demethylase enzyme
DME in the central cell prior to fertilization (Park
et al. 2016). This global reduction of DNA
methylation is then maintained following fertil-
ization and results in reduced methylation of the
maternal alleles at some loci in endosperm tissue
in Arabidopsis and rice (reviewed by Gehring
2013). A genome-wide analysis of DNA
methylation in the maize endosperm reveals
thousands of parent-of-origin DMRs (pDMRs)
with many of these located near genes with
imprinted expression patterns (Zhang et al.
2014). There is also evidence for histone
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modification differences, particularly
H3K27me3, between the maternal and paternal
alleles at numerous imprinted loci that may be
more important for imprinting than DNA
methylation (Haun and Springer 2008; Zhang
et al. 2014). Interestingly, reduced DNA methy-
lation of the maternal allele can be associated
with both maternally expressed genes (MEGs)
and paternally expressed genes (PEGs) suggest-
ing that the DNA methylation is not necessarily
required for silencing during imprinting. Indeed,
PEGs are more often associated with DNA
methylation than MEGs (Gehring et al. 2011). In
these cases, the hypomethylated maternal allele
often is associated with high levels of
H3K27me3 and reduced methylation may be
required to allow for this other silencing mark to
be added (Wolff et al. 2011; Makarevitch et al.
2013). There are also many imprinted genes that
do not contain evidence for altered methylation
of the maternal and paternal alleles (Waters et al.
2011; Zhang et al. 2014), suggesting that not all
examples of imprinting require allelic DNA
methylation differences.

6.6.4 DNA Methylation and Natural
Variation for Gene
Expression

DNA methylation could also play a critical role
in generating epialleles, differences in gene
expression without changes in DNA sequence.
DNA methylation profiling has revealed abun-
dant examples of natural variation for DNA
methylation (DMRs) (Eichten et al. 2011;
Regulski et al. 2013; Eichten et al. 2013; Li et al.
2015b). In several cases, RNAseq and DNA
methylation data has been collected in matched
tissue samples providing an opportunity to assess
potential associations between DNA methylation
and gene expression levels. Eichten et al. (2013)
assessed the connection between DNA methyla-
tion and gene expression for 1,966 DMRs pre-
sent in multiple inbred lines and located within
10 kb of a maize gene, and 277 examples of a
significant association were documented (Eichten
et al. 2013). The majority of cases reflect a

J. M. Noshay et al.

negative association in which increased DNA
methylation is associated with reduced or absent
gene expression. Whole-genome  bisulfite
sequencing of 5 maize inbreds identified a large
number of context-specific DMRs in maize (Li
et al. 2015b). RNAseq data on the same tissues
was used to identify differentially expressed
genes. A comparison of DNA methylation levels
in the region surrounding the transcription start
site revealed that genes with moderate changes in
gene expression (fivefold change or less) are not
enriched for DMRs. However, genes with tenfold
or greater changes in gene expression are enti-
ched for DMRs in the promoter region.
Approximately 20% of genes that exhibit quali-
tative (on—off) differences in expression exhibit
altered methylation in regions surrounding the
transcription start site (Li et al. 2015b). In com-
bination, these two studies provide evidence that
DNA methylation changes are associated with
some examples of natural variation for gene
expression in maize and are more often found at
genes with qualitative variation in expression.
Makarevitch et al. (2007) provided more direct
evidence for a role of DNA methylation in nat-
ural variation for gene expression in maize. The
zmet2-mI1 mutation, which results in reduced
CHG methylation (Papa 2001; Li et al. 2014a),
was introgressed into multiple genetic back-
grounds, and these stocks were used for expres-
sion profiling. Interestingly, the genes that are
up-regulated in the zmer2-mI mutant lines rela-
tive to wild-type controls were significantly dif-
ferent in B73, Mol7, and W22. Many of these
genes are expressed in wild type of some lines
but silent in the others and loss of CHG methy-
lation in the mutant results in activation of these
genes. There is also evidence that natural varia-
tion for DNA methylation may result in variation
in splicing patterns among different inbred lines
(Regulski et al. 2013; Mei et al. 2017).

6.7 Concluding Remarks
The epigenome has the potential to provide

additional heritable information that can influ-
ence traits in maize and other plant species. Our
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ability to document the genome-wide distribution
of DNA methylation in maize has provided clues
to the potential for this information to influence
gene expression and plant traits. Such analysis
has also revealed important distinctions between
Arabidopsis and maize. Continued research will
be necessary to better understand the molecular
mechanisms that control DNA methylation in
maize and to elucidate the sources of variation
for DNA methylation. It will be important to
document whether substantial levels of variation
in DNA methylation are uncoupled from nearby
SNPs because these will not be captured in
SNP-based selection schemes. We anticipate
exciting advances in our understanding of the
functional relevance of DNA methylation and
other chromatin modifications in maize in the
coming years.
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Abstract

Water scarcity associated with climate change
is among the principal constraints to plant
productivity worldwide, and crop growth
models predict that this issue will be more
severe in future. Plants withstand drought
stress by modifying their gene expression
patterns and activating a variety of physiolog-
ical and biochemical responses at cellular and
whole-organism levels. Molecular and geno-
mic studies have indeed identified many
stress-inducible genes in different plant spe-
cies. Stress-responsive genes encode for pro-
teins with various functions and signaling
factors, such as transcription factors, protein
kinases, and protein phosphatases, but also
include several noncoding and regulatory
RNAs involved in the modulation of the stress
response networks, making it a very complex
phenomenon. Affecting a number of different
aspects of plant growth and development,
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chromatin-based mechanisms, such as histone
post-translational modifications, are fundamen-
tal for the fine coordination and tuning of gene
expression in response to environmental cues.
Several histone modifications have been found
dramatically altered on stress-responsive gene
regions under drought stress; thus, the inte-
gration of different omics technologies are
essential to deeply understand plant tolerance
mechanisms and manage them toward breed-
ing for drought tolerance in maize.

7.1 Introduction

Although agriculture has been facing drought
since ancient time, climate change is evidently
increasing the frequency of this phenomenon and
severity in some areas of the world, causing
significant yield reductions in major cereal spe-
cies including maize (Abdul Jaleel et al. 2009).
Keeping in mind that the correlation between
climate change and global-scale drought trends is
a matter of debate because of the difficulties in
distinguishing decadal-scale variability from
long-term trends, climate change is certainly
making rainfall patterns less predictable: in some
areas of the world, the precipitations are going to
increase, but in some others, drought will cause
significant issues. Model projections forecast an
increase in dry areas in both Mediterranean area
and southwest North America (Cook et al. 2016;
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Seager et al. 2009). Rural areas are expected to
struggle major impacts on water availability, and
competition for water resources among different
social and economic sectors is also expected to
grow, with agriculture being progressively forced
to use low-quality water (Laraus 2004). More-
over, estimation on crop yields in tropical and
temperate regions is projected to further decline
if predicted local temperature increases of 2 °C
above those seen in the late twentieth century are
observed. In this scenario, it is expected that
sensitive crops, like maize, will be particularly
damaged by climate change.

Because maize has a pronounced susceptibil-
ity to drought (Banziger and Araus 2007), it is
important to develop new maize varieties that are
more adaptable and tolerant to changes in water
availability, so that they can maintain optimum
yield levels under water stress conditions
(Harrison et al. 2014; Lobell et al. 2014). To
address any future constraints related to maize
culturing in areas with water limitations, there is
the need to better characterize relationships
between water stress and maize productivity.
Genetic and epigenetic studies of traits for
tolerance/susceptibility to drought will improve
our knowledge on adaptation to changing cli-
matic conditions. Elucidating the mechanisms
through which maize responds to water stress
and manipulating these mechanisms is funda-
mental to enhance maize productivity in subop-
timal environments.

To survive in a changing environment, plants
have elaborated adaptive strategies largely based
on changes in gene expression. These changes
are mediated by signaling cascades that plants
use for continuously monitoring external signals,
in order to align development with environment.
Stress-induced changes in metabolism and
development are linked to altered pathways in
gene expression that start from a single cell and
are transmitted throughout the whole plant. The
scale and timing of stress response is dictated by
the severity, the timing, and the duration of the
stress. Epigenetic mechanisms, such as DNA
methylation, chromatin modifications, and small
RNAs, have a fundamental role in spatiotemporal
gene expression changes during stress response
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and adaptation (Asensi-Fabado et al. 2017).
Investigating gene product accumulation pat-
terns, gene functions, and gene expression reg-
ulation mechanisms is therefore pivotal to
understand the plants’ stress response.

Global transcriptome analysis, including the
noncoding portion of the genome, and chromatin
immunoprecipitation (ChIP) are major sources of
information used to unravel gene networks and
chromatin histone modifications landscapes. In
this chapter, we will present how these approa-
ches can be applied to advance our understanding
of maize genetic and epigenetic responses to
water stress. Coupling next-generation sequenc-
ing (NGS) techniques with transcriptome and
chromatin analyses provides genome-wide data
to evaluate maize lines under water-deficit con-
ditions, to better understand how maize plants
modulate their drought response, as well as
during the recovery from stress. Integrating
omics data allows a better understanding on how
epigenetic mechanisms work as an intermediary
between the environment and the genome.

7.2 Analysis of Transcriptome
Profiles During Drought Stress
Response in Maize

A fair amount of genetic studies have focused on
the controlling mechanisms for plant perfor-
mance under drought in maize and other crop
species, and most of them have shown that
drought stress tolerance is a complex trait (Haak
et al. 2017; Miao et al. 2017; Shinozaki and
Yamaguchi-Shinozaki 2007) that involves stress
signal perception, transduction, and expression
of downstream regulatory and functional effector
genes. The understanding of the interplay
between genetic variegate components, com-
prising coding genes and their regulatory net-
work, requires whole-genome transcriptome
profiling for the identification of transcription
factors, coding gene families, and noncoding
RNA regulatory components involved in drought
tolerance. The genome-wide measurement of
transcript expression levels in different plant
growth conditions provides the ability to quantify



7 Integrating Transcriptome and Chromatin Landscapes ... 99

the modulation in gene expression following
stress applications. RNA sequencing (RNA-Seq)
is the most recent approach in transcriptome
analysis; it does not need a reference genome and
allows entire transcriptomes to be surveyed in a
high-throughput and  quantitative manner
(Conesa et al. 2016). The efforts that have been
made in candidate gene discovery through RNA
deep sequencing have demonstrated that many of
the pathways important for plant growth under
limited water tend to be conserved among plant
species. The involved pathways comprise tran-
scription regulation, signal transduction, protein
biosynthesis and decay, membrane trafficking,
and photosynthesis (Nakashima et al. 2014).
However, we have to point out that conservation
of genes and pathway is not sufficient to translate
results from one species to another because the
high conservation of the core gene machinery
between plants may not correlate with the
expression timing of stress-induced genes.
Sequencing of plant total RNA, in addition to
mRNA abundance of protein-coding genes, can
also lead to the sequencing of noncoding RNAs
(ncRNAs), which are functional RNAs with low
protein-coding potential (Forestan et al. 2016; Xu
et al. 2017; Zhang et al. 2014; Zhang and Chen
2013), and transposable element (TE) transcripts,
and more specifically of expressed retrotrans-
poson that can move around the genome via
RNA intermediates (Forestan et al. 2016; Wang
et al. 2017a). ncRNAs can be divided into small
ncRNAs (sRNAs; 18-30 nt) and long ncRNAs
(IncRNAs; >200 nt). Plant micro-RNAs (miR-
NAs) are commonly 21-nt sSRNAs and guide
degradation and/or translation inhibition of their
mRNA targets in the so-called post-transcriptional
gene silencing (PTGS) process (Axtell 2013;
Kumar et al. 2018). Small interfering 21-24-nt
RNAs (siRNAs) can suppress the presence of
their target genes in the cytoplasm and also
activate transcriptional gene silencing
(TGS) mechanisms by establishing chromatin
modifications in the nucleus (Matzke and Mosher
2014). Sequencing these regulatory noncoding
RNAs and TEs is important because many non-
coding RNAs are modulated by stresses (Liu
et al. 2015; Wang et al. 2017b) and could

function as cis- or trans-regulators of gene
expression, and because various stresses have
been reported to activate TEs transcription and
transposition in plants. This is particularly true in
maize, which is an ancient allotetraploid species
characterized by a highly repetitive genome
(>85% TE sequences; Baucom et al. 2009).

7.2.1 Setting-up and Validation of an
Agronomical-Realistic
Drought Stress Protocol
Environmental stresses are three-dimensional

entities defined by their timing, duration, and
severity (Blum 2014). In published studies aimed
to identify maize drought-responsive genes,
osmotic stress has been mostly simulated in vitro
by the addition of polyethylene glycol (PEG) or,
when the plants have been grown in soils, they
have been sampled soon after germination or at
seedling stages after hours or a few days of
drought treatment (Jia et al. 2006; Lu et al. 2011;
Opitz et al. 2014; Shan et al. 2013; Wu et al.
2017). To study maize stress response at genetic
and epigenetic genome-wide levels, it is funda-
mental to set reproducible drought stress proto-
cols, with time-limited stress conditions
assessable at agronomical and physiological
levels that retain their value under field condi-
tions and can be useful for agronomical solu-
tions. For example, in field conditions, limited
availability of resources rarely causes plant
death. Instead, after a period of stress, environ-
mental conditions usually turn more favorable,
compromising the crop yield but not the plant
survival (Morari et al. 2015).

Prior to starting a gene expression profiling
study of maize drought stress response, we
developed a preliminary stress protocol that
mimics field progressive stress conditions and
evaluated the stress response at the physiological
level in the time course of application (Morari
et al. 2015). The experiment was conducted at
the experimental farm of the University of
Padova, Italy, during spring—summer in a field
with an automatic mobile roof for avoiding
rainfall input. Maize plants were grown in pots
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that were weighted and watered daily. Unstressed
plants were grown at a water content of 100%
available water capacity, replenishing every day
the water lost by  evapotranspiration.
Water-stressed plants were irrigated replenishing
only 60% of daily evapotranspiration. Initially,
stress response at the physiological level was
evaluated in two maize genotypes: the reference
inbred line B73 and a F1 hybrid selected for its
tolerance to stress. The stress treatment started at
the vegetative 6 (V6) stage, and plants were
sampled at the beginning of treatments (TO) after
four days (T4), and after ten days (T10) days,
plus non-treated respective controls. For evalu-
ating plant recovery capacity after T10, all plants
were watered twice a day. This pilot experiment
allowed us to determine that when considering
both plant growth and physiological data on net
assimilation, stomatal conductance and quantum
efficiency of photosystem II, the applied stress
was effective in limiting both root and shoot
growth in the hybrid and arresting the growth in
the inbred line. In addition, the experiment
results indicated that B73 shoots needed a longer
recovery time than 4 days (T14) to start growing
again and reaching a new homeostasis after the
stress application. During this initial experiment
and for setting an effective protocol for analyzing
the stress effects at a genome-wide level, the
transcript level of genes previously showed to be
markers of drought condition and belonging to
different stress response pathways was deter-
mined using quantitative PCR. Some of the
analyzed stress markers were affected both by the
stress duration and severity, confirming previous
literature data in our specific long drought stress
conditions. Interestingly, these effects varied
between genotypes and they showed a high
correlation with the stress response at the phys-
iological level (Morari et al. 2015).

Using the results produced by this preliminary
experiment and with the aim to study the stress
response at genetic and epigenetic levels using a
genome-wide approach, a second stress experi-
ment was set using the B73 inbred line and the
Required to Maintain Repression 6 mutant
(rmr6/rpdl-1, involved in siRNA biogenesis and
in the RNA directed DNA methylation pathway
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—Frhard et al. 2009, 2015—introgressed in the
B73 genetic background). The osmotic stresses
(drought, discussed in detail below, salinity and
drought plus salinity, not further discussed for
the purpose of this chapter) were applied for ten
days (T10) followed by a seven-day recovery
period (T17) plus controls for each genotype and
treatment. Plants were regularly watered till pot
capacity until the V5/V6 developmental stage,
when stress treatments were applied: control
plants (NS) were watered with 75% of disposable
water and drought-stressed plants (WS) with
25% of disposable water. In the tenth day of
treatment and in the seventh day of recovery, the
youngest wrapped leaf was harvested from each
plant sample (Forestan et al. 2016; Lunardon
et al. 2016). Leaves of the same genotype,
treatment, and sampling time points were pooled
together and flash-frozen in liquid nitrogen and
stored at —80 °C. The complete experiment was
replicated three times, and leaf samples were
used to perform RNA-Seq, sRNA-Seq, and
ChIP-Seq, to obtain a global view of the
molecular response to drought stress, including
the noncoding portion of genome, and to dissect
the characteristics of the stress-recovery
response, by investigating whether a transitory
stress can cause a sort of memory of the stress.

7.2.2 RNA-Seq Analysis
of Drought-Induced
Transcriptional Changes
in Maize Leaves

The power RNA-Seq lies in the opportunity to
combine transcript discovery and quantification
in a single assay, capturing the most complete
picture of the sample transcriptome, including
coding and multiple forms of noncoding RNAs.
In order to improve the maize predicted gene
models and analyze their expression under
osmotic stress conditions, an extensive set of
RNA-Seq data covering the stress leaf tran-
scriptome of maize were produced in our labo-
ratory (Forestan et al. 2016).

Total RNA was extracted from developing
leaves of maize plants subjected to the three
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osmotic stresses and recovery stages and used for
directional Illumina sequencing. A total
RNA-Seq assay that relies on ribosomal RNA
removal from extracted RNA instead of enrich-
ment for mRNA using poly(A) selection was
applied. After sequencing and following the
quality trimming and filtering steps, high-quality
reads were aligned to the maize reference gen-
ome (RefGen ZmB73 Assembly AGPv3 and
Zea_mays.AGPv3.20.gtf transcript annotation)
and used for a de novo assembly approach to
generate the complete transcriptome of the maize
leaf in response to abiotic stresses. The “Refer-
ence Annotation Based Transcript” (RABT)
assembly method builds upon the Cufflinks
assembler (Trapnell et al. 2012), allowed the
identification of more than 25,000 new maize
transcripts, primarily accounting for novel splic-
ing variants at known loci, but also for newly
identified intergenic transcribed loci and anti-
sense transcripts (NATs) mapping with opposite
orientation in respect to reference annotated
transcripts (Forestan et al. 2016).

The newly annotated transcripts were func-
tionally characterized firstly by means of gene
ontology (GO) annotation and then by the eval-
uation of their coding potential. Specific GO
terms were assigned to more than 80% of new
isoforms and to only 9% of intergenic and 4% of
antisense  transcripts, indicating a low
protein-coding potential of these two classes. GO
enrichment analysis revealed that new splicing
variants are enriched for categories related to
mitosis/cell cycle, gene expression regulation,
RNA-mediated gene silencing, chromosome
organization, and  protein  modification.
Over-representation for DNA recombination/
integration, protoderm and meristem differentia-
tion terms characterize intergenic transcripts, for
the 9% of intergenic transcripts that could be
functionally annotated. Finally, ncRNA metabo-
lism and plant embryonic and post-embryonic
development-associated GO terms were enriched
among natural antisense transcripts (NATS),
which were prevalently identified at the opposite
strand of annotated transcription factors.

The whole maize transcriptome was further
functionally characterized by the application of a

computational pipeline that allowed the system-
atic identification of 13,387 long noncoding
RNAs (IncRNAs) and 21,624 putative precursors
of sRNAs, that may play critical roles in regu-
lating gene expression through multiple
RNA-mediated mechanisms (Forestan et al.
2016).

Focusing on B73 drought-stressed and
recovery samples, pairwise differential expres-
sion analyses revealed hundreds of differentially
expressed genes (DEG; fold change in expres-
sion > |2| and FDR—adjusted p value <0.05)
in response to long-term stress application,
comprising IncRNAs and transposable elements
(Fig. 7.1a). After 10 days of progressive drought
stress (WST10), 797 up- and 430 down-regulated
gene compared to control sample (NST10), were
identified. Of these, 80% are represented by
protein-coding genes, while the residual part
included ncRNAs (both IncRNA and sRNA
precursors) and transposable element-related
loci. When comparing stressed and recovered
plants, 155 and 169 genes were identified as up-
and down-regulated, respectively, from WST10
to WST17: about 80% of the 169 down-regulated
genes were previously identified as up-regulated
in WSTI10, indicating a transient, stress-induced
transcriptional change at these loci. On the con-
trary, only 40% of the 155 WST17 up-regulated
genes were misregulated in WSTIO versus
NST10, suggesting their specific involvement in
the stress-recovery molecular regulation. Finally,
after the recovery period, plants that experienced
the stress (WST17) significantly misregulated 41
genes compared to control plants at the same
time point (NST17) indicating that the drought
stress could affect transcription after a long
recovery period. Interestingly, ncRNAs represent
a great proportion of misregulated genes: this
observation suggests that they might be directly
involved in gene regulation during the drought
stress response and adaptation.

ncRNAs stress-responsive expression and
their key regulatory role in stress response and
tolerance were demonstrated in different plant
species, comprising Arabidopsis thaliana (Di
et al. 2014; Matsui et al. 2013; Qin et al. 2017)
and crops such as rice (Chung et al. 2016), maize
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value of 0.05) are plotted in an orange to brown color scale
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(Zhang et al. 2014), and sugarcane (Lembke
et al. 2012), as has been recently reviewed in
Wang et al. (2017b). Furthermore, a recent work
confirmed the high impact of water stress in
natural antisense transcripts accumulation in
maize and their involvement in both transcrip-
tional and post-transcriptional gene regulation
(Xu et al. 2017), being NATs also associated
with the production of regulatory sSRNAs. Lastly,
a contribution of transposable elements to the
regulation of maize genes in response to abiotic
stresses (Makarevitch et al. 2015) was recently
demonstrated as well, corroborating the existence
of very complex transcriptional network activa-
tion during the response and adaptation to envi-
ronmental challenges in this species.

To functionally characterize the drought dif-
ferentially expressed genes, GO enrichment
analysis (determined using a custom maize GO
annotation including the newly identified tran-
scripts; Forestan et al. 2016) was coupled with
MapMan category over-representation (Thimm
et al. 2004; Usadel et al. 2009). Genes
up-regulated in WST10 compared to NST10
display obvious enrichment for GO categories
related to “stress response,” “lipid metabolism,”
“abscisic acid-signaling,” and “cell-death.” Stress
down-regulated genes showed instead a strong
enrichment in many functional terms, including
cell differentiation, plant growth, development,
and morphogenesis, cell-wall, plasma membrane,
cell cycle regulation of gene expression, and
epigenetic regulation-related categories. Similar
results were obtained with the MapMan software,
which also highlighted the over-representation of
several transcription factor families among the
stress up-regulated genes (Fig. 7.1b).

AP2/EREBP, NAC, and WRKY represent
well-known transcription factor families respon-
sive to drought (Chen and Zhu 2004; Joshi et al.
2016). AP2/EREBP (APETALAZ2/ethylene-
responsive element binding proteins) transcrip-
tion factors form a large multigene family unique
to plants and represent key regulators of numer-
ous plant growth processes, from cell identity
determination to response to various types of
biotic and environmental stresses (Riechmann
and Meyerowitz 1998). They regulate the
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expression of stress-related genes in an ABA-
independent manner, and their over-expression in
transgenic plants has been shown to enhance
tolerance toward osmotic stress in rice (Cui et al.
2011; Mizoi et al. 2012; Paul et al. 2015), potato
(Iwaki et al. 2013), sugarcane (Augustine et al.
2015), and wheat (Shavrukov et al. 2016).
Recently, it was also demonstrated that osmotic
stress activates the transcription of the maize
AP2/EREBP family member ZmDREB2A by
acting on chromatin accessibility through histone
acetylation within its promoter region (Zhao
et al. 2014). For all these reasons, AP2/EREBP
transcription factors are considered as important
candidates for stress tolerance engineering
(Agarwal et al. 2017; Dey and Corina Vlot 2015;
Liu et al. 2013).

Also NAC transcription factors are part of a
large gene family and are involved in the regu-
lation of drought-related genes as transcriptional
activators or repressors (Joshi et al. 2016; Wang
et al. 2016). In rice, several NAC genes are
induced during early stages of salt and drought
stresses (Hong et al. 2016) and they confer
drought tolerance through induction of down-
stream PP2C genes (You et al. 2014), target
genes that resulted as highly over-expressed also
in WST10 stressed leaf samples. Another study
reported that rice NACI was induced under
drought stress in guard cells, increasing stomatal
closure to prevent transpirational water losses
(Singh et al. 2015). Interestingly, a transposable
element insertion in the promoter region of maize
NACI111 was significantly associated with natu-
ral variation in maize drought tolerance (Mao
et al. 2015).

Lastly, WRKY transcription factors are key
components of signaling networks that modulate
many plant processes and are known to function
also in adaptation to biotic and abiotic stresses
(Okay et al. 2014; Phukan et al. 2016). For
example, over-expression of rice WRKYII,
WRKY45, and WRKY72 results in enhanced
drought tolerance (Ding et al. 2014; Qiu and Yu
2009; Wu et al. 2009; Yu et al. 2010), but other
WRKY TFs are involved in Pi homeostasis, Fe
starvation, and cold stress (Dai et al. 2016). They
might act either as activators or repressor of
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transcription. Particularly, in maize, different
WRKY genes confer opposite stress-related phe-
notypes when over-expressed in Arabidopsis
(Cai et al. 2017; Li et al. 2013).

Among down-regulated genes in WSTIO
compared to NSTIO0, transcription regulators,
chromatin-related regulators of transcription, and
genes related to DNA synthesis/replication and
cell cycle were identified, indicating that the
prolonged drought stress caused a block of cell
division and expansion in the developing leaves.
Concomitantly, the strong enrichment in genes
coding for histone proteins, chromatin remodel-
ing factors, and DNA methyltransferases in
down-regulated gene category suggests an
effective involvement of epigenetic mechanisms
in mediating transcriptional response to drought
stress.

Interestingly, the amplitude of the
stress-misregulated gene set was very different
between B73 wild type and rmr6-I mutant
plants. We proposed that this different behavior
is the result of stress-like effect on genome reg-
ulation caused by the epiregulator mutation itself,
which appears to activate many stress-related
genes even in control growth condition (Forestan
et al. 2016).

7.2.3 sRNA-Seq Analysis
of Drought-Induced
Small RNA Variations
in Maize Leaves

Stress-induced changes in maize miRNAs and
siRNAs accumulation were investigated by
sRNA TIllumina sequencing of B73 and rmr6-1
mutant leaves (Lunardon et al. 2016). The
majority of genome-aligned sRNAs from B73
leaves were 24 nt long. Conversely, 24-nt SRNAs
were almost absent in the rmr6-1 mutant, where
22-nt sSRNAs had a slightly higher accumulation
level. No major variation in the sSRNA size dis-
tribution was observed in the stressed compared
to the non-stressed leaves. The merge set of all
aligned reads was then used for the de novo
annotation of maize sRNA loci that led to the
identification of 48 MIRNA loci and >250,000
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non-MIRNA loci with most frequent RNA size
between 20 nt and 24 nt. Eighteen out of 48
MIRNA loci identified by this stringent analysis
were new loci that produced miRNAs either 21
or 22 nt long. As expected, their accumulation
was not affected in the rmr6-1 background.
Differential expression analysis on sRNAs
revealed no major global changes in the SRNA
profiles of maize leaves following drought stress
application. To test more in detail the effects of
the applied drought stress treatment on miRNAs,
we performed differential expression analysis on
the mature miRNAs annotated in miRBase and in
the de novo annotation, because changes of even
a few microRNAs may be interesting for eluci-
dating the cross-talk between drought stress and
plant development in maize. Three miRNAs,

miR156, miR2275, and miR398, were
up-regulated in B73 leaf by drought stress; con-
versely, =~ miR166 and miR396  were

down-regulated by the stress.

The up-regulation of miR156 was previously
observed in maize and also in many other plant
species following diverse stress applications.
Particularly, in the model Arabidopsis thaliana,
it has been showed that miR156 negatively reg-
ulates SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE 3 (AtSPL3) expression via
cleavage of its transcripts (Wu and Poethig
2006). The SPL3 transcription factor promotes
the floral transition by activating the expression
of FRUITFULL (FUL), LEAFY (LFY), and
APETALAI (API) (Yamaguchi et al. 2009).
SPL3 represses the floral transition, and thus,
over-expression of miR156 maintains the plant in
the juvenile state for a longer time and delays
flowering time. Further investigations are
required in maize to assess the role of miR156 in
the regulation of flowering time under drought
stress conditions. However, in our experiments
drought stress treatments were associated with
late flowering phenotypes and thus it would be
interesting to determine whether miR156
up-regulation might be directly involved in
delaying flowering time following drought stress.

miR398 is a highly conserved marker of stress
in plants, and many works have revealed that it is
involved in responses to diverse abiotic and
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biotic stresses (for a review, see Zhu et al. 2011).
Although maize target genes of miR398 are not
known, in Arabidopsis mRNA targets are
copper/zinc superoxide dismutases (CSDs),
which are important ROS scavengers (Mittler
2002; Sunkar et al. 2006). In M. truncatula,
miR398a/b is strongly up-regulated during water
deficit and inversely correlated to the expression
levels of its targets, among which are CSDI,
CSD2, and also COXS5b that is involved in
electron transport in the mitochondrial respira-
tory pathway (Trindade et al. 2010). To defini-
tively confirm that miR398 represents a stress
marker in maize, it would be necessary to iden-
tify and validate its mRNA targets.

The down-regulation of miR166 and miR396
expression in stressed leaves, which are involved
in adaxial/abaxial (dorsoventral) leaf polarity
determination (Chen 2012; Mecchia et al. 2013;
Zhang et al. 2006), indicates that drought stress
interferes with leaf development in maize.

Finally, it was observed that the effect of
drought stress on miRNA accumulation was
different between B73 and rmr6-1 mutant, which
was not expected because miRNAs are tran-
scribed by Polll (Rogers and Chen 2013) and in
control conditions no alterations in miRNA
expression were detected in rmr6-1 leaves com-
pared to B73. We concluded that this difference
is probably due to the secondary effects of the
rmr6-1 mutation (Lunardon et al. 2016).

Similar to MIRNA loci, a small fraction of
non-MIRNA loci were drought stress responsive
in maize leaf, with a bias toward a
drought-induced down-regulation of SRNA loci
both during the stress and recovery. Only 0.02%
of the siRNA loci was differentially expressed,
with an equivalent number of 22-nt and 24-nt
loci. Interestingly, we found that five TAS3 loci
were down-regulated by drought stress in B73
leaf. TAS3 is a conserved ta-siRNA family,
whose  members  target the  AUXIN
RESPONSE FACTOR 3 and restricts its expres-
sion to the abaxial leaf domain (Guan et al. 2017;
Peragine et al. 2004). This observation on mis-
regulation of leaf patterning is consistent with the
results on miRNAs differential expression in leaf.
Furthermore, a recent study highlighted a
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potential role for maize ta-siRNA, together with
histone modifications, in regulation of NAT
expression in response to drought stress (Xu
et al. 2017), indicating that plant response and
adaptation to drought is regulated by complex
genetic and epigenetic networks and might
require a rapid reprogramming of plant leaf
growth.

7.3 Analysis of Chromatin
Landscape at Drought
Stress-Responsive Genes

Epigenetic components play a major role in plant
interaction and adaptation to both non-stressful
and stressful environmental conditions by alter-
ing the competence of genetic information to be
expressed. As in all eukaryotic cells, plant
genomic DNA is compacted into chromatin in
the nucleus. The nucleosome is the basic struc-
tural unit of chromatin and consists of roughly
146 DNA base pairs wrapped around a histone
octamer or nucleosome core particle. The
nucleosome core particle is made up by two units
of each core histone, H2A, H2B, H3, and H4.
H3-H4 form a tetramer that organizes the central
part of the nucleosomal DNA (about 80 bp),
while the two H2A-H2B dimers each bind
roughly 40 bp of DNA and constitute the
entry/exit points of nucleosomal DNA access.
Core histone proteins can be subjected to
post-translational modifications and have variant
isoforms codified by the genome. In both animals
and plants, histone modifications have important
role in regulating chromatin dynamics and it has
become an accepted dogma that the combination
of post-translational modifications of histones,
such as acetylation/deacetylation, methylation,
phosphorylation, ubiquitination, is indicative of
the transcriptional state of a gene sequence in that
chromatin context. In plants, among the many
identified histone modifications some are com-
monly associate with transcriptional activation
(histone acetylation, trimethylation of histone H3
lysine 4 or 36, H3K4me3, and H3K36me3),
while others are associated with gene silencing
(histone deacetylation, trimethylation of histone
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H3 lysine 27—H3K27me3 or dimethylation of
H3 lysine 9, H3K9me2). Along with histone
post-translational modifications and deposition of
histone variants, DNA methylation occurring at
cytosine residues is the best-characterized epi-
genetic mark in plants and contributes to the
transcriptional state of a gene (reviewed in Du
et al. 2015; Yuan et al. 2013).

Variation in chromatin structure often
accompanies variation in gene expression:
according to recent epigenetic models, chromatin
remodelers, histone modifiers, and DNA
methylating/demethylating  activities interact
with the mediation of both short and long
ncRNAs for regulating adaptation to the envi-
ronment (Asensi-Fabado et al. 2017; Haak et al.
2017). Furthermore, environmental adaptation
requires a fine-tuning between external cues and
the timing of plant growth and developmental
changes. Because often a certain delay occurs
between the environmental trigger and the initi-
ation of a differentiation process, a memory of
the trigger can be epigenetically set and reset in
each generation (Avramova 2015; Lamke and
Baurle 2017). This also means that some tran-
scriptional adjustments for stress adaptation can
persist after the end of stress- and trigger-
adaptive non-DNA sequence-based mechanisms
of transgenerational inheritance.

7.3.1 ChIP-Seq Analysis
of Stress-Induced Histone

Modification

To investigate the association between gene
transcription and chromatin features in response
to drought stress, the genome-wide distribution
of trimethylation on lysine 4 of histone 3
(H3K4me3) and acetylation on histone 3 lysine 9
(H3K9ac) were analyzed by means of ChIP-Seq.
Both chromatin modifications are strongly asso-
ciated with gene transcriptional activation and
are almost exclusively located within the 5’
region of genes, with peaks around the tran-
scription start site (TSS). Chromatin was
extracted from the same leaf samples used in
RNA-Seq analysis and was immunoprecipitated
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using specific antibodies that recognized
H3K4me3 and H3K9ac prior to libraries prepa-
ration for Illumina sequencing.

High-quality reads were mapped to the maize
reference genome: uniquely mapped reads were
analyzed for each histone mark in each sample
and compared with sequenced reads of input
control (represented by the whole chromatin
which was not immunoprecipitated prior to
sequencing). In detail, for each analyzed sample,
H3K4me3 and H3K9ac ChIP-Seq read counts
were calculated for each gene over the 1 Kb
region downstream of the TSS, and multiple
2 x 2 y? tests were used to identify genes that
were significantly enriched in the each histone
modification with respect to the input control, as
well as to identify genes displaying a consistent
gain or loss of histone marks in response to the
applied drought stress (Forestan et al.,
unpublished).

Overall, about 27,000 annotated maize genes
were evaluated for difference in H3K4me3
compared to the input control, and 1,044 of these
genes showed a significant increase of H3K4me3
within the 1 kb region downstream the TSS in
WST10 compared to NST10, while 958 genes
were associated with a significant loss of this
mark. For H3K9ac, the number of genes asso-
ciated with a significant gain (249) and loss
(891) in WSTIO0 vs NST10 was lower than
H3K4me3, mainly because of the overall lower
number of maize genes significantly marked by
acetylation (about 18,000). A high positive cor-
relation between drought-induced significant
changes to histone marks and transcriptional
variation was observed for both histone modifi-
cations (Forestan et al., unpublished).

Representative genes displaying significant
changes in H3K4me3 or H3KO9ac directly cor-
related with gene transcription variation are
shown in Fig. 7.2. HVA22 is an abscisic acid
(ABA)/stress-induced protein first isolated from
barley (Hordeum vulgare) aleurone cells; it is
involved in vesicular trafficking, and it ensures
tolerance to low water availability during seed
germination (Brands and Ho 2002; Shen et al.
2001). Its transcriptional up-regulation was used
as a drought stress marker during the first pilot
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Fig. 7.2 H3K4me3 and H3K9ac histone modifications for ~ (normalized to the total number of mapped reads) shows

selected drought-responsive genes. Integrative Genomics
Viewer (IGV; http://software.broadinstitute.org/software/
igv/) snapshots reporting mapped reads (in blue for
H3K4me3 and red for H3K9ac) and locus annotation (black
boxes) for six maize genes up- (a to e) or down-regulated
() following prolonged drought stress (WST10) compared
to control samples (NST10). Coverage of ChIP-Seq reads

significant stress-induced gain in both H3K4me3 and
H3K9ac at the 5-end regions of stress up-regulated
HVA22 (a), PP2C (b), and WRKY (d) genes, while only
the H3K4me3 histone mark increased in AP2-EREBP
(c) and NAC (e) coding loci. Conversely, aloss of H3K4me3
was highlighted following stress application in the 5'-end
region of the CYCB coding gene (f)
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experiment and has been confirmed also by
RNA-Seq analysis (log2 FC
WSTI10/NST10 = 3.95). ChIP-Seq analysis
revealed that its strong transcriptional activation
is linked to a significant increase in both
H3K4me3 and H3K9ac histone marks in the 5'-
end of the gene region (Fig. 7.2a).

Similarly, both analyzed histone modifica-
tions were strongly enriched at several protein
phosphatases 2C (PP2C) coding genes whose
transcription was significantly induced by the
drought  stress (ChIP-Seq  reads for
GRMZM?2G082487, which showed a log2 FC of
2.143 in WST10 versus NST10, are reported in
Fig. 7.2b). PP2Cs were shown to function as
co-receptors for the phytohormone abscisic acid,
representing therefore central components in
ABA-dependent osmotic stress signal transduc-
tion pathways (Moorhead et al. 2007).

Significant gain in H3K4me3 levels were
found also at 5’-end region of loci coding for
transcription factors of the previously described
stress-responsive ~ TF  families, such as
AP2-EREBP, WRKY, and NAC TF members
(Fig. 7.2c—e), which were transcriptionally acti-
vated by the prolonged drought stress. Con-
versely, drought stress was shown to induce the
down-regulation of genes regulating cell cycle
and cell division (Fig. 7.1b) and a significant loss
in H3K4me3 histone mark was correlated with
their transcriptional silencing, such as the case of
the Cyclin B2 locus reported in Fig. 7.2f (log2
FC WSTI10/NST10 = —2.36).

7.4 Conclusions

Drought represents the most serious abiotic stress
limiting crop production worldwide; therefore,
the development of drought-tolerant crops is a
major goal for future sustainable agriculture. To
this end, a complete understanding of plants
physiological, biochemical, and gene regulatory
networks involved in drought perception,
response, and adaptation is essential. In this
framework, tremendous advances have been
made over the past decade in shedding light on
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the complex mechanisms of drought stress
responses in crops, through the use of various
omics approaches (including genomics, tran-
scriptomics, proteomics, metabolomics, and
epigenomics).

Application and integration of omics assays
highlighted the existence of combinatorial gene
regulation, which includes different types of
ncRNAs and chromatin/histone modifications
that underlie maize drought response and toler-
ance. In particular, integration of RNA-Seq and
ChIP-Seq data, unveiled a direct correlation
between stress-induced genes transcriptional
variation and H3K4me3 or H3K9ac histone
modification levels, allowed the identification of
a robust list of epigenetic targets that affect dif-
ferent stress-responsive, developmental, and
metabolic pathways. Further studies, primarily
aimed at the dissection of genotype X environ-
ment interactions in complex field experiments,
are necessary to deeply characterize these genes
and pathways, which may be manipulated to
improve crop drought tolerance and productivity
in water-limited conditions.

Additional studies on transcriptional and epi-
genetic responses during the stress-recovery
period will investigate whether a stress-memory
formation occurs or resetting mechanisms are
initiated. In particular, the recovery, the period
after the stress that is needed to reach a new
homeostasis, represents a critical point for
studying whether resetting mechanisms are ini-
tiated after the stress or if memory formation
occurs. Histone H3K4 methylation was indeed
frequently correlated with different types of
somatic stress memory in Arabidopsis, but
insights into the molecular conservation of stress
memory in crop species remain scarce. Under-
standing both the molecular bases and the
crop-specific targets of stress memory will ulti-
mately enable the improvement of stress toler-
ance in crops.
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Abstract

Studies of maize small RNAs (sRNAs) are
providing insights and novel discoveries in
both RNA biology and plant evolution. With
improvements to the genome and the devel-
opment of a broad array of resources support-
ing maize research, maize sRNAs have
become better understood in recent years.
Here, we review the major classes of maize
sRNAs, including heterochromatic small
interfering RNAs (hc-siRNAs), phased sec-
ondary small interfering RNAs (phasiRNAs),
and microRNAs (miRNAs). We examine
their biogenesis, roles in paramutation, and

Reza Hammond
contributed.

and Chong Teng are equally

R. Hammond

Center for Bioinformatics and Computational
Biology, University of Delaware, Newark,
DE 19714, USA

R. Hammond
Delaware Biotechnology Institute,
University of Delaware, Newark, DE 19714, USA

C. Teng - B. C. Meyers
Donald Danforth Plant Science Center, St. Louis,
MO 63132, USA

B. C. Meyers (X))

52 Agriculture Lab, Division of Plant Sciences,
University of Missouri — Columbia, Columbia,
MO 65211, USA

e-mail: bmeyers @danforthcenter.org

© Springer Nature Switzerland AG 2018

functions, including both what is known
and hypothesized. Finally, we describe the
resources for their study, including bioinfor-
matics tools that will contribute in future
studies of maize SRNAs to the elucidation of
their biogenesis, function, and evolution.

8.1 Overview of Maize Small RNAs

As their name suggests, endogenous small RNAs
(sRNA) in plants are short in length, 21-24
nucleotides, and thus are unable to encode pro-
teins. Instead, small RNAs guide regulatory
silencing processes, mostly on the basis of
sequence complementarity, by guiding ARGO-
NAUTE (AGO) proteins to the targets. Small
RNAs function at either the transcriptional
(DNA) or posttranscriptional (RNA) level, and
they are found widely in eukaryotes including
yeast, animals, and plants (Borges and Mar-
tienssen 2015). Small RNAs are typically pro-
cessed from double-stranded or hairpin RNA
structures by RNase III enzymes (Dicer-like
proteins, or DCLs) from transcripts made by
different RNA polymerases. After processing, the
SRNAs are loaded into AGOs to perform their
silencing functions. Although sRNAs are indeed
small in size, they are complex in their biogen-
esis and functions, especially in plants (Fig. 8.1).
In Arabidopsis, for example, there are three
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Fig. 8.1 Overview of small RNA biogenesis pathways
in maize. There are three well-characterized categories of
small RNAs: microRNAs (or “miRNAs”), typically 21—
22 nucleotides (nt) long; heterochromatic small interfer-
ing RNAs (hc-siRNAs), 23-24 nt in length; and phased
secondary small interfering RNA (phasiRNAs), mainly
21 or 24 nt in length. hc-siRNAs are diced in the nucleus
by DCL3 from short dsRNA precursors, products of
Pol IV and RDR2. Then, the hc-siRNAs will direct Pol
V-dependent de novo methylation at their targeting loci
based on sequence complementary. phasiRNAs are
generated on membrane-bound polysomes in the cyto-
plasm from mRNA precursors including long noncoding
RNAs or protein-coding mRNAs produced by Pol II.
miRNA-AGO complexes initiate a first cut on the

well-characterized categories of small RNAs:
microRNA (miRNAs), typically 21 or 22
nucleotides (nt) in length; heterochromatic small

-

Components
verified in maize
via genetics:
DCL1/FZT

DCL3

DCL4
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phasiRNA precursors, triggering dsSRNA conversion by
RDR6. Then, DCL4 and (monocot-specific) DCLS dice
the dsRNA into 21- or 24-nt phasiRNAs, respectively.
miRNAs are generated as noncoding RNA products of
Pol II. The Pol Il-derived precursor miRNAs are first
folded into imperfect matched hairpin structures, then
diced by DCL1 with help from other necessary cofactors
(HYLI, SGS3, etc.) yielding miRNA-miRNA* duplexes.
Then, the functional miRNAs are loaded into cognate
AGO proteins (predominantly AGO1) and translocated
into cytosol to perform their function on mRNAs. Several
key components mentioned here and in the main text
have been validated by years of study in maize mutants,
as indicated in the blue box on the bottom right

interfering RNAs (hc-siRNAs), ~24 nt in
length; and trans-acting small interfering
RNAs (tasiRNAs), mainly 21 nt in length.
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In Arabidopsis, each of these sSRNA classes is
produced and functions via complex and distinct
interactions of the existing four Dicer-like pro-
teins (DCLs), ten AGOs, six RNA-dependent
RNA polymerases (RDRs), and three RNA
polymerase complexes encoded in the Ara-
bidopsis genome.

The mechanisms of sRNA biogenesis and
silencing in Arabidopsis have been thoroughly
studied over the past two decades. Due to the
conservation of many of these pathways across
plants, much (but not all) of what has been
uncovered in Arabidopsis also pertains to SRNAs
found in other plant species. While the small size
of the Arabidopsis genome is sometimes an
advantage in sRNA studies, it is not without
limitations. In many other plant species, includ-
ing maize, each of the three major classes of
sRNAs is more diverse, and some families of
enzymes involved in the production of sRNAs
have expanded roles. As one example, a conse-
quence of the larger, more repetitive genomes of
plants such as maize is that they produce diverse
populations of hc-siRNAs from large transpos-
able element populations. Small RNAs in maize
also have more diverse functions than in Ara-
bidopsis, as they have been implicated in phe-
nomena such as paramutation that are well
described in maize (Hollick 2016). And as
studies of SRNAs in maize and other monocots
have intensified, additional sRNA-generating
loci have been characterized, yielding large sets
of long noncoding mRNAs that generate phased
secondary small interfering RNA (phasiRNAs)
(Johnson et al. 2009; Zhai et al. 2015). This led
to the identification of at least one additional and
seemingly monocot-specific protein, a fifth Dicer
(DCL5) with a unique role, demonstrating that
there is diversification of SRNA pathways even
within the angiosperms. The identification of
diverse phenotypes in maize mutants disrupted in
sRNA production or utilization has led to ongo-
ing interest in complete characterization of these
pathways and their roles. In this review, we
summarize the current understanding of what
makes maize both similar and distinct in its small
RNA pathways and the future directions of small
RNA-focused studies in maize.
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8.2 Heterochromatic, Small
Interfering RNAs

Overview of Heterochromatic
siRNAs

8.2.1

We start with the most diverse and often most
abundant class of SRNAs, heterochromatic siR-
NAs (hc-siRNAs), which were initially charac-
terized from experiments performed mostly in
Arabidopsis. hc-siRNAs are ~ 24 nucleotides in
length and are typically derived in plant genomes
from transposable elements (TEs). hc-siRNAs
direct de novo RNA-directed DNA methylation
(RADM), thus influencing chromatin homeostasis
and reinforcing heterochromatin formation and
maintenance, and, to a lesser extent, regulating
gene activity (Law and Jacobsen 2010; Matzke
and Mosher 2014). The canonical RdADM path-
way requires plant-specific RNA polymerase
complexes, Pol IV and Pol V, both of which
evolved from Pol II. The many components of
the hc-siRNA biogenesis and RdADM pathway
were recently reviewed in detail (Matzke and
Mosher 2014), so we will keep the description to
a minimum here.

The RdDM pathway follows three major
steps: (i) Pol IV-dependent siRNA biogenesis,
(i1) Pol V-mediated de novo DNA methylation,
and (iii) chromatin alterations facilitated by
Pol V via CG, CHG, and CHH DNA methylation
marks (Fig. 8.2). Briefly, Pol IV is recruited to
transposon-like regions marked by H3K9me
where it transcribes hc-siRNA precursors; this
recruitment occurs with the help of other protein
components like SAWADEE HOMEODOMAIN
HOMOLOGUE 1 (SHH1) and CLASSY1
(CLSY1). Next, the precursors are converted
into double-stranded RNA (dsRNA) by
RNA-DEPENDENT RNA POLYMERASE 2
(RDR2). These dsRNA molecules are then
cleaved by DICER-LIKE 3 (DCL3). The 24-nt
siRNA products are then loaded into ARGO-
NAUTE 4 (AGO4) to direct their function. Upon
binding the mature 24-nt hc-siRNA products,
AGO4 is recruited by Pol V via proteins that
include SUVH2/9, SPT5L/KTF1, IDN2, and the
DRD1-DMS3-RDM1 (DDR) complex to target
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Fig. 8.2 Overview of hc-siRNA and the RdADM pathway
in maize. The primary role of hc-siRNAs is in the RADM
pathway, as outlined here, modified from Matzke and
Mosher (2014). hc-siRNA biogenesis begins with the
transcription of a transposable element repeat by Pol IV
and other necessary factors. This product is then con-
verted to a dSRNA by RDR2. Then, the dsRNA precursor
is cleaved by DCL3 into a 24-nt hc-siRNA. Some

transcripts by sequence homology. When AGO4
finds the target, DOMAINS REARRANGED
METHYLASE 2 (DRM?2) is recruited by AGO4
and RDMI to initiate de novo DNA methylation.
Finally, the RADM machinery further influences
chromatin as a result of interactions between
Pol V scaffold RNAs and the SWI/SNF chro-
matin remodeling complex, plus an interaction
between methylated DNA and histone markers
that strengthens gene silencing in a self-
reinforcing loop, utilizing the histone-modifying
enzymes SUVH4/5/6, UBP26, JMJ14, LDL1/2,
and HDAG6. Other than this “canonical RdADM,”
there are a number of effectors of importance that
participate in posttranscriptional gene silencing
(PTGS) to also effect RADM; these include
RDR6, Pol II, and NERD, which have roles in
cases deemed ‘“non-canonical RADM,” reviewed
in detail in a subsequent section on phasiRNAs

@ DNA methylation
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hc-siRNAs are bound by AGO4, the major effector in the
canonical RADM pathway. Finally, the siRNA-AGO4
complex binds to Pol V transcripts via sequence comple-
mentary to direct de novo DNA methylation by DRM2.
Analyses of mutants and protein—protein interactions in
maize has validated effectors in RdDM, including the
following: RMRI, RMRI-Like, MOP2/RMR7, MOP3/
RMR6, RDR2IMOPI1, DCL3/RMR5, AGO4/AGO121

(see Sect. 4). Although only a small proportion
of 24 nt hc-siRNAs have been studied in detail
(Wang and Axtell 2017), the following section
describes the observation that the absence of
hc-siRNAs results in a variety of phenotypic
defects, arguably accentuated in maize relative to
other plants.

8.2.2 Heterochromatic siRNAs
in Maize

As the most abundant small RNA species in plants,
24-nt he-siRNAs have the potential to contribute
greatly to phenotypic plasticity. Though not many
mutants in RADM have been isolated in maize,
unlike Arabidopsis, loss-of-function mutations in
maize RDR2 (originally named MEDIATOR
OF PARAMUTATION 1 (MOPI) (Dorweiler et al.
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2000), NRPDI (NUCLEAR RNA-DEPENDENT
RNA POLYMERASE IV SUBUNIT 1, originally
named REQUIRED TO MAINTAIN REPRES-
SION 6, RMR6) (Hollick et al. 2005), and DRD1
(aka RMRI1) (Hale et al. 2007) all substantially
impact the production of 24-nt hc-siRNAs, as in
Arabidopsis. Studies of these maize mutants have
revealed roles for hc-siRNAs in paramutation,
epiallele regulation, and many other traits, the loss
of which is visually apparent (Hollick 2016).
Therefore, the developmental phenotypic defects
of aloss of single components of the hc-siRNA or
RdDM pathway are weaker in Arabidopsis than in
maize, suggesting that hc-siRNAs have more
functional significance in maize. Perhaps this is
due to the vastly increased repertoire of repetitive
elements in maize, comprising the bulk of its large
genome. Alternatively, there might be additional
required functions for hc-siRNA-dependent path-
ways in maize that are less important in Ara-
bidopsis. Given the variety of phenotypes more
evident in maize due to the loss of hc-siRNAs,
more questions about 24-nt hc-siRNAs in maize
remain to be addressed.

8.3 Paramutation

8.3.1 Overview of Paramutation

Paramutation is the non-Mendelian segregation of
alleles due to an epigenetic change induced by one
allele in another allele of the same gene. In such an
interaction, the paramutagenic allele produces a
heritable change in the interaction of the homol-
ogous allele, referred to as the “paramutable”
allele (Arteaga-Vazquez et al. 2010; Hollick
2016). In this scenario, crossing a plant carrying a
paramutagenic allele with a plant carrying a
paramutable allele will result in progeny with
suppressed expression of the paramutable allele.
Outcrossing these hybrids to plants carrying the
paramutable allele results in most, if not all, pro-
geny and successive generations displaying the
phenotype of the paramutagenic allele despite not
actually carrying this paramutagenic allele. The
phenomenon of paramutation was first described
by Alexander Brink in 1956 when he identified the
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maize redl gene, which defies the rules of Men-
delian inheritance (Arteaga-Vazquez et al. 2010;
Brink 1956). Perhaps one of the more curious
features of paramutation is that the paramutable
allele becomes paramutagenic upon exposure to
another paramutagenic allele in trans (Hollick
2016).

Paramutation is best understood in maize as
the result of studies of four distinct loci: booster
(b), red (r), purple plantl (pll), and pericarp
colorl (pl). Each of these genes encodes a tran-
scription factor that regulates the production of
anthocyanin pigments. These loci are studied
because they are both susceptible to paramutation
and they regulate an easy-to-see phenotype—the
coloration of various plant tissues. The combined
effects of the b and pl! loci direct plant color, the
combined effects of pll and r direct anther color,
and the pl locus directs pericarp color. Despite
the similarities in phenotypic consequences, it
appears that different mechanisms control para-
mutation at each of these loci (Hollick 2016).

As a result of mutant screens involving these
loci, numerous genes required for paramutation
have been identified from multiple labs, identi-
fied via forward-genetic screens. Mutants iden-
tified as mediator of paramutation (mop) have
been isolated in the b/ system (Arteaga-Vazquez
et al. 2010), while several other mutants identi-
fied as required to maintain repression (rmr)
have been isolated in the pl/ system (Hollick and
Chandler 2001). Thus far, all or nearly all genes
characterized as required for paramutation
apparently encode proteins associated with the
biogenesis or function of siRNAs (Table 8.1),
which is why paramutation is an important part
of this chapter.

8.3.2 siRNAs and Paramutation

The first maize gene cloned for which the loss of
function eliminates paramutation was mopl,
subsequently referred to as rdr2,,,p;. rdr2,,p; is
a mutation in the maize ortholog of Arabidopsis
thaliana RDR2, a critical protein in the biogen-
esis pathway of 24-nt heterochromatic siRNAs
(Alleman et al. 2006). In the pathway for
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Table 8.1 Loci implicated in paramutation and the mutants identified to suppress paramutation

Arabidopsis gene Maize paramutation

Marker for loss of

References

name mutant paramutation

RDR?2 mopl b and pll Dorweiler et al. (2000)

NRPDI1 mop3 and rmr6 b and pll Erhard et al. (2009), Sloan et al.
(2014)

NRPD2/E2 mop2 and rmr7 pl Sidorenko et al. (2009), Stonaker
et al. (2009)

None rmr2 pl and r Barbour et al. (2012)

SNF2/DRD1 rmrl pl and r Hale et al. (2009)

DCL3 rmrS b Gabriel et al. (2015)

production of heterochromatic siRNAs, RDR2 is
responsible for the biogenesis of the second
strand of the dsRNA precursor of hc-siRNAs
(Xie et al. 2004). The rdr2,,,,; mutant impairs
this process and thus largely or completely
eliminates the production of hc-siRNAs (Nobuta
et al. 2008).

Following the identification of rdr2,,,,;, sev-
eral other mutants were identified in maize that
are deficient in paramutation, all of which encode
various proteins involved in the heterochromatic
siRNAs biogenesis and/or silencing pathways. In
Arabidopsis, NRPD1 encodes the largest subunit
of DNA-dependent RNA polymerase IV (Pol IV)
(Luo and Hall 2007), and NRPD2/E2 (NUCLEAR
RNA-DEPENDENT RNA POLYMERASE IV/V
SUBUNIT 2) encodes the shared second largest
subunit of Pol IV and Pol V (Pikaard et al. 2008).
Pol 1V is responsible for the transcription of the
first strand of hc-siRNA precursor molecules, so
impairing the maize ortholog of nrpdl known as
rmr6/mop3 (the dual name resulting from the
identification of the same gene in both screens,
rmr from the Hollick lab and mop from the
Chandler lab) prevents the accumulation of 24-nt
hc-siRNAs, similar to rdr2,,,,; (Erhard et al.
2009).

The NRPD2/E2 gene is important to both
Pol IV and V. Pol IV is instrumental in the
biogenesis of hc-siRNAs, while Pol V is instru-
mental in the de novo methylation of hc-siRNA
targets, as mentioned above. With a mutation
expected to simultaneously impede the function
of two key proteins in this pathway, the antici-
pated effect of a maize nrpd2/e2 mutation would

be a significant of a reduction of hc-siRNAs as
the other mutants deficient in paramutation.
Indeed, accumulation of hc-siRNAs was dimin-
ished in maize nrpd2/e2 mutants, but interest-
ingly, the phenotypic defects of these mutants are
not nearly as severe as nrpdl,,,s mutants. The
hypothesized reason for the lack of severe phe-
notypic defects is due to the presence of three
presumed functional copies of the NRPD2/E2-
like genes in maize. Both groups that have
published nrpd2/e2 mutants contain mutations in
the same, and only one, NRPD2/E2-like gene
(Sidorenko et al. 2009; Stonaker et al. 2009). If
these genes were fully redundant, loss-of-
function mutants would be needed for all
copies to see mutant effects. However, the fact
that these phenotypic defects and loss of 24-nt
hc-siRNAs are observed suggests that these gene
copies are not entirely redundant (Pikaard and
Tucker 2009).

8.4 Phased, Secondary, Small
Interfering RNAs (phasiRNAs)
8.4.1 Overview of phasiRNAs
Phased, secondary, small interfering RNAs
(phasiRNAs) are named for their biogenesis, the
process which yields a precise head-to-tail
arrangement of sRNAs via Dicer processing,
starting from the site of cleavage by a
miRNA-bound AGO (Borges and Martienssen
2015; Fei et al. 2013). This pathway is poten-
tially powerful because it represents the
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amplification of sRNAs, from one miRNA to
many phasiRNAs. The well-studied 21- and
22-nt tramns-acting small interfering RNAs
(tasiRNAs) are a good case study (Fei et al.
2013). tasiRNAs were first identified in
Arabidopsis as secondary products of AGO1/7-
bound miRNAs targeting a set of long, noncod-
ing RNAs (IncRNAs) that turned out to be pre-
cursor mRNAs. There are four families of
tasiRNA-producing loci (TAS genes) in Ara-
bidopsis, categorized into two types based on
differences in biogenesis, known as “one-hit” and
“two-hit.” In the “one-hit” model, a single tar-
geting site at the 5-end of the TASI, TAS2, or
TAS4 precursor is targeted and sliced by a 22-nt
AGO1-bound-miRNA, converted into dsRNA,
and diced in a precise head-to-tail arrangement
from 5’ to 3’ by DCLA4. In the “two-hit” model of
TAS3, two target sites for miRNA-bound AGO7
are required for the processing of TAS3 precur-
sors, but only the target site on the 3’-end is
cleaved, with the tasiRNAs generated in the 3’ to
5" direction. A specific TAS3-derived tasiRNA,
aka tasiARF, targets AUXIN RESPONSE FAC-
TOR (ARF) genes. Mis-regulation of tasiARF
results in variable developmental defects in sev-
eral plant species, such as Arabidopsis (Hunter
et al. 20006), rice (Liu et al. 2007), maize (Dotto
et al. 2014), and tomato (Yifhar et al. 2012). The
TAS3 tasiARF is highly conserved across land
plants, and it has coevolved with the ARF target
transcripts (Xia et al. 2017).

tasiRNAs are so named because tasiARF
functions in trans; thus, the name emphasizes
this aspect of their function. Yet, many other
phased siRNAs are produced from both IncRNA
“TAS” loci, and from protein-coding gene fami-
lies, such as those encoding nucleotide-binding,
leucine-rich repeat (NB-LRR)-encoding disease
resistance genes, myeloblastosis (MYB) tran-
scription factors, and other genes. Thus, tasiR-
NAs are one subset of the larger group of loci
producing phasiRNAs. Although there are only
eight IncRNA-derived TAS loci in Arabidopsis,
there are >25 protein-coding sources of pha-
siRNAs (Howell et al. 2007); in other plant
species, hundreds or even thousands of
phasiRNA-generating loci have been identified.
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One particularly interesting group are the abun-
dant reproductive phasiRNAs that have been
found in maize and rice, highly enriched in
anthers. These reproductive phasiRNAs fall into
two classes: miR2118-triggered 21-nt pha-
siRNAs, enriched in pre-meiotic anther stages,
and miR2275-triggered 24-nt phasiRNAs enri-
ched in meiotic anthers (Johnson et al. 2009;
Zhai et al. 2015). The accumulation patterns of
these reproductive phasiRNAs in very specific
stages suggest a critical role of phasiRNAs dur-
ing the anther developmental process, but more
studies are still required to characterize exactly
what that role is.

8.4.2 Biogenesis of phasiRNAs

The production of reproductive phasiRNAs starts
with mRNA precursors generated by RNA
polymerase II (Pol 1I), yielding mature,
polyadenylated mRNAs that are believed to be
noncoding. The “one-hit” model describes most
cases of phasiRNA biogenesis in which AGO
utilizes a 22-nt miRNA to mediate the slicing of
a target. MicroRNAs that are 22-nt (as opposed
to most 21-nt miRNAs) typically facilitate
the recruitment to targets of the machinery for
phasiRNA biogenesis, namely RDR6 and
SUPPRESSOR OF GENE SILENCING 3
(SGS3); these proteins convert the single-
stranded mRNA precursor into dsRNA. DCL4
then recognizes the dsRNA, perhaps via recruit-
ment by AGOL1 or other components, and cleaves
or “dices” the dsRNA into 21-nt phasiRNAs,
working in the direction from 5’ to 3', down-
stream of the cleaved target site. Following the
conversion to dsRNA by RDR6/SGS3, DCL4
again cleaves the dsRNA into 21-nt tasiRNAs,
but operating from the 3’ end of the precursor to
the 5’-end (in the direction upstream of the
cleaved target site). This biogenesis process takes
place in the cytosol and requires polysome
loading (Li et al. 2016).

Of the four canonical Dicer proteins encoded
in a typical eudicot genome (like Arabidopsis),
two are involved in phasiRNA biogenesis. This
includes DCL1 for its activity in producing



120

miRNA triggers (see Sect. 5), and DCL4 for its
activity in producing the 21-nt phasiRNAs.
However, some monocots have evolved a new
Dicer family member, known as DCLS5, which
emerged from DCL3 at some as-yet-unknown
point in the diversification of monocots (Margis
et al. 2006). DCL5, formerly known as DCL3b,
is the Dicer enzyme that produces the meiotic
24-nt reproductive phasiRNA in grass anthers
(Song et al. 2012). Future work may reveal
where and how in the monocot lineage this gene
duplication event yielded a novel participant in
the production of phasiRNAs.

8.4.3 The Function of Reproductive
phasiRNAs

Though reproductive phasiRNAs in maize are
quite diverse and numerous, their functional roles
are not well elucidated by experimental analysis.
However, one can speculate as to their function
based on the activities of plant SRNAs of similar
lengths; in other words, 21-nt tasiRNAs may
function in posttranscriptional control of targets,
while 24-nt hc-siRNAs may direct chromatin
modifications at their target loci. In each case,
sRNAs could be incorporated into the
RNA-induced silencing complex (RISC), with
sequence homology directing the silencing of
their corresponding targets. Bioinformatics stud-
ies have not yet described targets other than in cis
—the PHAS loci themselves, so one possibility is
a self-regulatory circuit. One such analysis in rice
panicle sSRNAs has illustrated the molecular basis
that 21-nt phasiRNAs can target in cis to regulate
their own precursors (Tamim et al. 2018). The
observation of elevated DNA methylation at
PHAS loci during zygotene in maize anthers
provides evidence for this  hypothesis
(Dukowic-Schulze et al. 2017). In this context,
reproductive 21- and 24-nt phasiRNAs may be
functionally analogous to miRNAs in fission
yeast or Piwi-interacting RNA (piRNA) in ani-
mals—both of which are specific to the process
of meiosis. More experimental evidence will be
needed to validate this theory. With the advent of
site-directed mutation enabled by the technology
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called clustered regularly interspaced short
palindromic repeats (CRISPR), it is possible to
knock out the key components of the biogenesis
pathway to study alterations such as to chromatin
structure during meiosis in the absence of pha-
siRNA activity.

8.5 miRNAs

8.5.1 Overview of Plant miRNAs

MicroRNAs (miRNAs) are a class of small
noncoding RNAs in eukaryotes that regulate
gene expression via posttranscriptional gene
silencing. In plants, miRNAs have been identi-
fied to regulate key processes such as develop-
ment, growth, and stress response (Budak and
Akpinar 2015). Plant miRNA biogenesis and
miRNA-induced silencing have been studied
extensively in Arabidopsis, and the biogenesis
pathway is well conserved in all other plants that
have been examined. This biogenesis begins with
the transcription of noncoding RNAs by Pol II
from miRNA genes (MIRNAs) that were often
not annotated in early versions of many plant
genomes, since gene-finding software may fail to
find IncRNAs. Once a MIRNA gene is tran-
scribed by Pol II, the resulting transcript matures
as a typical mRNA, with addition of a 5’
7-methylguanosine cap and 3’ polyadenylated
tail. This product, deemed a primary miRNA
transcript (pri-miRNA), folds back onto itself to
create the classical hairpin structure of a
pri-miRNA. This pri-miRNA is then recognized
by DCLI1, a member of the Dicer-like family of
enzymes, perhaps by recruitment by other protein
partners (Budak and Akpinar 2015; Rogers and
Chen 2013). Through structural features of the
pri-miRNA, DCL1 can identify a location near
one end of the pri-miRNA for cleavage into a
precursor miRNA (pre-miRNA) (Budak and
Akpinar 2015). DCL1 carries out a second and
final cleavage of the pre-miRNA to produce the
miRNA-miRNA* duplex, a short dsRNA in
which one strand produces the mature miRNA
guide and the other produces the passenger
miRNA (miRNA¥*). This dsRNA is characterized
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by a 2-nucleotide 3’ overhang on both strands
(Budak and Akpinar 2015).

The processing of miRNAs takes place in the
nucleus; however, mature miRNAs must be
transported to the cytoplasm prior to functioning
in their role in the suppression of protein pro-
duction from target mRNAs. This transfer of
miRNA from the nucleus to the cytoplasm is not
fully understood yet. However, data have shown
that HASTY (HST), an exportin-related protein,
functions as a key enzyme involved in this step
(Park et al. 2005), though it has been observed
that some miRNAs can still accumulate in the
cytoplasm in hst mutants. To protect the
miRNA-miRNA* duplex from degradation via
uridylation, it is stabilized with a 3’ terminal
methyl group by HENI. It is unclear if this
occurs in the nucleus or the cytoplasm (Budak
and Akpinar 2015; Park et al. 2005). Once in the
cytoplasm, the mature miRNA guide separates
from the passenger miRNA and is loaded into an
Argonaute protein, typically AGOI, to form the
RISC. This RISC, which is comprised of
numerous proteins, uses the mature miRNA
guide as a template to identify targets to either
cleave a mRNA or facilitate translational inhibi-
tion (Budak and Akpinar 2015). Targets of
miRNAs are identified by their near perfect
complementarity to the miRNA. When sup-
pressing a target via mRNA cleavage, the target
site of a miRNA is found on the mRNA, while
the miRNA is still loaded in the RISC. In plants,
cleavage is typically observed between the 10th
and 11th positions of the alignment and is
facilitated by AGO1 (Huntzinger and Izaurralde
2011). Products of this cleavage are detectable
using parallel analysis of RNA ends (PARE)
libraries (German et al. 2009). Combining these
PARE data with miRNA-target prediction tools,
such as sPARTA (Kakrana et al. 2014) and
CleaveLand (Addo-Quaye et al. 2009), can val-
idate predicted targets of miRNAs on a
genome-wide basis.

Upon miRNA-directed cleavage of a target
mRNA, the cleaved mRNA molecule is no
longer competent to produce protein products.
Disrupting a miRNA would therefore typically
result in the overaccumulation of miRNA-target
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gene products, relative to wild-type controls.
This phenomenon is visible in numerous maize
mutants, some of which were identified long
before miRNAs were described. In many plants,
miRNAs exist in large numbers (hundreds of
distinct loci) and can regulate the production of
numerous proteins. In the following paragraphs,
we explore a few cases of maize miRNAs and
targets that have been particularly well
characterized.

8.5.2 Mutations in miRNA Biogenesis
and Silencing Pathways

8.5.2.1 Fuzzy Tassel

The fuzzy tassel (fzt) phenotype was identified in
EMS-mutagenized plants, and it was later shown
to result from a mutation in the maize ortholog of
DCLI (Thompson et al. 2014). The fzt mutant
plants have numerous developmental and vege-
tative defects, including the following: reduced
plant stature, reduced number of leaves, missing
and shorter internodes, reduced leaf surface area,
and complete sterility in both ear and tassel due
to various developmental defects in both tissues
(Thompson et al. 2014). This mutation was
mapped, cloned, and sequenced, showing that the
fzt mutation is a single-base-pair mutation in the
RNase I1Ia domain of DCLI, a domain critical
in the cleavage of both pri-miRNA and
pre-miRNAs (Thompson et al. 2014). The dif-
ferential expression analysis of miRNA abun-
dance and their targets supports the hypothesis
that the pleiotropic effects of this mutation are
caused by the impacted miRNA abundances.
Additionally, it was observed that not all known
miRNAs had their abundances reduced; it
appears that some miRNAs are only moderately
affected, while others are entirely unaffected
(Thompson et al. 2014). The basis of the differ-
ential impact on miRNAs is unclear, but could
result from variation in how the altered DCL1
protein interacts with different precursors.

8.5.2.2 Corngrassi
Maize Corngrassl (Cgl) was a mutant first
identified in 1947 and named for its closer
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resemblance to other grasses than to wild-type
maize (Whaley and Leech 1950). This mutation,
deemed a “macromutation” for its profound
effect in making the organism unrecognizable as
belonging to its species (Chuck et al. 2007),
results in the prolonged juvenile stage of maize
plants. During this transition phase of plant
development, called heteroblasty, there are
numerous changes in leaf morphology and
meristem fate. In 2007, researchers from Sarah
Hake’s group identified that the Cg/ mutant
encodes a tandem duplicate of miR156 genes,
zma-miR156b and zma-miR156¢, and the defects
in the mutant are due to an overexpression of
these miRNAs (Chuck et al. 2007). An analysis
of transcript levels was conducted to investigate
the expression levels of known targets of
zma-miR 156 and seven of the 13 predicted target
genes, including fgal a gene known to have
played a role in the domestication of maize from
teosinte, were found to be downregulated in Cg!
(Chuck et al. 2007).

8.5.2.3 Glossy15

Similar to the CorngrassI mutation, the
Glossyl5 (Gl15) mutation extends the duration
of the juvenile-to-adult phase transition in maize;
this occurs via the overexpression of the gll5
gene (Moose and Sisco 1994). Work done in
Arabidopsis (Aukerman and Sakai 2003; Chen
2004) demonstrated that miRI72 can suppress
the activity of APETELA2, the Arabidopsis
ortholog of GI15. The APETELA2 target
sequence of miRI172 is present in the gl/l5 tran-
script, and thus, it was hypothesized that a
miR172 homolog could be responsible for the
transition from juvenile-to-adult vegetative
development in maize. Like Arabidopsis,
miR172 was found to not be present in early
shoot development; it is only during the transi-
tion from juvenile to adult that miRI72 is
detected, coincident with a decline in glI5
mRNA levels. By increasing g/15 activity, veg-
etative and reproductive phase changes are
delayed, while miR172 accumulation is not sub-
stantially different from wild type. It was later
found that the g//5 mutation contained a muta-
tion in the target site of miR172. This mutation
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prevents the negative repression of GLI5 tran-
scripts that occurs in wild-type maize during the
juvenile-to-adult transition (Lauter et al. 2005).
Thus, miR172 promotes the transition to repro-
ductive development by restricting the accumu-
lation of GL15, but such a transition can only
occur at a threshold of opposing activity of GL15
and zma-miR172 (Aukerman and Sakai 2003).

8.5.3 Overview of Annotated Maize
miRNAs

miRBase (http://www.mirbase.org/) is a public
miRNA sequence repository designed to store all
published miRNA sequences and their associated
annotations and assign consistent identifiers to
each published miRNA. As of version 22 (re-
leased March, 2018), there were 207 distinct
mature miRNAs identified in maize being
derived from 173 MIR genes, and all 203 miR-
NAs belonged to one of 31 miRNA families
(Dezulian et al. 2005; Johnson et al. 2009; Maher
et al. 2004; Thieme et al. 2011; Zhang et al.
2009). Via the use of next-generation sequenc-
ing, novel bioinformatics tools, and unique
mutants, the identification of new miRNAs is
becoming increasingly easier. Such use of these
tools has been previously utilized in rice in which
76 new mature miRNA sequences were identi-
fied using 62 sRNA libraries (Jeong et al. 2011).

With a centralized miRNA repository like
miRBase, it is easy to access and identify miR-
NAs from diverse species and identify similari-
ties between them. Many miRNA families have
been found to be conserved across numerous
plant species. Some miRNAs are ancient with
origins dating back to mosses, but are still
identifiable in any plant due to their fundamental
roles in the regulation of transcription that is
required in the basics of plant life (Chavez
Montes et al. 2014). Other miRNAs are a lot
newer and emerged only within distinct branches
of the angiosperms. By tracking the presence of
miRNAs in a phylogenetic context, their evolu-
tionary emergence can be discerned. The con-
served and divergence of target sequences is also
relevant to the study of miRNAs, as evidence of
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conservation identifies important functional roles
that have been selectively maintained, while
divergence can yield new regulatory pathways
(Axtell 2013).

8.6 Bioinformatics Tools

The sequencing of sSRNAs produces a tremen-
dous amount of data that requires comprehensive
bioinformatics tools for proper analysis. There
are numerous tools capable of assisting in the
analysis of such data, but here we will only
discuss a few, focusing on our tools as they are
most familiar to us, particularly in the context of
maize analyses. We recognize this bias and rec-
ognize that there are many other tools that are
available for similar analyses. We have tried to
list alternatives to each tool as there are many
viable options to completing these analyses.

8.6.1 Shortstack

Shortstack (Shahid and Axtell 2014) is a com-
prehensive analytical tool developed by the lab-
oratory of Michael Axtell with the purpose of
analyzing mapped sRNA sequencing data. This
tool is a general-purpose analytical tool to clas-
sify sSRNAs. It requires as input little more than
the SRNA data itself and a genome to which to
map the SRNAs. In six steps, Shortstack works to
annotate and quantify sSRNA data generated to
serve as the input file. These six steps include the
following:

a. De novo discovery of clusters of sSRNAs.

b. Quantification and phasing analysis.

c. Retrieval of genomic sequences for RNA
folding.

d. Identification of hairpin structures that may
qualify as miRNA precursors.

e. Annotation of hairpin association and miRNA
candidates.

f. Output of organized and summarized results.

Within each of these steps, Shortstack makes
use of the known biology of various classes of
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sRNAs to characterize genes producing sRNAs,
SRNA clusters, miRNA genes, and phasiRNAs
(Axtell 2013). While running Shortstack is gen-
erally quite simple, there are many options that
may be modified by the user, so it is highly
recommended to read all the information pro-
vided within the README and even try utilizing
some of the test data prior to running new
analyses.

8.6.2 sPARTA

SPARTA (Kakrana et al. 2014) is a tool devel-
oped by the Meyers group for the purpose of
rapidly and accurately predicting and validating
targets of miRNAs. As discussed previously,
miRNAs function to suppress the expression of a
gene by matching with high sequence comple-
mentarity to an mRNA. When the mRNA target
of a miRNA is identified, it is cleaved by AGO1.
This cleavage is identifiable via the sequencing
of PARE data, mentioned above. By predicting
the locations at which a miRNA directs cleavage
and by identifying a PARE signal at that same
location, cleavage of an mRNA facilitated by a
miRNA can be validated. sSPARTA first predicts
targets of miRNAs and then utilizes PARE
libraries to validate these miRNA-target interac-
tion (Kakrana et al. 2014). Several alternatives to
sPARTA have been described, including Clea-
veLand (Addo-Quaye et al. 2009), PAREsnip
(Folkes et al. 2012), and SeqTar (Zheng et al.
2012).

8.6.3 PHASIS

PHASIS is a suite of tools that functions to
rapidly identify PHAS loci in plants. This tool,
also developed in the Meyers group, has three
separate components to discover, annotate, and
quantify PHAS loci, as well as identify the
miRNA triggers for those PHAS loci. These
components—phasdetect, phasmerge, and phas-
trigs—each have distinct purposes in the pipeline
and were separated to allow users some flexi-
bility in the inputs provided to each. While not
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required, utilizing PARE data in a PHASIS run
will allow for experimental validation of pre-
dicted cleavage locations, assisting with the
identification of miRNA triggers (Kakrana et al.
2017). Some alternatives to PHASIS are Phase-
Tank (Guo et al. 2015) and unitas (Gebert et al.
2017).

8.6.4 Plant Small RNA Similarity Tool

This tool was developed with the purpose of
identifying similar miRNAs across species to
detect the conservation of miRNAs across gen-
omes. It uses an implementation of BLAST, and
it has evolved to identify similar sSRNAs
regardless of the class of SRNA. Thus, using a
list of user-provided sequences, it is capable of
searching for the presence of related sequences in
over 36 public databases hosted by the Meyers
lab (https://mpss.danforthcenter.org). This tool’s
primary use is to identify the presence and
abundance of one or more sRNAs and close
variants in one or more library from another plant
species. It allows for rapid identification of
homologs of mature miRNAs, for example.

8.6.5 miRBase

As previously mentioned, miRbase is a public
miRNA sequence repository designed to store all
published miRNA sequences and their associated
annotations, as well as assign consistent identi-
fiers to each published miRNA. Consistency
among identified miRNA names allows com-
parisons across species. Despite the great utility
of miRBase, it is not without issues. For exam-
ple, version 21 was published in June 2014 and
has been untouched and unrevised for over three
and a half years, as of our writing of this chapter.
During this time, many miRNAs were identified
and submitted to miRBase, and even published in
peer-reviewed articles, but the lack of updates
kept those newly identified miRNAs unnamed or
unassigned, and the data on miRNAs are not yet
in the public domain.
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8.7 Conclusions

Research into maize small RNAs has advanced
rapidly over the last decade. This has resulted in
the identification of numerous classes of SRNAs,
the populations of sRNAs (and their genomic
source loci) that comprise those classes, and the
functions of many of these sSRNAs. Functional
analysis has described unique aspects of maize
sRNA biology, providing a motivation for fur-
ther, detailed molecular, genetic and biochemical
studies. Many questions remain, for example,
what are the roles of SRNAs in paramutation, and
why is this phenomenon so much more evident
in maize than other species? What are the func-
tions of reproductive phasiRNAs in maize and
other grasses? Generally speaking, how often do
lineage-specific miRNAs arise in plants, and are
such examples limited to maize and its closest
relatives? What are the functions of the AGO
proteins in maize, a set nearly twice as numerous
as those of Arabidopsis? How do other small
RNA effector and biogenesis proteins compare in
their functions, from the grasses across the
angiosperms? These and many other exciting
questions are sure to drive research into maize
small RNA biology for the coming decade.
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Abstract

Invaluable insights into functional genomics
have arisen from knockout and knockdown
mutants generated by transposon mutagenesis.
Thousands of insertional mutants are available
free of charge from the UniformMu national
public resource for maize. This resource was
created using the native Robertson’s Mutator
system and resulting features include (1) an
inbred genetic background ideal for phenotype
analysis; (2) effective genetic control of Mu
transposon activity that facilitates genetic and
molecular analyses; (3) precise mapping of
transposon insertions enabled by targeted
sequencing (Mu flanks identified by a
Mu-seq protocol for high-throughput geno-
typing); (4) cost-free, worldwide distribution
of high-quality, sustainable seed stocks
through MaizeGDB.org and the Maize Genet-
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ics Cooperation Stock Center. Available
materials have been especially useful for
genetic analysis of complex, multi-genetic
traits such as domestication, seed develop-
ment, and disease resistance. Additional appli-
cations for UniformMu resources include new
strategies for both forward- and reverse-
genetics  (phenotype-to-genotype or the
reverse) as well as synergies with emerging
gene-editing technologies (e.g., MuCRISPR).

9.1 Introduction

Overview of Insertional-Mutant
Resources

9.1.1

Loss-of-function mutants are invaluable tools for
linking genes and networks to phenotypes.
Confirmation of a causal role between genotype
and phenotype is central to establishing a base-
line for interpreting the biological role of a gene.
The relationship provides a foundation for
hypotheses and further experimental analysis.
Genetics researchers thus dream of having
“finger-tip” access to loss-of-function mutants
for every gene in a genome of interest. Also, to
facilitate quantitative analysis of phenotypes, all
mutants should ideally be available in a common,
well-defined, preferably inbred genetic back-
ground. In recent decades, high-throughput
insertional mutagenesis in such backgrounds
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has played a key role in systematic functional
analysis of plant genomes (Alonso et al. 2003;
Hirochika et al. 2004; McCarty et al. 2005,
2013a). In Arabidopsis, for example, readily
available, sequence-indexed T-DNA insertion
lines provide nearly comprehensive coverage of
the genome. The extent of this coverage has
greatly facilitated genetic analyses of diverse
contributions to development, metabolism, and
responses to abiotic and biotic stresses (Alonso
et al. 2003). Similar resources, though somewhat
less comprehensive, have been developed for
other model organisms including maize (Jeon
et al. 2000; May et al. 2003; McCarty et al. 2005;
Vollbrecht et al. 2010; Williams-Carrier et al.
2010; Walbot and Qiiesta 2012; Li et al. 2013).
Other strategies for generating comprehensive
collections of knockout mutants have been
employed or contemplated and include TILLING
(McCallum et al. 2000), radiation-induced dele-
tions (Shirley et al. 1992), and CRISPR/Cas9
(Shan et al. 2013; Belhaj et al. 2015).

9.1.2 Transposon Resources
in the Age
of Gene-Editing

Although CRISPR/Cas9 is an especially
promising technology, insertional mutagenesis
offers some complementary advantages as well
as opportunities for synergy. In principle,
CRISPR-Cas9 methods offer capabilities that
have greater reach and specificity than conven-
tional insertional mutagenesis resources, espe-
cially when focused on small numbers of genes.
For such applications, CRISPR/Cas9 may indeed
eventually supplant insertion-based resources for
reverse-genetics (Belhaj et al. 2015). However,
considerations entailed in such an assessment are
complex and not limited to scientific issues. The
current high cost and relative inefficiency of
methods for transformation of maize inbreds are
key factors that will likely impact genome-wide
applications of CRISPR for the foreseeable
future. In addition, since maize genetics experi-
ments predominantly involve field-grown plants,
a second practical consideration is whether plants
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carrying gene-edited alleles will be treated as
transgenic organisms by regulatory authorities.

Over and above these considerations of cost
and practicality, large collections of insertion
mutants retain at least two key advantages over
gene-editing approaches. One is the suitability of
genome-wide mutant resources for forward-
genetic strategies that link phenotypes to geno-
types (O’Malley and Ecker 2010; Hunter et al.
2014). Second, an often under-appreciated
advantage of mutations that share a common
molecularly defined insertion is the feasibility of
developing high-throughput genotyping plat-
forms such as the Mu-targeted Mu-seq protocol
(McCarty et al. 2013a).

When used in combination with emerging
high-throughput  phenotyping  technologies
(Fahlgren et al. 2015), high-throughput geno-
typing capabilities unlock an important synergy
by enabling large-scale genetic analyses of
insertion mutants to link genotypes to pheno-
types. Thus, the genotyping methods that were
initially developed to facilitate construction of
large-scale genetic resources are now emerging
as powerful approaches for bringing those
resources to bear on genome-scale problems
(O’Malley and Ecker 2010; Hunter et al. 2014).
For similar reasons, transposon mutagenesis
remains a popular strategy for functional analysis
of diverse microbial genomes (Hayes 2003;
Barquist et al. 2013; Niehaus et al. 2018).

9.1.3 Systematic Transposon
Mutagenesis of Maize
Genes

In maize, strategies for development of insertion-
based functional genomics resources have
focused on endogenous transposon systems.
These systems have included Activator/
Dissociation (Ac/Ds), Robertson’s Mutator
(Mu), and Suppressor-Mutator (Spm), with
efforts utilizing engineered (Raizada et al. 2001;
Li et al. 2013) as well as native elements (May
et al. 2003; McCarty et al. 2005; Vollbrecht et al.
2010; Williams-Carrier et al. 2010; Walbot and
Qtiesta 2012). The widely deployed Ac/Ds and
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Mutator transposon systems have distinctive
behavioral characteristics that affect the choice of
strategy used for large-scale mutagenesis. These
distinctive reverse-genetics strategies are com-
plementary in key respects.

Primary differences between Ac/Ds and
Mutator systems that affect reverse-genetics
strategies include (1) transposon copy number
in active lines, (2) linkage bias of transpositions,
and (3) insertion-site preferences in the maize
genome. In contrast to Mutator (Lisch et al.
1995), Ac/Ds elements have a strong bias for
transposition to nearby sites in the genome
(Vollbrecht et al. 2010). For this reason, Ac/Ds
elements have been employed for regional
mutagenesis strategies that enable targeting of
genes linked to an Ac or Ds transposon located at
a previously mapped donor site (Brutnell and
Conrad 2003; Vollbrecht et al. 2010). Regional
mutagenesis can be especially effective for ana-
lyzing complex loci that include multiple mem-
bers of a gene family (e.g., tandem duplications).
Genome-wide coverage is obtained by estab-
lishing donor Ds insertions at many locations in
the genome. Ideally, each donor Ds is maintained
in a separate genetic stock giving the geneticist
control over which region of the genome is to be
targeted for mutagenesis (Brutnell and Conrad
2003; www.acdstagging.org). One can thus
obtain relatively high mutation frequencies in the
region of interest by concentrating the activity of
a single Ds transposon in a local region.
Although regional mutagenesis often requires
multiple generations, results can be especially
valuable for genes not targeted effectively by
other systems.

An alternative strategy is provided by the
high-copy-number Mutator system, which
delivers a comparatively high mutation fre-
quency over the entire genome. In contrast to
Ac/Ds, the Mutator transposons exhibit little or
no bias for transposition to linked sites in the
genome (Lisch et al. 1995). The resulting high
mutation frequency and breadth of coverage have
led to wide use of Mutator for comprehensive
mutagenesis of the maize genome (Bensen et al.
1995; May et al. 2003; McCarty et al. 2005;
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Williams-Carrier et al. 2010; Walbot and Qiiesta
2012). The comparatively high rate of genome-
wide mutation is attributable in part to the large
number of active transposon copies per individ-
ual (typically ~50 Mu’s each). This abundance
of Mu copies initially posed challenges that were
successfully addressed through development of
sequence-based, high-throughput genotyping
protocols suitable for molecular analysis of high-
copy transposon lines (McCarty et al. 2013a).

Both Mutator and Ac/Ds transposons insert
preferentially into genes rather than inter-genic
regions rich in repetitive sequences (Cresse et al.
1995; Vollbrecht et al. 2010). This bias toward
single-copy, non-repetitive regions of the gen-
ome increases the likelihood that each new
transposition will cause a mutation by inserting
in or near a gene. However, the two systems
exhibit different positional biases within genes.
The Mutator elements show a strong bias for
insertion into a region of open chromatin near the
transcription start site (Springer et al. 2018),
whereas Ds insertions show a comparatively
weak bias toward the 5'-end of genes (Vollbrecht
et al. 2010).

To take advantage of these distinctive
behavioral characteristics, maize geneticists have
devised complementary strategies that leverage
the respective copy number, linkage bias, and
insertion-site preference characteristics of the
Mutator and Ac/Ds systems.

Important broader challenges of using Muta-
tor as the basis for a public reverse-genetics
resource include (1) managing transposon copy
number and genetic load in a population with a
uniform genetic background conducive to quan-
titative analysis of phenotypes, (2) developing
efficient methods for high-throughput mapping
and genotyping of a high-copy number trans-
poson in a large population, and (3) maintaining
a high-quality, sustainable seed resource that is
freely accessible to the research community and
preserves the full-array of insertion mutants
identified in the population. These challenges
were addressed by incorporating into the Uni-
formMu resource the six essential features
described in the next section.
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9.2 Construction of the UniformMu
Resource

9.2.1 Key Design Goals

of the UniformMu

Resource

1. Construct a transposon population in an
inbred genetic background that maximizes
uniformity and thus enables detection and
quantification of phenotypes linked to tagged
genes.

2. Incorporate an efficient mechanism for
genetic “on—off” control of Mu activity to
facilitate molecular, genetic, and phenotype
analyses of insertion mutants.

3. Manage the total number of transposed Mu
elements carried by individuals in the popu-
lation and prevent excessive accumulation of
insertions in any given genome by using a
steady-state transposon mutagenesis strategy
(McCarty et al. 2005).

4. Minimize selection against deleterious muta-
tions in the population by developing sus-
tainable seed stocks that result from a
sib-pollination strategy that preserves inser-
tions in a heterozygous state.

5. Employ high-throughput, sequence-based
transposon genotyping methods to efficiently
identify and map germinal transposon inser-
tions in thousands of carefully prepared seed
stocks.

6. Provide public access to the resource using
established community resource-portals that
will ensure long-term sustainability of the
delivery system.

9.2.2 Transposon Mutagenesis
in a Phenotypically
Uniform Inbred
Background

Construction of a transposon population in an
inbred genetic background maximizes the uni-
formity that facilitates detection and quantifica-
tion of phenotypes linked to tagged genes. We
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chose the color-converted (ACR) derivative of
the W22 inbred developed by Brink at the
University of Wisconsin specifically for genetic
studies (Bray and Brink 1966). Importantly, W22
(ACR) carries the genes for seed anthocyanin
pigment that we needed to use as a genetic
marker system in the “on—off” selection of
transposase activity. Moreover, the same inbred
has been used for development of key Ac/Ds
resources (Vollbrecht et al. 2010) providing a
common background for analysis of insertional
mutants. To further enhance these collective
efforts in maize, laboratories that spear-headed
development of transposon resources also formed
a consortium to sequence, annotate, and charac-
terize the genome of W22 (ACR) (Springer et al.
2018; https://www.maizegdb.org/genome/genome_
assembly/Zm-W22-REFERENCE-NRGENE-2.0).

9.2.3 Genetic Control of Mu Activity
by Selection of Mu-on
and Mu-off Plants

In order to study and maintain newly generated
transposon mutants, each mutagenic line must be
converted to a stable, non-mutagenic state.
A genetically stable background is essential for
(1) effective phenotypic comparisons between
mutant and non-mutant individuals and (2) effi-
cient molecular genotyping. More specifically, if
a plant is “Mu-on,” somatic insertions will arise
from transpositions that occur in vegetative tis-
sues during development (e.g., in leaf cells), and
these can far out-number heritable insertions
derived from the germline (lineage leading to
pollen and egg nucleii). Leaf DNA sampled from
a Mu-on plant may thus include thousands of
somatic insertions that are not recoverable for
genetic analysis. Importantly, this background of
somatic insertions can complicate identification
of germinal insertions in the genome of an indi-
vidual, as well as subsequent high-throughput
mapping and genotyping analyses needed to
establish linkage of specific insertions with phe-
notypes. In addition, if continued Mu activity is
not suppressed, it will lead to accumulation of
new germinal insertions in lines selected for
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genetic analysis. This increased genetic load may
further confound phenotype analyses. A crucial
feature for use of this high-copy-number system
is therefore the capacity to activate and deacti-
vate Mutator transposons.

Toward this end, we used the color-marker
noted above because it allowed visualization and
genetic selection of Mu transposase activity
(Fig. 9.1). The Bronzel (Bzl) gene is required
for synthesis of purple anthocyanin pigment in
the aleurone cell layer of the endosperm.
Recessive, loss-of-function bz/ mutations confer
a bronze-colored aleurone phenotype. The
transposase that catalyzes movement of Mu
insertion elements from place to place in the
genome is encoded by MuDR, the so-called
autonomous member of the Mutator family of
transposable elements. Typically, the majority of
Mu insertions are due to more numerous
non-autonomous elements that do not have an
intact transposase gene. The non-autonomous
transposons can only move if at least one copy of

MuDR is also present in the genome. The bzl-
mum9 allele carries a non-autonomous
Mu-transposon insertion that can excise from
the gene if MuDR is present elsewhere the gen-
ome. Thus, in the Mu-on plants, which carry
MuDR, purple spots on bronze kernels result
from frequent somatic reversion of the bzl-mum9
allele to a functional wild-type (BzI) gene (each
spot is a clonal Bzl somatic sector). By contrast,
in Mu-off plants that do not carry a MuDR
transposase, bzl-mum9 confers a stable bronze
aleurone phenotype. In this way, the bzl-mum9
allele provides a sensitive marker for genetic
selection of Mu-on (spotted aleurone, MuDR
present) and Mu-off (stable bronze, MuDR
absent) plants. Typically, the Mu-on plants used
to generate new transposon insertions in the
maize genome carry one or two MuDR copies,
plus 50 or more non-autonomous, but
trans-activatable Mu elements. By enabling the
presence and activity of MuDR to be visualized
in segregating progeny of Mu-on plants, the

bz1-mum9; MuDR (-)

el

Fig. 9.1 Color marker for genetic control of Mu trans-
position. The bronze kernel mutant bz/-mum9 carries a
Mu transposon insertion in the bronzel (bzl) gene (long
gold rectangle). The wild-type Bz allele (purple rectan-
gle) confers a purple-kernel phenotype in its homozygous
or heterozygous state (middle kernel). The recessive bzl-
mum?9 allele is inactivated by the Mu insertion. If there is
not an autonomous MuDR transposon capable of express-
ing the transposase present somewhere in the genome

Bz1/-; MuDR (+/-)

bz1-mum9; MuDR (+)

—&D—

+

R ¢
—L—

bzl-mum9 confers a stable bronze phenotype (left kernel)
indicative of a heritable, Mu-off (MuDR (-)) state. When
an autonomous MuDR transposon is present, the Mu
transposon in bzl-mum9 will excise frequently during
endosperm development giving rise to multiple clonal
sectors of aleurone cells that have restored Bzl function
(bronze rectangle, lower right). These sectors which are
indicative of the Mu-on (MuDR (+)) state are visible as
purple spots (right kernel)
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bzl-mum9 marker provides a fast and effective
means for genetically controlling Mu transposi-
tion in the UniformMu population.

9.2.4 Management of Mutation Load
and Forward Mutation
Frequency

A steady-state mutagenesis strategy is used to
manage genetic load by moderating copy number
of transposed Mu elements in individual
genomes. Steady-state mutagenesis (Fig. 9.2,
McCarty et al. 2005) is achieved by a continuous
backcrossing strategy that uses W22 (ACR) as
the recurrent female parent, and bz/-mum9 males
that carry at least one copy of the autonomous
MuDR transposon. Each Mu-on male plant is not
only crossed to a W22 (ACR) female, but is also
self-pollinated to allow analysis of its genotype.
Evaluation of the ears from male plants is
important to (1) confirm the presence of MuDR
(densely spotted bzl-mum9 kernels) and
(2) screen for the presence and segregation of
any visible seed phenotypes. In instances where

W22 (ACR) @) X

Y

60 seed per backcross ear planted for self-pollination

®

20 stable bronze (Mu-
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seed phenotypes are indeed visible on the ear, the
parent plant is eliminated from use as a male, and
its progeny is removed from the population.
This allows purging of pedigrees that carry pre-
existing seed phenotypes. In addition to reducing
build-up of mutant load, this purging minimizes
propagation of non-independent seed mutations
in the population and enables accurate estimation
of forward seed mutation frequency each
generation.

To complete development of a UniformMu
line, progeny from the backcross ears are
self-pollinated and scored for segregation of the
bzl-mum9 marker. About 25% of the seed on
these ears will be homozygous bzl-mum9, and
among this bronze class will be an approximate
3:1 ratio of spotted Mu-on (MuDR present) to
non-spotted Mu-off (no MuDR present) pheno-
types. Occasional ears will segregate 15:1 for
spotted-to-stable bronze kernels if a transposition
creates an unlinked duplicate of MuDR. Plants
grown from densely spotted seed may be used as
males for generating the next cycle of pedigrees,
provided the parent ear shows no evidence of
segregation for preexisting seed mutations.

O  bzt-mumg; MuDR(+)

l ®

remove backcross ear, if male self
segregates visible seed phenotype

D —

inactive) seed from each
selfed ear selected and
planted for sib-pollination

)

confirmed stable bronze (Mu-inactive)
seed collected from 2-5 sib-pollinated
ears of each family are pooled to form a

UniformMu seed stock

Fig. 9.2 Generation of the UniformMu population by
steady-state transposon mutagenesis. The population was
created by continuous backcross introgression of MuDR

densely spotted (Mu-active) seed selected
to be used as males in the next iteration

seed sampled from each
stock planted in a 24 X 24
grid for Mu-seq analysis
(576 seed stocks per grid)

—

and bzl-mum9 into the W22 (ACR) inbred. The seed
stocks used in the UniformMu resource were constructed
from backcross iterations four through nine
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Each seed stock for public distribution is
derived from stable, Mu-off, bronze kernels ini-
tially sampled from the same backcross ear.
These are grown in 20-plant families and
sib-pollinated to produce sustainable seed stocks.
Kernels from the sib-pollinated ears are individ-
ually screened for quality (absence of mold,
cracks, etc.) and complete absence of aleurone
spots that indicate residual Mu-on transposase
activity. In this way, seed stocks prepared for
Mu-seq genotyping and distribution to users are
confirmed to be Mu-off and stable throughout
two generations.

While selection based on the bzl-mum9
marker can be used for multiple generations of
fast, effective screening for on-off control of Mu
transposition, rare escapes can occur. Two
modes may be involved. First, occasional lines
exhibit complex segregation patterns consistent
with a Mu-off state that derives from epigenetic
silencing of MuDR instead of its genetic loss by
Mendelian segregation (McCarty et al. 2005).
Because epigenetically silenced lines have a
potential to reactivate in subsequent genera-
tions, these are omitted from the UniformMu
resource in favor of more stable lines (no MuDR
rather than a silenced MuDR). A second mode
of escape results from a change in bzl-mum9
marker that prevents somatic reversion to Bzl
even if MuDR is present. This can occur when a
second mutation in the bzl-mum9 allele pre-
serves the bronze phenotype even when the Mu
transposon responsible for initial mutation has
excised from the Bzl gene. These rare events
can be detected at the sequencing stage where
they contribute to a low-background of
non-heritable, somatic insertions. The sequen-
ces from somatic insertions are identifiable as
such because the multiplex, 2D grid design used
for Mu-seq leads to their detection in one, but
not both axes (see below). Informatic filtering
can thus remove sequences from any
non-heritable somatic insertions that arise.
Overall, the bzl-mum9 marker has been a highly
effective tool for achieving genetic control of
the Mutator system.
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9.2.5 Sib-pollinated Seed Stocks
Maximize Preservation
of Mutations

Initially, all of the new insertions generated by
the steady-state protocol are in a heterozygous
state. Preserving heterozygosity as much as
possible is desirable for several reasons. If sub-
sequent propagation of stable, Mu-off lines are
done by repeated generations of self-pollination,
about half of all heterozygous insertions will
eventually be lost through segregation. More-
over, many mutations that have deleterious phe-
notypes when made homozygous may also be
lost from the collection due to lethality, low
vigor, or infertility. Finally, as a practical matter
for users, segregating stocks are advantageous
for obtaining immediate comparisons of mutant
and wild-type individuals identifiable by
gene-specific genotyping (McCarty et al. 2013b;
Liu et al. 2016). If insertion lines were
homozygous, researchers would need two addi-
tional generations to obtain segregating material
for such comparisons; first out-crossing to W22
wild type then self-pollinating to obtain F2 pro-
geny. At a minimum, this would entail an addi-
tional year of work for users.

In order to maximize preservation of inser-
tions in this useful heterozygous state, seed
stocks are amplified and maintained using a
sib-pollination strategy. To create sustainable
seed stocks, high-quality, stable (Mu-off) bronze
kernels are selected from two to five,
sib-pollinated ears of each family. The progeny
are pooled to create a stock of 200-300 seeds
that are suitable for distribution by the Maize
Genetics Cooperation Stock Center. Seed stocks
that become depleted can be regenerated by
sib-pollination of at least five plants grown from
residual seed. Once established, seed stocks are
analyzed by Mu-seq to identify novel germinal
Mu insertions (McCarty et al. 2013a). By placing
Mu-seq analysis downstream of seed stock gen-
eration, we ensure that the germinal insertions
detected have a high-probability of being recov-
erable in seed provided to users.
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9.2.6 Mu-Seq Enables
High-Throughput
Genotyping of Mu
Transposons

We have developed a Mu-seq protocol analogous
to RNA-seq and other methods that take advan-
tage of next generation sequencing technology.
Mu-seq libraries are constructed by amplifying
genomic DNA sequences that flank the highly
conserved terminal-inverted-repeat (TIR) se-
quences located at the ends of Mu transposons.
The result is a high-throughput, sequence-based
method for transposon genotyping that efficiently
identifies and maps germinal transposon inser-
tions in thousands of carefully prepared seed
stocks. By effectively leveraging the high read
number capacity of the Illumina sequencing
platform, the Mu-seq protocol enables simulta-
neous analysis of hundreds of UniformMu lines
per library (McCarty et al. 2013a). Insertions are
mapped to base-pair resolution allowing dis-
crimination of closely spaced insertions in the
genome. A typical library is constructed from a
24 x 24 grid containing 576 UniformMu lines
and yields about 3100 independent germinal
insertions. However, due to the accuracy, sensi-
tivity, and flexibility of the Mu-seq approach, a
variety of grid designs and pooling strategies can
be employed for high-throughput genotyping
applications. These include phenotype-to-
genotype strategies as well as the reverse, since
Mu-seq can be used for high-throughput geno-
typing of individuals in segregating families
(Hunter et al. 2014).

9.2.7 Community Portals Provide
Sustainable Access
to the UniformMu
Resource

MaizeGDB is the central portal for the maize
genetics community (MaizeGDB.org). By pro-
viding public access to UniformMu through this
well-established site, we ensure long-term sus-
tainability of the resource. Moreover, through
MaizeGDB, map locations and stock assignments
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of UniformMu insertions are integrated with a
wealth of other genomics and genetics data that
are readily searchable. MaizeGDB.org maintains
an extensive database for genetic information and
hosts gene browsers for sequenced inbred gen-
omes including B73 and W22 (Springer et al.
2018). UniformMu seed stocks are deposited for
distribution to the public by the Maize Genetics
Cooperation Stock Center at the University of
Illinois, Urbana. This center has state-of-the-art
seed storage facilities designed to preserve seed
viability for up to fifty years. Each insertion in the
MaizeGDB.org database is linked to seed stocks
that can be requested directly from the Maize
Genetics Cooperation Stock Center without
charge. By tradition, all user requests made to the
Maize Stock Center are confidential.

9.3 Composition and Applications

of the UniformMu Resource
9.3.1 Composition of the UniformMu
Resource

The current UniformMu public resource contains
14,024 sustainable, seed stocks. As noted earlier,
each of these stocks represents the pooled seeds
of two to five sib-pollinated ears. Mu-seq anal-
ysis of these stocks has identified 74,000 inde-
pendent germinal insertions. Approximately,
65% of these insertions are in or near genes. The
collection includes insertions in at least 17,127
(42%) of the 39,452 maize genes in the filtered
gene set (Gramene.org). The currently available
UniformMu alleles also directly disrupt
protein-coding sequences and probable function
for at least 20% of maize genes.

Our steady-state transposon mutagenesis pro-
tocol has maintained a consistent forward muta-
tion frequency for visible seed phenotypes of
5-7% per individual per generation in the Uni-
formMu population (McCarty et al. 2005). While
the 14,024 sequence-indexed lines have not been
thoroughly phenotyped, we conservatively esti-
mate that the collection includes >900 heritable
seed phenotypes. These mutants are a rich
resource for genetic dissection of seed
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development (Hunter et al. 2014; McCarty 2017)
and other processes. Since the resource went live
on MaizeGDB in 2009, the Stock Center has
fulfilled seed requests from over 1,700 users
worldwide. Request rates continue to rise, and
the Stock Center estimates that over 25,000
UniformMu seed packets have been distributed
to researchers.

9.3.2 Applications of the UniformMu
Resource

The UniformMu resource has been especially
valuable for tackling complex genetic systems
that potentially involve many genes. Examples
span a spectrum that includes disease resistance
(Yang et al. 2017a) seed development (Chen
et al. 2014; Liu et al. 2013; Li et al. 2014; Shen
et al. 2013; Sosso et al. 2015; Sun et al. 2015;
Suzuki et al. 2006, 2008, 2015; Xiu et al. 2016;
Yang et al. 2017b; Cai et al. 2017), vitamin and
cofactor biosynthesis (Yang et al. 2017c), and
domestication (Hufford et al. 2012; Sosso et al.
2015). The UniformMu resource provides
loss-of-function alleles that are (1) readily
accessible, (2) low cost, (3) available for imme-
diate analysis, and (4) in a uniform inbred
background. The lines are also useful for testing
candidate genes identified by GWAS and/or QTL
analyses of complex traits. Although multiple
loci may control the underlying trait, and lists of
candidate genes can vary in size, the roles of
individual genes are ultimately most often tested
by analyzing knockout mutations (Yang et al.
2017a). Since multiple candidates are typically
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involved, the ready availability of UniformMu
insertion alleles can accelerate confirmation-
testing for a subset of candidate genes.

An illustrative application of the UniformMu
resource is genetic analysis of domestication and
improvement phenotypes that involve many
genes. Through genome-wide analysis of SNP
variation in maize and teosinte, Hufford et al.
(2012) identified 1,041 candidates for genes
implicated in maize domestication and improve-
ment (Table 9.1). Their analysis uncovered an
additional 3,995 genes that were less directly
implicated but located in genome regions that
were under selection during domestication and
improvement phases. As shown in Table 9.1, at
least 619 of the implicated genes have coding
exon-insertion (CEI) alleles in the UniformMu
resource. These Mu insertions have a strong
likelihood of disrupting gene function.

Table 9.1 thus presents material that will
allow 619 strong, testable hypotheses to be
addressed, and collectively encompasses ~20%
of all candidate genes for maize domestication
and improvement. As an example, Sosso et al.
(2015) used two insertion alleles from
UniformMu to identify SWEET4C, a hexose-
transporter gene essential for grain-filling. The
SWEET4C is expressed predominantly in the
basal endosperm transfer cell layer of the endo-
sperm. Loss-of-function mutations severely
impact endosperm development, whereas mutant
embryos can be rescued from the developing
seed to produce homozygous mutant plants.
Analysis of natural variation among SWEET4C
alleles in diverse maize inbreds and teosinte
accessions revealed a reduction in sequence

Table 9.1 UniformMu insertions in putative domestication genes

Total genes

Domestication
Candidate genes 468
Linked genes 1296
Improvement
Candidates genes 573
Linked genes 935

Genes with insertions = Genes with CEI alleles®

214 (38%) 82 (18%)

578 (45%) 243 (19%)
285 (38%) 121 (21%)
404 (43%) 173 (19%)

“CEI (Coding Exon Insertion)
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diversity upstream of SWEET4C in maize alleles
compared to those of teosinte. Results supported
SWEET4C as a probable target of selection
during domestication.

While hypotheses regarding gene function are
typically tested using loss-of-function mutations
(e.g., insertions in protein coding exon sequen-
ces), informative dominant phenotypes have
also been observed. For example, Yang et al.
(2017a) initially identified a caffeoyl-CoA
O-methyltransferase gene as a candidate for a
QTL conferring resistance to multiple pathogens.
Unexpectedly, subsequent analysis of Uni-
formMu alleles carrying insertions in the 3'-UTR
of this caffeoyl-CoA  O-methyltransferase
showed an enhanced, rather than a reduced dis-
ease resistance. In this case, the elevated resis-
tance was attributed to an increase in the
steady-state level of mRNA, which in turn
resulted from the Mu insertion in the 3'-UTR.
While the precise mechanism of increased
mRNA stability was not addressed in this study,
results clearly showed that transposon mutations
with informative phenotypes were not limited to
coding exon insertions alone.

9.4 Opportunities for UniformMu
in the Age of Genome Editing

9.4.1 High-Throughput Phenotype

to Genotype Capabilities

of UniformMu

While CRISPR-based gene-editing techniques
are quickly gaining favor for reverse-genetics
applications (Belhaj et al. 2015), the UniformMu
resource is likely to remain an important source
of maize mutants. One advantage of Mu insertion
alleles is that all insertions in a population can be
genotyped in parallel using the high-throughput
Mu-seq platform (McCarty et al. 2013a). This
enables simultaneous genotyping of one or many
insertions in a large population of individuals.
Mu-seq is especially advantageous for forward-
genetics  strategies  (phenotype-to-genotype)
(Hunter et al. 2014). For this reason, an important
goal for future development of the UniformMu
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resource is to include a comprehensive pheno-
typing of insertion lines that will facilitate the
linking of genes to phenotypes using both for-
ward- and reverse-genetics strategies.

9.4.2 Opportunities for Synergy
Between UniformMu
and CRISPR-Cas9

UniformMu and CRISPR-Cas9 can also interact
in synergistic ways. Transposon insertions in
maize genes could well be employed as universal
targets for CRISPR/Cas9 based tools. One pos-
sibility is the development of a MuCRISPR line
that expresses a MuCRISPR guide RNA target-
ing the terminal inverted repeat (TIR) sequences
characteristic of Mu transposons. Such a line
could provide a universal interface for a variety
of Cas9 and dCas9 tools (dCas9 is a catalytically
inactive Cas9 protein that binds guide RNA).
Introduction of a catalytically active Cas9 into a
Mu transposase system would generate deletions
flanking extant Mu insertions. The result would
be the generation of knockout mutants from
existing lines that currently show little to no
disruption of a given gene function. In addition,
various dCas9 fusion proteins could be used to
target genes carrying Mu insertions for activa-
tion, repression or chromatin modification (Qi
et al. 2013; Piatek et al. 2015). In this way, a
small set of stable transgenic maize stocks could
be used to target novel modifications to any of
the 17,000 genes that have UniformMu inser-
tions in currently available lines. This strategy
would also achieve a potentially large cost sav-
ings compared to that of generating a CRISPR
line for each gene. Of course, as with all
CRISPR/Cas9 work, appropriate controls would
need to be employed to manage and identify
off-target effects. In a MuCRISPR system,
this would be particularly important for
Cas9-generated deletions. Once created, a dele-
tion allele of interest could typically be separated
genetically from the Cas9 transgene as well as
off-target mutations. If necessary, the specificity
of a MuCRISPR system could be increased by
targeting internal sequences of specific Mu
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elements. Although Mul insertions are prevalent
in the UniformMu collection, Mul is not present
in the W22 (ACR) genome used as the recurrent
parent. A Mul-specific guide RNA would thus
avoid inadvertent targeting endogenous Mu ele-
ments in the genome.

9.4.3 Concluding Remarks

UniformMu is fulfilling its promise as a sus-
tainable, freely accessible, and highly useful
genetic resource for maize. It will remain an
important complement to emerging gene-editing
approaches and may also provide novel syner-
gisms for functional analysis of the maize gen-
ome and epigenome.
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Abstract

The expression of quantitative traits is com-
plex, often the result of multiple genes acting
in concert, and interacting with the environ-
ment. Determining the genetic control of
quantitative traits can be accomplished using
a number of methods to link genotype to
phenotype, such as linkage-based quantitative
trait locus (QTL) mapping, genome-wide
association mapping (GWAS), and
multi-parent mapping including nested asso-
ciation mapping (NAM) and multi-parent
advanced generation intercrosses (MAGIC).
A wide array of germplasm resources are
available for mapping QTL in maize. The
purpose of this chapter is to provide a brief
overview of QTL mapping methods, to
provide background about commonly used
germplasm resources, and to discuss the
strengths and weakness of each.
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10.1 Introduction
Quantitative trait locus (QTL) mapping entails
finding an association between a genetic marker
and a measurable phenotype. Researchers work
from the phenotype to the genotype, using sta-
tistical techniques to localize chromosomal
regions that contain genes and/or non-coding
sequences contributing to the phenotypic varia-
tion of a quantitative trait in a given population.
Most traits of interest in plant breeding show
quantitative inheritance, which complicates the
selection process since phenotypic performances
only partially reflect the genetic values of indi-
viduals. The genetic variation of a quantitative
trait is controlled by the collective effects of QTL
(epistasis), interactions between QTL, the envi-
ronment, and QTL by environment interactions.
The goal of this chapter is to provide an
overview of methods to detect genotype-to-
phenotype associations for quantitative traits
and to provide information about populations
that are already available. This is not meant to be
an exhaustive review of all traits or QTL asso-
ciations as each trait group is covered in a dif-
ferent chapter of this book.
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10.1.1 Qualitative Versus
Quantitative Traits

In genetics, we can divide traits into two cate-
gories based on their effects on phenotype: qual-
itative and quantitative. Qualitative traits have
discontinuous phenotypic variation, meaning a
qualitative trait can fit into discrete categories.
These are traits that can be referred to simply as
“yes or no” traits, where an individual either has
the trait or it does not. Usually, a single gene or a
small number of genes control qualitative traits.

Conversely, quantitative traits display a con-
tinuous range of variation. Examples of quanti-
tative traits include plant height, flowering time,
and yield. These traits do not fit into discrete
categories and have a continuous distribution.
Generally, a larger number of genes control
quantitative traits. Due to the continuous distri-
bution of phenotypic values, quantitative genet-
ics must employ statistical methods to link
phenotypes to genotypes.

10.1.2 What Are QTL?

A QTL is a region of DNA that is associated with
a particular trait, which varies in degree and
which can be attributed to polygenic effects (i.e.,
the product of two or more genes and the envi-
ronment) (Members of the Complex Trait 2003).
The number of QTL which explain variation in
the phenotypic trait is indicative of the genetic
architecture for that trait; the more QTL, the
more complex the trait.

A QTL is not a gene; at least not in the initial
stages of discovery. A QTL is a large region of
the genome (usually many centiMorgans and
Mbp of DNA) which is linked to or contains the
gene(s) that control a trait. QTL mapping is often
a first step in identifying the actual genes
underlying the trait because it is used to identify
candidate genes in the genomic region. For genes
whose function is already known, candidates can
be identified based on pathways and gene
expression networks. Genes of unknown func-
tion in the region can be compared to other
species to identify homology-based candidates.
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10.1.3 Unknown Genetic
Architectures of Traits

Not all aspects of the genetic architecture of a
particular trait are known. There are a variety of
sources that contribute to the heritability and the
genetic architecture of the trait.

10.1.3.1 Heritability
The goal of the plant breeder is to improve
phenotypic values in a population by identifying
and selecting superior genotypes. Because envi-
ronment also affects the phenotype, there is not a
perfect correspondence between phenotypic and
genotypic values. To predict the outcome of
selection in a collection of genotypes, a breeder
must know the level of correspondence between
phenotypic and genotypic values; this is known
as heritability. Specifically, heritability is the
percentage of the phenotypic variance that is
attributable to differences among individuals in
genotypic value and ranges from O (completely
environmental) to 1 (completely genetic).
Although the heritability of a trait depends on
how it is measured, in what environment(s) it is
measured, and which plants are measured, dif-
ferent traits of maize tend to have different values
of heritability. Qualitative traits, such as cob
color and pericarp color, often have a value of
heritability close to 1. Heritability values for
quantitative traits are typically less but can vary
greatly. For example, heritability can be very
high for flowering (0.94; Buckler et al. 2009) and
kernel protein content (0.83; Cook et al. 2012).
In contrast, grain yield often has a significantly
lower heritability. As a rule, traits with greater
heritability can be modified more easily by
selection and breeding than traits with lower
heritability.

10.1.3.2 Number of Causal Loci

The term causal locus is defined as a functional
genetic locus that influences and helps to explain
the trait of interest. The number of causal loci
contributing to a phenotype varies for different
traits. Some traits are governed by many loci
with smaller effects as is the case with flowering
time (at least 39 QTL; Buckler et al. 2009), while
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others are governed by fewer loci with larger
effects (average of 4 to 5 QTL for amino acid
content in grain; Deng et al. 2017). Generally,
the more causal loci, the smaller the effect of
each locus.

10.1.3.3 Magnitude of the Effects
of Loci

Loci with larger effect sizes are more easily
detected, while loci with smaller effect sizes are
harder to detect. As a result of this, a large
fraction of the genetic architecture of many
complex traits is not well understood.
Small-effect QTLs are often physically linked in
a cluster or linked to large-effect QTL and frac-
tionate during fine mapping, and there are often
extensive epistatic interactions between small-
and large-effect QTLs (Studer and Doebley
2011). A more complete understanding of
quantitative traits will require a better under-
standing of the numbers, effect sizes, and genetic
interactions of small-effect QTL.

10.2 Linkage-Based QTL Mapping

In linkage-based QTL mapping, QTL are map-
ped by identifying molecular markers that cor-
relate with an observed trait (Veldboom et al.
1994; Grimmer et al. 2007; Zhang et al. 2009).
This type of mapping depends upon recent
genetic recombination between two different
plant lines (as a result of a genetic cross) to
identify general regions of interest.

10.2.1 Population Structure

Linkage-based QTL mapping requires the
development of a mapping population, usually
by crossing parents differing for the trait(s) of
interest; e.g., tall x short, resistant x susceptible,
high x low. The most common population
structures include (1) F2 populations, (2) F2:3
populations which are created by self-pollinating
the F2s to allow for replicated phenotypic trials,
(3) BC1 populations where the F1 is backcrossed
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to the parent with the low/susceptible phenotype,
(4) recombinant inbred line (RIL) populations
where the F2s are self-pollinated many genera-
tions to near homozygosity in order to stabilize
the genetics within each family, and (5) inter-
mated RIL populations which allow for addi-
tional recombination prior to inbreeding.
Because there is limited opportunity for recom-
bination during the development of these popu-
lation types, the linkage blocks are large and
require only moderate marker density to define
the recombination events.

10.2.2 Statistical Analyses

Analysis of variance (ANOVA), also known as
single-marker regression, 1is the simplest
method of linkage-based QTL mapping and
was commonly used in the 1990s. The ANOVA
method involves a marker regression at the
marker, and provides an F statistic and associ-
ated p value for each marker. When the markers
are widely spaced, the QTL may be quite far
from all markers, causing low power for QTL
detection.

Interval mapping makes use of a genetic map
of the markers to interpolate locations between
markers and, like ANOVA, assumes the presence
of single QTL (Lander and Botstein 1989). Each
locus is considered at one time, and the logarithm
of odds ratio (LOD score) can be calculated for
the comparison of two hypotheses: the presence
of a QTL at a given position versus a model with
no QTL at that position. A significance level is
calculated by performing permutation testing
(Churchill and Doerge 1994).

Composite interval mapping (CIM) can
determine the location and effect size of QTL
more accurately than single-QTL approaches,
especially in small mapping populations where
the effect of correlation between genotypes in the
mapping population may be problematic. CIM is
performed by using a subset of marker loci,
usually identified by single-marker ANOVA, as
covariates. These markers serve as proxies for
unlinked QTL to increase the resolution of
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interval mapping, by accounting for linked QTL
and reducing the residual variation (Lynch and
Walsh 1998).

10.2.3 Advantages of Linkage-Based
QTL Mapping

There are many methods for linkage-based QTL
mapping, and each has its advantages and dis-
advantages. Single-marker analysis is generally a
good choice when the goal is simple detection of
a QTL linked to a marker, rather than estimation
of its actual position. Interval mapping offers a
further increase in power of detection and more
precise estimates of QTL effects and position.
CIM considers the intervals between markers
plus a few other well-chosen markers in each
analysis, attempting to reduce or remove bias that
occurs when multiple QTLs are linked to the
marker/interval being considered (Lynch and
Walsh 1998). One advantage all methods have in
common is that linkage-based QTL mapping
requires few genetic markers to ensure
genome-wide coverage. In addition, depending
on the population structure, the allelic classes are
more balanced as compared to association anal-
ysis; see below. For example, in an F2 popula-
tion, 50% of the alleles are expected to originate
from each parent leading to higher statistical
power per allele.

10.2.4 Disadvantages
of Linkage-Based QTL
Mapping

Linkage-based QTL mapping is limited to the
genetic diversity present in the parents of the
segregating population, leading to low allele
richness. Both single-marker regression and
interval mapping approaches are biased when
multiple QTL are linked to the maker/interval
being tested. When using CIM, the biggest con-
cern is finding suitable marker loci to serve as
covariates in the analysis to help remove or
reduce bias. The primary disadvantage of
linkage-based approaches is the low mapping
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resolution due to limited recombination during
population development. This low resolution can
be alleviated by greatly increasing population
size and/or increasing recombination through the
use of advanced intercrosses.

10.3 Association Mapping

Association mapping was originally designed for
the analysis of human diseases, but is now
extensively used in plant genetics research as
either a candidate gene association by studying
single-nucleotide polymorphisms within candi-
date genes or as a genome-wide association study
(GWAS) using anonymous molecular markers
distributed across the whole genome.

Association mapping, also known as linkage
disequilibrium (LD) mapping, is a method of
mapping QTL that takes advantage of historic
linkage disequilibrium to link phenotypes to
genotypes, uncovering genetic associations
(Buckler and Thornsberry 2002). It is based on
the idea that polymorphisms underlying the trait
that have entered a population only recently will
be linked to the surrounding genetic sequence of
the original evolutionary ancestor, or in other
words will more often be found within a given
haplotype, than outside of it.

10.3.1 Population Structure
and Linkage

Disequilibrium

Association mapping is generally conducted in
germplasm panels consisting of pre-existing
unrelated materials; i.e., no population develop-
ment is required. The more diverse the germ-
plasm is, the more rapidly LD decays within the
population and the better the mapping resolution,
but the more markers are required. However, if
the population is too diverse, there will be a high
proportion of low-frequency alleles which are
either filtered out (e.g., minor allele frequencies
less than 0.05) or have low statistical power.
Finally, if the population has genetic structure,
then the uneven distribution of alleles among the
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subpopulations could lead to false positives
unless population structure is accounted for in
the statistical model (Yu et al. 2006). The art of
assembling an association panel lies in balancing
these factors.

10.3.2 Types of Association Mapping

10.3.2.1 Candidate Gene Based

As mentioned above, association mapping can be
candidate gene based in which single-nucleotide
polymorphisms are studied within candidate
genes (Castiblanco et al. 2017). Genes associated
with a phenotype of interest are selected for
association mapping, and polymorphisms in only
these pre-selected genes are identified and tested
for association with the trait. Candidate
gene-based approaches remain the most effective
way of dissecting complex traits for species
where sufficiently dense marker assays are not
yet developed (Thavamanikumar et al. 2011), a
situation that is becoming increasingly rare with
the advent of next-generation sequencing-based
marker systems.

10.3.2.2 Genome-Wide Association
Studies (GWAS)

GWAS studies investigate the entire genome, by
rapidly scanning markers across a genome to
identify SNPs associated with a particular phe-
notype. GWAS requires corrections for popula-
tion structure using PCA and/or kinship matrices
in order to prevent false positives (Yu et al.
2006). Depending on the germplasm and the
extent of linkage disequilibrium, GWAS gener-
ally cannot identify which polymorphisms are
causal but often identifies the likely candidate
gene. To date, GWAS experiments have been
performed for a variety of traits in maize; see
below for examples.

GWAS experiments are performed by scan-
ning the entire genome for significant associa-
tions between a panel of SNPs and a particular
phenotype. Associations must then be indepen-
dently verified in order to show that they either
(a) contribute to the trait of interest directly, or
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(b) are linked to/in linkage disequilibrium with a
QTL that contributes to the trait of interest.

10.3.3 Advantages of Association
Mapping

Association mapping has several advantages
over linkage mapping in traditional biparental
populations: (1) Currently existing populations
are used rather than generating a population via a
biparental cross; (2) a potentially large number
of alleles per locus—compared to only two—can
be surveyed simultaneously; and (3) dramati-
cally increased resolution can be achieved
(Flint-Garcia et al. 2005). Given enough statis-
tical power and marker coverage, the low LD in
maize may allow for the identification of the
causative polymorphism within a candidate gene.

10.3.4 Disadvantages of Association
Mapping

Association mapping requires extensive knowl-
edge of SNP relationships within the genome,
particularly in maize where LD breaks down
rapidly in diverse germplasm (Flint-Garcia et al.
2003), implying that tens of millions of SNPs
may be required to characterize the haplotype
structure. GWAS may have reduced statistical
power for detecting rare alleles because the
power for detecting a QTL is determined by the
frequency of alleles (Myles et al. 2009). False
positives can be seen due to population structure;
however, there are ways to correct for population
structure (Thornsberry et al. 2001). If population
structure contributes to the variation in your trait,
over-correcting for population structure may lead
you to many false negatives.

10.4 Nested Association Mapping

Linkage analysis and association mapping are two
commonly used approaches to dissect the genetic
architecture of quantitative traits (Mackay 2001;
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Lander and Schork 1994). Linkage analysis and
association mapping are complementary approa-
ches: Linkage analysis often identifies large
chromosome regions of interest with relatively
low marker coverage, while association mapping
provides high resolution with very high marker
coverage (Thornsberry et al. 2001; Hirschhorn
and Daly 2005). Nested association mapping
(NAM) aims to create an integrated mapping
population specifically designed for a full genome
scan with high mapping resolution and high
power for QTL with different effect sizes.
The NAM strategy addresses complex trait dis-
section at a fundamental level through generating
a common mapping resource that enables
researchers to efficiently exploit genetic, genomic,
and systems biology tools (Yu et al. 2008). Cur-
rently, the NAM strategy has been employed for
maize (McMullen et al. 2009) and other species
(Fragoso et al. 2017; Song et al. 2017; Bajgain
et al. 2016), with NAM populations under
development for many other species.

10.4.1 Advantages of NAM

NAM takes advantage of both historic and recent
recombination events in order to achieve low
marker density requirements, high allele rich-
ness, high mapping resolution, and high statis-
tical power, with none of the disadvantages of
either linkage analysis or association mapping.
This allows for the discovery of QTL with
greater precision and accuracy. Parental alleles
are shuffled over several generations through
segregation and genetic recombination providing
new combinations of alleles for study. NAM
populations also have an added benefit, in that
they can function as an archive for genetic
diversity.

10.4.2 Disadvantages of NAM

Unless a NAM population already exists as in the
case of maize, a new population must be gen-
erated which utilizes both time and resources.
Challenges include ensuring that the pedigree of
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each cross is maintained while advancing to the
next generation, that the founders are diverse
enough to carry different alleles for important
characteristics, and that near-complete homozy-
gosity is reached in the final population.
While NAM captures thousands of recombina-
tion events, recombination and segregation dis-
tortion vary among different families which can
limit the precision of genetic dissection of
quantitative traits (McMullen et al. 2009; Lade-
jobi et al. 2016).

10.5 Available QTL Mapping
Populations and Germplasm
Resources

10.5.1 Intermated B73/Mo17 (IBM)

Hundreds of linkage-based QTL populations

have been created over the past 30 years; each is

focused on a specific trait(s) but rarely made
available to the public. However, the maize
community in the public sector has championed
the use of the intermated B73 X Mol7

(IBM) population as a central linkage mapping

resource because of the historical value of the

two parents and the value of merging the genetic
map (IBM) to the maize genome (B73) (Coe

et al. 2002).

The IBM population was the first widely used
QTL population derived from additional gener-
ations of intermating prior to inbreeding (Lee
et al. 2002). The IBM is comprised of approxi-
mately 300 RILs, 94 of which are referred to as
“the core set.” The RILs were derived from the
single-cross hybrid of inbreds B73 (female) and
Mol7 (Lee et al. 2002). A single F1 plant was
self-pollinated to produce the F2 generation. In
the F2, plants were used once, as male or female,
in a cross with another plant so that 250 pairs of
plants were mated. A single kernel was taken
from each ear and bulked with the seed of the
other ears to form the Synl generation. This
procedure was repeated for four additional gen-
erations to produce the Syn5 generation. The
increased opportunity for recombination in IBM
has resulted in an almost four-fold increase in the
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genetic map distance compared with conven-
tional non-intermated RIL populations, allowing
for more precise definition of QTLs. IBM has
been widely used for developing genetic markers
and anchoring them to the genetic map as well as
the physical map (Coe et al. 2002) and for
studying the genetic architecture of numerous
traits (e.g., Eichten et al. 2011; Ordas et al. 2009;
Rodriguez et al. 2008; Zhang et al. 2010a; Baxter
et al. 2013; Balint-Kurti et al. 2007; Dubois et al.
2010; Hazen et al. 2003).

10.5.2 Association Panels

Describing the commonly used association pan-
els is a somewhat difficult task. They do not
require additional population development as
they are typically collections of materials previ-
ously created by multiple groups. Because of
this, association panels are extremely easy to
modify by merging panels together, dropping
various groups of germplasm from a panel based
on phenology (e.g., adaptation to temperate or
tropical environments) and/or germplasm avail-
ability (e.g., not all germplasm is publicly
available), and customizing panels for specific
traits by adding lines chosen for extremes in the
trait. Studies often report phenotypes on multiple
panels for the same trait(s), and the results are
compared in the context of allele frequencies and
population structure. The following is a short list
of the most commonly used association panels.

10.5.2.1 Maize 282 Association Panel

The maize 282 association panel was one the
earliest association panels in maize and consists
of breeding lines assembled by Major Goodman
(Flint-Garcia et al. 2005). The very first maize
association panel by Thornsberry et al. (2001)
consisted of 102 inbred lines, but it was quickly
realized that this small of a panel had insufficient
power to detect QTL; hence, it was increased to
302 inbred lines (Flint-Garcia et al. 2005) based
on pedigree information (e.g., Gerdes et al. 1993)
and prior to the availability of SNPs to charac-
terize germplasm relationships. After genotyp-
ing, a number of isolines (highly related lines
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derived from backcrossing with B73, for exam-
ple) were identified and removed from the panel
yielding the current 282 association panel. The
282 panel, also known as the Goodman—Buckler
panel, represents a sample of the diversity pre-
sent in the public sector including current
breeding lines (at the time of development) as
well as historically important lines from both
temperate and tropical programs. This associa-
tion panel has been used for a variety of associ-
ation studies since its creation (e.g., Krill et al.
2010; Hung et al. 2012; Cook et al. 2012; Hu
et al. 2018; Diepenbrock et al. 2017; Hu et al.
2017; Olukolu et al. 2016; Zhang et al. 2010b;
Butron et al. 2010; Harjes et al. 2008; Benke
et al. 2015; Samayoa et al. 2015; Olukolu et al.
2013).

10.5.2.2 Ames Association Panel

The USDA North Central Regional Plant Intro-
duction Station (NCRPIS) in Ames, Iowa,
maintains over 3000 maize inbreds from around
the world. The Ames panel was created by
choosing over 2500 inbred lines from the
NCRPIS inbred collection based only on suffi-
cient seed availability and a minimum of five
generations of self-pollination to ensure an
inbred nature, and represents nearly a century of
maize breeding efforts. The panel has been
genotypically characterized by genotyping-by-
sequencing (GBS; Elshire et al. 2011) in order to
assist with curatorial management of germplasm
collections and to evaluate diversity within
breeding programs (Romay et al. 2013) and for
use in association mapping (Lu et al. 2015; Xue
et al. 2016; Peiffer et al. 2014; Zila et al. 2013).
Because the population is so large and geneti-
cally diverse, subsets of lines from the Ames
association panel have been used successfully to
characterize many different traits (Pace et al.
2015).

10.5.2.3 Wisconsin Diversity Panel

A subset of the Ames panel with a reduced
phenology for adaptation to the northern corn
belt was chosen and is known as the Wisconsin
Diversity Panel (WiDiv). This panel contains 627
lines selected based on flowering in the target
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environment of Wisconsin, agronomic suitabil-
ity, uniformity, and seed supply (Hansey et al.
2011).

Many of the WiDiv panel lines trace back to
eight open-pollinated populations including Iowa
Stiff Stalk, Minnesota No. 13, Reid Yellow Dent,
Lancaster Surecrop, Golden Glow, Funk Yellow
Dent, Pride of Saline, and Krug among others.
Having multiple genotypes derived from the
same open-pollinated population helps to main-
tain a balance of allele frequencies which results
in increased statistical power. The WiDiv has
been used in a number of high throughput image
analysis projects to investigate stalk, tassel, ear,
and kernel morphology traits (Miller et al. 2017,
Gustin et al. 2013; Heckwolf et al. 2015; Muttoni
et al. 2012), and for GWAS studies of
juvenile-to-adult vegetative and vegetative-to-
reproductive developmental transitions (Hirsch
et al. 2014b) and tassel traits (Gage et al. 2018).

10.5.2.4 CIMMYT Association Panels
The International Center for Maize and Wheat
Improvement (CIMMYT) has a global mandate
for improving the productivity and sustainability
of maize and wheat in developing countries
(Hoisington et al. 1999). The CIMMYT maize
germplasm bank contains over 28,000 seed
samples, including inbred lines, breeding popu-
lations, landraces, and wild relatives. To leverage
this germplasm resource, CIMMYT has devel-
oped a number of GWAS panels, primarily to
study grain carotenoid content and drought tol-
erance. The carotenoid research was conducted
on two panels: a set of 245 diverse maize inbred
lines predominantly derived from tropical and
subtropical adapted maize germplasm (Yan et al.
2010) and the carotenoid association mapping
(CAM) panel consisting of 380 primarily diverse
tropical and subtropical lines assembled by
the HarvestPlus-funded program at CIMMYT
(Suwarno et al. 2015).

The CIMMYT drought panel of 350 inbred
lines was used to test candidates in abscisic acid
(ABA) in response to drought (Setter et al. 2011)
and to conduct GWAS for agronomic trait
(Xue et al. 2013) and metabolic (Zhang et al.
2016) responses to drought as compared to
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well-watered conditions. In addition, the
drought-tolerant maize for Africa (DTMA;
~250-300 lines) and improved maize for Afri-
can soils (IMAS; ~400 lines) panels were
combined to identify a major QTL for resistance
to tar spot complex (Mahuku et al. 2016) and
maize lethal necrosis disease (Gowda et al.
2015). Finally, another collection of 940 African
lines was genotyped (Semagn et al. 2012) and
evaluated disease resistance including Fusarium
ear rot (Chen et al. 2016).

10.5.2.5 Chinese Association Panels

The first Chinese association panel was com-
posed of 155 diverse temperate-adapted maize
inbred lines from China (Yang et al. 2010) and
was later referred to as the Chinese association
mapping (CAMI155) panel in subsequent publi-
cations by the lead authors (Li et al. 2011). This
panel was used in a GWAS study of kernel
carotenoids (Yan et al. 2010), before being
merged with other germplasm to form additional
panels such as the AM508 (see below).

A broader global diverse line panel of
527/513 inbred lines representative of tropical,
subtropical, and temperate germplasm was col-
lected to construct a larger association panel
(Yang et al. 2011). This collection includes 527
lines from the GEM project, CIMMYT maize
breeding programs, elite parents of commercial
hybrids widely used in China, lines derived from
Chinese landraces, and high-oil and high-
provitamin A lines; 513 lines were genotyped
with the Illumina MaizeSNP50 array and used
for GWAS of kernel a-tocopherol content (Li
et al. 2012), maize rough dwarf mosaic virus
(Chen et al. 2015), and a large number of plant,
ear, kernel, and yield-related traits (Yang et al.
2014), among many other traits.

More recently, the 527-/513-inbred line panel
above was reduced to a 508-inbred line panel
known as AM508 which was first described in an
investigation of kernel oil content (Li et al.
2013). A commonly used subset of the AMSO08 is
a set of 368 lines which was subjected to
RNA-seq (Fu et al. 2013). This 368-line panel
was used to investigate many traits and
phenomena such as expression QTL (eQTL),
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regulatory networks, non-coding sequences, and
metabolites in the developing kernel (Fu et al.
2013; Wen et al. 2014; Liu et al. 2017).

10.5.2.6 European Association Panels

A widely used panel in Europe consisted of 375
inbred lines representative of American, Euro-
pean, and tropical maize (Camus-Kulandaivelu
et al. 2006) which included the original
102-inbred subset of the 282 (Thornsberry et al.
2001) and a unique set of 153 inbreds derived
from self-pollinating European landraces. This
panel was used to study epistatic interactions in
Opagque? for kernel traits (Manicacci et al. 2009),
flowering time (Durand et al. 2012; Camus-
Kulandaivelu et al. 2006), and phenology and
plant architecture traits (Bouchet et al. 2016).

A set of 289 diverse dent inbred lines from the
Americas, Europe, and China has been assem-
bled to investigate genomic and metabolic pre-
diction of heterosis (Riedelsheimer et al. 2012a)
as well as GWAS for leaf metabolites and
biomass-related traits (Riedelsheimer et al.
2012b).

Another recent association panel, of sorts, is
comprised of two separate panels of 306 dent and
292 flint maize inbred lines based on collections
of Spanish, French, and German breeders from
the Cornfed Project. These are often evaluated as
hybrids with the opposite heterotic group (i.e.,
flint panel crossed with dent tester and vice
versa). This panel has been investigated for cold
tolerance (Revilla et al. 2016).

10.5.2.7 Other Association Panels

Private industry has also used association anal-
ysis using their propriety germplasm, though few
GWAS studies have been published by industry.
Of those published, Belo et al. (2008) used 553
historically important and current elite maize
inbred lines from Pioneer Hi-Bred to conduct
GWAS for fatty acid content in kernels; 1,487
inbred lines from Limagrain representing elite
European and North American germplasm were
used to investigate northern corn leaf blight (Van
Inghelandt et al. 2012); and Dow AgroSciences
used 300 inbreds, including 215 Dow proprietary
lines of North and South American origin, to
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validate QTL for gray leaf spot (Mammadov
et al. 2015).

Additional trait- and geography-specific pan-
els have been assembled. For example, the
300-inbred line panel of Warburton et al. (2013)
was used to investigate resistance Aspergillus
flavus, aflatoxin accumulation, and drought
(Warburton et al. 2013; Farfan et al. 2015).
A subset of 287 these 300 lines has been used to
map resistance to corn earworm and associated
metabolic pathways (Warburton et al. 2018).
A Brazilian panel of 183 lines was assembled to
conduct GWAS for Fusarium ear rot resistance
(Coan et al. 2018), but is being expanded to 335
(M. Warburton, personal communication). A set
of 240 Indian and CIMMYT lines were analyzed
for associations with yield and yield component
traits under drought conditions (Thirunavukkar-
asu et al. 2014).

10.5.3 US NAM

The US NAM consists of 5000 RILs derived
by crossing 25 diverse maize lines to B73
(McMullen et al. 2009). The 25 diverse inbred
lines were chosen as parents to maximize diver-
sity encompassed in the 282 association panel
(Flint-Garcia et al. 2005) and preserve historic
linkage disequilibrium (Yu et al. 2008). Each
parental line was crossed to B73, the inbred
chosen for the reference genome. The F1 plants
were then self-pollinated by single seed descent
for six generations to create a total of 200
homozygous RILs per family, for a total of 5000
RILs which were originally genotyped with 1536
SNPs (McMullen et al. 2009) and subsequently
by GBS. Benefits of using the US NAM popu-
lation for QTL mapping include broader genetic
diversity, higher mapping resolution than indi-
vidual biparental populations, and an increase in
statistical power because allele frequencies are
balanced within each family. While the US NAM
population only taps the diversity of 25 founder
lines, it is large enough to address questions
regarding magnitudes of QTL effects, heterosis,
and the mapping of numerous genes controlling
various traits (e.g., Buckler et al. 2009; Poland
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et al. 2011; Cook et al. 2012; Hirsch et al. 2014a;
Handrick et al. 2016; Kump et al. 2011; Tian
et al. 2011; Benson et al. 2015; Brown et al.
2011).

10.5.4 European NAM

The European NAM population was created by
creating two half-sib panels of 11 and 13 half-sib
families, one for European Dent and one for
European Flint maize, respectively (Bauer et al.
2013). Each of the two panels consists of a
common parent crossed to founder lines that
represent important and diverse breeding lines of
the European maize germplasm. In the Dent
panel, a central line (F353 from France) was
crossed with ten Dent founder lines. In the Flint
panel, the central line (UHOO7 from Germany)
was crossed with 11 Flint founder lines. In
addition, each of the common parents was cros-
sed with B73, and the reciprocal populations
F353xUHO007 and UHO07xF353 were generated.
These additional populations were made to con-
nect the two panels to each other and with the
US NAM population. All progenies are
homozygous doubled haploid lines obtained
from F1 plants. The resulting 24 doubled haploid
populations each consist of 35-129 lines, for a
total of 2,267 doubled haploid lines, and have
been genotyped with the Illumina MaizeSNP50
array (Ganal et al. 2011). The European NAM
population has been used to study recombination
rate (Bauer et al. 2013) and genomic prediction
of yield (Lehermeier et al. 2014).

10.5.5 Chinese NAM

The Chinese NAM (CN-NAM) population was
developed by crossing 11 diverse inbred lines
representing the heterotic groups used in Chinese
maize breeding with the common parent “HZS”
which has wide adaptability and good combining
ability. The F2s were self-pollinated to create
1971 RILs which were genotyped by GBS (Li
et al. 2015). The CN-NAM population has been
used to dissect drought tolerance (Li et al.
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2016a), inflorescence size (Wu et al. 2016), and
flowering time (Li et al. 2015, 2016b).

10.5.6 Multi-parent Advanced
Generation Intercrosses
(MAGIC) and Other
Multi-parent Populations

Multi-parent advanced generation intercross
(MAGIC) populations have now been developed
for a variety of species including maize, rice,
wheat, and Arabidopsis (Dell’Acqua et al. 2015;
Bandillo et al. 2013; Huang et al. 2012; Kover
et al. 2009). The maize MAGIC population
contains 1636 RILs derived from eight geneti-
cally diverse founder lines that were crossed in a
funnel breeding design (Dell’Acqua et al. 2015).
RILs were produced by pooling two-way,
four-way, and eight-way hybrids in 35 indepen-
dent breeding funnels (subfamilies). Each funnel
was advanced by single seed descent to the F6
generation. This MAGIC population has been
used to investigate flowering time, plant and ear
height and grain size (Dell’Acqua et al. 2015).
The mapping power and resolution of
MAGIC maize are strengthened by high minor
allele frequencies and a rapid decay of linkage
disequilibrium. Similar to the US NAM popula-
tion, MAGIC maize has broader genetic diver-
sity, higher resolutions than biparental
populations, and a reduction of problems asso-
ciated with the frequency of rare alleles (Holland
2015). These benefits make MAGIC maize a
useful population for QTL mapping in maize.
A more recent multi-parent mapping method
is called random-open-parent association map-
ping (ROAM), where RIL populations are
derived from a number of inbred lines crossed in
combinations without an a priori requirement to
interconnect across populations (Xiao et al. 2016;
Pan et al. 2016). In concept, the ROAM method
could be used when merging multiple NAM
panels together, such as the US, CN, and Euro-
pean NAM populations, where different common
hub parents are used and where a variable
number of populations are derived from each
hub. An advantage of ROAM is that additional
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families can be developed and added, as there is
no a priori design to the larger ROAM popula-
tion. A possible disadvantage is that there may be
lower power for some alleles due to unbalanced
allele frequencies among the parents (Xiao et al.
2017).

10.6 Conclusions

The goal of this chapter was to provide an
overview of methods for genotype-to-phenotype
associations and introduce some of the mapping
resources that are available for study. Detailed
reviews of QTL and GWAS analyses for insect
resistance, fungal diseases, cold tolerance, root
system architecture traits, nitrogen use efficiency,
and kernel oil content can be found in other
chapters of this book.
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