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Abstract

Alternative polymerase genome regulation in Zea mays

by

Karl Francis Erhard Jr.

Doctor of Philosophy in Plant Biology

University of California, Berkeley

Professor Jay B. Hollick, Chair

In maize, mouse, and other eukaryotes, paramutation refers to a process by which
heritable changes in gene regulation are facilitated by interactions between alleles on
homologous chromosomes.  As typically described, alleles conferring relatively high
gene action invariably change to a repressed expression state when heterozygous with
specific alleles or allelic states.  Operationally, paramutation violates the first law of
Mendelian inheritance that alleles segregate unchanged from a heterozygote and thus has
important implications for normal genome function and evolution.

By mutation selection and positional cloning, I show in this thesis that the largest
subunit of the presumed maize Pol IV is involved in paramutation and normal maize
development as well as in the biogenesis of small interfering RNAs (siRNAs).  Nuclear
run-on transcription assays indicate that Pol IV does not engage in efficient RNA
synthesis typical of the three major eukaryotic DNA-dependent RNA polymerases.
Additionally, I show that specific haplotypes of the purple plant1 (pl1) locus, encoding
an anthocyanin pigment regulator, acquire and retain a spatially expanded expression
domain in the kernel aleurone following transmission from siRNA biogenesis mutants.
This conditioned expression pattern is progressively enhanced over generations in Pol IV
mutants and remains heritable after restoration of Pol IV function.  pl1 expression in
kernels is associated with promoter-proximal transposable element (TE) fragments, but is
independent of sequences required for paramutation.  These results indicate that trans-
generational Pol IV action defines the expression patterns of haplotypes using co-opted
transposon-derived sequences as regulatory controlling elements.  Finally, I present
nascent RNA libraries of Pol IV mutants and wild-type siblings that represent the first
global, transcription-based analyses in plants.  The transcription profiles of both
endogenous genes and TEs in the maize genome are altered in Pol IV mutants in both the
sense and antisense orientation.  The results presented in this thesis indicate that Pol IV
employs abnormal RNA polymerase activities to achieve genome-wide silencing and that
disruption of its function by mutation affects both heritable epigenetic changes to gene
regulation and maize development.
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Chapter 1

Introduction

Note: Portions of this chapter have been previously published in:
ERHARD, K. F. and HOLLICK, J. B. Paramutation:  A Process for Acquiring Trans-

Generational Regulatory States.  Curr. Op. Plant Biol. 14, 210 (2011).

Basic tenets of Mendelian inheritance are violated by paramutations, in which
trans-homologue interactions lead to heritable changes in gene regulation and phenotype.
First described in plants (Brink 1956), similar behaviors have now been noted in diverse
eukaryotes (Suter and Martin 2010).  Genetic and molecular studies of paramutations
occurring in maize indicate that components of a small interfering RNA (siRNA)
biogenesis pathway are required for the maintenance of meiotically-heritable regulatory
states.  Although these findings lead to a hypothesis that siRNAs themselves mediate
paramutation interactions, an assessment of existing data supports the opinion that
siRNAs alone are insufficient.  Recent evidence implies that transcription of
paramutation-associated repeats and siRNA-facilitated chromatin changes at affected loci
are involved in directing and maintaining the heritable changes in gene regulation that
typify paramutations.

Paramutations have been best characterized in Zea mays at specific alleles of the
red1 (r1), booster1 (b1), purple plant1 (pl1) and pericarp color1 (p1) loci, all of which
encode pigment regulators (Dooner et al. 1991).  In all examples described to date
(Chandler and Stam 2004, Erhard and Hollick 2011), the expression of an allele inherited
in a paramutable state (Box 1) is repressed when combined in a heterozygote with a
partner allele inherited in a paramutagenic state (Box 1).  The altered regulatory state of a
newly repressed allele is meiotically-heritable, and is transmitted in a paramutagenic state
(Fig 1A).  The mechanism responsible for acquiring (Fig 1A) and maintaining (Fig 1C)
these trans-generationally stable regulatory states is not fully understood.  Studies in both
maize (Hollick 2010) and mice (Suter and Martin 2010) implicate an RNA-based
mechanism for transferring regulatory information between alleles, leading to the
speculation that some aspects of paramutation are conserved across the Eukarya (Suter
and Martin 2010).  Mutational analyses in maize indicate that paramutations are affected
by components of a small interfering RNA (siRNA) biogenesis pathway (Fig 2).  These
findings raise the possibility that paramutation represents an “extreme manifestation” of
an RNA interference (RNAi)-type pathway (Teixeira and Colot 2010).

A myriad of small RNA-based regulatory systems have now been described
across the kingdoms of life (Ghildiyal and Zamore 2009).  Small RNAs can program the
epigenome of gametes in both Drosophila ovaries (Brennecke et al. 2008) and
Arabidopsis pollen (Slotkin et al. 2009), implicating a role for some siRNAs in
transmitting epigenetic information across generations.  In plants, the majority of non-
symmetrical cytosine methylation patterns are maintained through the action of 24
nucleotide (nt) siRNAs generated from repetitive sequences by alternative RNA
polymerase (RNAP) complexes (Fig 2) (Haag and Pikaard 2011).

Many mechanistic features of paramutation remain unresolved, such as its
developmental timing, the epigenetic feature(s) that defines heritable paramutagenic
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states (Box 1), and the molecular roles that trans-acting factors play in affecting either
the acquisition (Fig 1A) and/or maintenance (Fig 1C) of paramutagenic states.  This
introduction highlights recent studies of the paramutation mechanism and places in
context the findings presented in subsequent chapters of this thesis.

Mechanistic Link Between Paramutation and siRNAs

Mutational analyses indicate that molecules responsible for producing or
stabilizing 24nt siRNAs (Fig 2) are required to either facilitate and/or maintain
paramutations (Alleman et al. 2006, Hale et al. 2007, Erhard et al. 2009, Stonaker et al.
2009).  These findings lead to hypotheses in which siRNAs mediate trans-homologue
interactions as diffusible molecules with the potential to transfer regulatory information
between alleles (Arteaga-Vazquez and Chandler 2010).  However, the exact role siRNAs
play in paramutation is still unclear.  Searches for potential siRNA signatures of
paramutation have focused on the functionally important cis-linked repeat sequences
located approximately 100 kilobases (kb) 5’ of the B1-I allele (upstream repeats) (Table
1).  Recently, Arteaga-Vasquez et al. found no difference in siRNA profiles from B1-I
alleles in either the B’ (paramutagenic) or the B-I (paramutable) regulatory states using
both small RNA deep sequencing and Northern blots (Arteaga-Vazquez et al. 2010).
However, overexpression of a transgenic hairpin construct designed to produce upstream
repeat-like siRNAs does appear to facilitate paramutation (Box 1) of a naïve B-I allele
(Arteaga-Vazquez et al. 2010).  These two results indicate that if siRNAs themselves do
facilitate b1 paramutation, then either tissue-specificity and/or a threshold level of siRNA
production from the upstream repeats are likely important to their function.  Tissue-
specific profiles of both siRNAs and the molecular changes they facilitate at affected loci
may be needed to implicate specific siRNA functionality in paramutation.  As the
heritable regulatory changes associated with paramutation are functionally tied to
meiosis, or a process tightly linked to meiosis (see discussion of this point below), tissues
enriched for inflorescence meristems, gametogenic cells and haploid gametes will be
relevant to assay.

Mutant analyses described to date do not appear to support the hypothesis that
siRNAs are required for all paramutation behaviors.  Pl’ states are always transmitted
from Pl’/Pl’ plants that are deficient for RPD2a (Stonaker et al. 2009) (Fig 1D), yet
mostly Pl-Rh states are transmitted from Pl’/Pl’ plants lacking RPD1 (Hollick et al.
2005, Erhard et al. 2009) (Fig 1E).  This contrasting behavior is especially curious, as
both RNAP molecules are required for the majority of 24nt siRNA accumulation (Hollick
et al. 2005, Erhard et al. 2009 Stonaker et al. 2009).  Additionally, paramutation can be
facilitated (Box 1) at naïve paramutable Pl-Rh alleles in the absence of RMR1-dependent
siRNAs (Hale et al. 2007) (Fig 1B).  Plants with B’/B’; +/mop2-1 genotypes have
weakly-pigmented B’ phenotypes even though RPD2a-dependent siRNAs are depleted in
these individuals (Sidorenko et al. 2009).  However, neither pl1 or b1 paramutation can
be acquired in rmr6/rpd1 (Hollick et al. 2005) or mop1/rdr2 mutants (Dorweiler et al.
2000).  In total, these studies indicate that siRNA action alone is insufficient for certain
aspects of paramutation, such as acquisition of paramutagenic Pl' states (Box 1) and
maintenance of repressed B’ and Pl’ states in the sporophyte.  It is possible that RMR1-
dependent siRNAs are immaterial for paramutation or that RMR6/RPD1 and
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MOP1/RDR2 function, separate from their roles in siRNA biogenesis, are required to
facilitate the acquisition of a meiotically-heritable paramutagenic state.  It is also possible
that only specific components affect transcription, rather than siRNA biogenesis, of
paramutation loci, leading to heritable de-repression.

Small RNAs can also act in a non-cell autonomous manner and there are now
many examples in which small RNAs generated from companion cells or nuclei are able
to target sequences in adjacent cell types or nuclei (Brennecke et al. 2008, (Brennecke et
al. 2008, Aronica et al. 2008, Dunoyer et al. 2010, Molnar et al. 2010, Olmedo-Monfil et
al. 2010).  If paramutagenicity were dependent on siRNAs per se, gametophytes
harboring a particular siRNA-producing locus would produce respective sperm and eggs
containing these siRNAs.  However, non-equivalent sperm cells can be produced in a
single pollen grain as a result of chromosome non-disjunction events and, in those cases
that have been examined, only the sperm cell receiving the paramutagenic locus can
generate plants in which paramutation events continue (Hollick and Chandler 1998).
This result indicates that any germline transmitted siRNAs are insufficient to facilitate
paramutation in the next generation.

Paramutation and Transcriptional Control of Repetitive Sequences

In addition to the distinct and shared subunits that comprise the eukaryotic DNA-
dependent RNA Polymerases I, II and III (Pols I, II, III) (Archambault and Friesen 1993),
plant genomes encode alternative subunits used in the specialized Pols IV and V (Haag
and Pikaard 2011).  Pols IV and V evolved by independent duplication and
subfunctionalization of several distinct Pol II subunits (Luo and Hall 2007, Tucker et al.
2010), including RNA Polymerase B1 (RPB1) and RPB2, the catalytic largest and
second-largest subunits, respectively.  As of the writing of this thesis, in vitro evidence
for Pol IV or V transcription has not been described, though distinct roles of Pols IV and
V in small RNA-directed chromatin modifications have been characterized by molecular
genetic experiments in Arabidopsis (Haag and Pikaard 2011).

Loss of Pol IV function in Arabidopsis results in loss of the majority of 24
nucleotide (nt) small interfering RNAs (siRNAs) (Haag and Pikaard 2011), which are
highly enriched for repetitive sequences such as transposable elements (TEs) (Kasschau
et al. 2007).  Pol IV thus acts upstream in an siRNA biogenesis pathway, presumably by
transcribing primary RNA transcripts from repetitive templates.  Pol IV-dependent
transcripts are made double-stranded by an RNA-dependent RNA polymerase, RDR2 in
Arabidopsis, and cleaved into 24 nt siRNAs by a Dicer-like endonuclease, DCL3 (Haag
and Pikaard 2011).   These siRNAs are loaded onto Argonaute proteins (AGO4, AGO6,
AGO9) (Haag and Pikaard 2011) and guided to complementary DNA sequences by
interactions with Pol V- (Wierzbicki et al. 2008) and Pol II-generated (Zhang et al. 2009)
non-coding transcripts.  Recruitment of chromatin modifiers, such as cytosine
methyltransferases, is facilitated by siRNA-AGO interaction with Pol V/II transcripts
(Haag and Pikaard 2011).  Consequently, TEs and other repetitive DNA in the
Arabidopsis genome exhibit Pol IV/V-dependent cytosine methylation, which is
associated with heterochromatin (Haag and Pikaard 2011).  However, the biological
importance of Pol IV/V-dependent chromatin modifications in Arabidopsis has remained
unclear, as Pol IV/V subunits are dispensable for its viability (Haag and Pikaard 2011).
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Repetitive sequences are genomic targets of an RNA-dependent DNA
methylation (RdDM)-type machinery (Fig 2) that maintains transcriptional repression of
paramutant states (Hollick 2010).  Perhaps not surprisingly, the cis-acting sequences
functionally required for paramutation at the r1, b1 and p1 loci (Kermicle et al. 1995,
Walker 1998, Panavas et al. 1999, Stam et al. 2002, Sidorenko and Peterson 2001) are
repeated sequences (Table 1).  In all three examples, the cis-acting sequences act as
transcriptional regulatory elements, indicating that transcription of paramutagenic states
is important to the mechanism responsible for paramutation interactions.  In Arabidopsis,
transcription of intergenic regions by Pol V (Wierzbicki et al. 2008) and Pol II (Zheng et
al. 2009) produce scaffold RNAs that can guide Pol IV-dependent AGO4-bound siRNAs
to targeted loci (Fig 2).  Scaffold RNA-producing transcription guiding RdDM to
repetitive loci presents an attractive model that accounts for the relationship between Pol
IV-dependent siRNA function and transcription of paramutation-associated repeats.  The
b1 upstream repeats are transcribed in both directions (Alleman et al. 2006), primarily by
Pol II (Arteaga-Vazquez et al. 2010), though no significant differences in transcription
rates between B’ and B-I have been noted (Alleman et al. 2006).  Determining the
relationship between transcription of repetitive sequences by diverse RNAPs, siRNA
signatures and the epigenetic changes mediated by siRNAs will be important for
resolving the function of siRNAs in paramutation.

Recent findings by Brzeska et al. indicate that a CXC-domain DNA binding
protein – CBBP – may be sufficient to induce paramutation of a naïve B-I allele.
Identified in a yeast one-hybrid screen for proteins interacting with a portion of the
upstream repeats, CBBP was found to form multimers that bind preferentially near a
repeat junction (Brezska et al. 2010).  Because repression of the B-I state resulted from
overexpression of cbbp from a constitutively expressed transgene construct, it remains
unknown whether the amount of CBBP binding or the timing of its binding are
significant parameters of its function.  Repression of B-I facilitated by cbbp
overexpression is also less heritable than that facilitated (Box 1) by an endogenous B’
allele (Brezska et al. 2010), indicating that additional changes to the upstream repeats,
besides accumulation of the CBBP protein, are necessary for the stable change seen in B’
paramutation.  Whether CBBP is associated with all repeats required for paramutation or
just with the b1 upstream repeats is unknown, nor how CBBP binding may influence
RNAP assembly at, and transcription of, the repeats.  Interestingly, CBBP produced from
expression of the identical transgenic construct was not detectable by Western blot at the
upstream repeats in B-I/B-I individuals (Brezska et al. 2010), suggesting its binding may
depend on specific chromatin marks that are not present at the repeats in B-I states (see
discussion below).

Transmitting Chromatin-based Paramutant States Through Meiosis

Genetic studies of paramutations occurring at the pl1 locus (Hollick et al. 2005,
Stonaker et al. 2007, Hale et al. 2007) show that somatic repression in trans of a
susceptible pl1 allele (Box 1) is distinct from a meiotically-heritable change.  As
discussed above, the maintenance, but not the acquisition, of paramutation is affected by
rmr1 mutations (Fig 1B) (Hale et al. 2007).  A recent study of the b1 upstream repeats
(Table 1) in different developmental stages of the sporophyte was designed to distinguish
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between potentially heritable chromatin marks associated with paramutation and
chromatin marks associated with somatic, tissue-specific regulation of B’ and B-I (Haring
et al. 2010).  Measuring cytosine methylation, nucleosome occupancy and histone
modifications associated with transcriptionally active [Histone 3 Lysine 9 acetylation
(H3K9ac) and H3K4 methylation (H3K4me2)] and repressed [H3K27me2, H3K27me3
and H3K9me2] chromatin, Haring et al. found changes consistent with the idea that
cytosine methylation plays a role in the progression from paramutable to paramutagenic
states (i.e., B-I to B’ transition) (Haring et al. 2010).  The upstream repeats of B’ states
are hypermethylated compared to those of B-I states in two week old seedlings (Haring et
al. 2010).  This result comports with similar analyses of the r1 locus [Table 1] showing
that paramutagenic haplotypes are hypermethylated near their transcription start site
relative to non-paramutagenic states (Walker 1998, Walker and Panavas 2001).  Histone
modification differences seen at the b1 upstream repeats are most consistent with tissue-
specific regulation of B-I and B’ rather than any meiotic-specific chromatin status of
either regulatory state.  Interestingly, in a B’/B-I heterozygote, cytosine methylation at the
internal tandem repeat junctions of the B-I allele progressively accumulates during
sporophyte development to resemble a more B’-like signature (Haring et al. 2010).

The findings of Haring et al. appear at odds with results of genetic mosaic
analyses using B’/B-I heterozygotes (Coe 1966), which indicate that acquisition of a
mitotically stable paramutation (Fig 1A) at the b1 locus occurs late in development.
Irradiation of B’/B-I materials at different timepoints of zygotic and early seedling
development induce somatic sectors derived from cells lacking the chromosome arm
carrying the B’ allele.  Such sectors allow direct observation of plant color phenotypes
conditioned by a B-I allele that has been exposed to a B’ allele for different numbers of
mitoses during somatic development.  Sectors found relatively late in development (10
leaf stage) still had a B-I-like pigment level (Coe 1966) indicating that 1) B-I retains its
capacity for high expression even after exposure to B’ during somatic development and
2) that B-I is initially repressed in trans by B’ prior to commitment to a mitotically and/or
meiotically-heritable B’ state.  One interpretation of these results in relation to the
cytosine methylation profiles of B1-I alleles described by Haring et al., is that cytosine
methylation accumulated at a B-I allele up until the 10 leaf stage cannot be sufficient for
its heritable repression.  However, accumulated cytosine methylation at the b1 upstream
repeats may predispose a trans-repressed B-I allele in somatic tissue for a meiosis-
dependent transition to a heritable B’ state.  This hypothesis is consistent with the fact
that in plants, trans-generational inheritance of epigenetically defined regulatory states
relies on their propagation through many rounds of mitosis as well as meiosis (Takeda
and Paszkowski 2006) and gametophyte development.  Whether or not cytosine
methylation defines the mitotic and/or meiotic heritability of paramutagenic regulatory
states can now be tested using mutants in which acquisition (Fig 1E) and maintenance
(Fig 1B, 1D) of paramutation are differentially affected (Stonaker et al. 2009, Hollick et
al. 2005, Hale et al. 2007) and in which cytosine methylation at repetitive sequences is
lost (Hale et al. 2007).
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Paramutation and Evolution

The mechanism involved in facilitating paramutation interactions requires the
function of RdDM components that presumably evolved to control potentially pathogenic
nucleic acids such as transposons (Slotkin and Martienssen 2007).  Though the extent to
which paramutations occur in maize and other eukaryotes is unknown, paramutation-like
inheritance patterns may be a common mechanism of gene regulation in repeat-rich
genomes.  For example, the ~2.3 Gb maize genome consists of >75% LTR
retrotransposon sequences (Baucom et al. 2009) that present a large number of potential
targets for RdDM regulation even in gene-rich regions (Hale et al. 2009, Baucom et al.
2009).  Because of the non-essential nature of plant pigments, paramutations described in
maize present excellent model systems to study a potentially common and unappreciated
mode of inheritance and gene regulation.

A study of the effect on temperature and light on the extent of paramutation
occurring at the r1 locus during early development (Mikula 1995) established a link
between paramutation and external environment sensing.  Mikula’s findings are
intriguing given that potentially heritable cytosine methylation marks are associated with
the allelic interactions that facilitate paramutation (Walker 1998, Panavas et al. 1999,
Sidorenko and Peterson 2001, Haring et al. 2010).  One can infer that the trans-acting
components required for paramutation are also potentially involved in mediating heritable
changes to gene regulation in response to environmental stimuli.  Supporting this idea is
the fact that siRNA biogenesis components, including RPD1, are required for the
generation of biotic and abiotic stress-induced small RNAs (Borsani et al. 2005, Katiyar-
Agarwal et al. 2006), though the expression changes associated with these responses are
not heritable.  As factors responsible for paramutation in maize have also been linked to
developmental canalization (Parkinson et al. 2007), it will be of interest to determine the
extent to which diverse paramutation-like interactions (Chandler and Stam 2004, Suter
and Martin 2010), and their underlying mechanisms, are evolutionarily conserved.

The potential for spontaneous, heritable changes to gene regulation similar to
paramutations is intriguing in terms of a mechanism for maintaining cryptic, phenotypic
variation within a species, or an inbred line of plants.  The fact that different allelic
combinations can create heritable diversity has exciting implications for how an
epigenetic regulatory system like paramutation can influence a phenomenon like hybrid
vigor, which may be partially dependent on the interaction of different alleles (Hollick
and Chandler 1998).  Further research on the mechanism underlying paramutation
promises further insights into the relationship between heritability of phenotypes and
epigenetic regulation of repeat-rich genomes, as well as the characteristics of allelic
interactions that lead to heritable changes in expression.  Such information may facilitate
novel strategies for future plant improvement efforts.
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Box 1 - Paramutation Glossary

Paramutable:  A state of gene regulation that can be heritably changed either
spontaneously or through trans-homologue interactions

Paramutagenic:  Possessing the ability to facilitate heritable changes of gene
regulation in trans

Spontaneous Paramutation:  Paramutable states in maize are unstable, and can
change spontaneously to paramutagenic states; these changes can occur either
somatically or germinally (Coe 1966) and are transmitted through meiosis

Facilitated or Induced Paramutation:  When combined with a paramutagenic
partner, paramutable states are invariably transmitted from such heterozygotes in a
meiotically-heritable paramutagenic state

Reversion:  A form of paramutation in which a paramutagenic state reacquires a non-
paramutagenic form. For example, the repressed Pl’ state of the Pl1-Rh allele can
revert to a highly expressed, meiotically-heritable Pl-Rh state after transmission
through rmr homozygous mutants or if it is transmitted from either a hemizygous
condition or heterozygous condition with certain other pl1 alleles

Trans-repression:  The repression of gene expression from a paramutable state in
sporophytes dictated in trans by a paramutagenic partner.  Loss of trans-repression
can occur in rmr and mop homozygous mutants
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Tables

Table 1:  Functional Features Associated with Paramutation

Locus Allele cis Regulatory
Sequence

Function in
Paramutation

Molecular
Function

red1
(r1)

R-r:standard
(R-r:std)

Promoter region
(σ) which drives
expression from
two r1 genes in
tail-to-tail
orientation

(Walker 1998)

Deletion of σ
attenuates
paramutability of
R-r:std haplotype
derivatives

(Walker 1998)

Hyper-
methylation near
transcription start
sites associated
with paramutation

(Walker 1998)

r1 R-stippled
(R-st)

Repeated r1 genes
within the R-st
haplotype

(Kermicle et al.
1995)

Number of r1
gene repeats
within the
R-st haplotype
correlates with
paramutagenic
strength

(Kermicle et al.
1995)

Hyper-
methylation near
transcription start
sites associated
with paramutation

(Walker and
Panavas 2001)

R1 R-marbled
(R-mb)

Repeated r1 genes
within the R-mb
haplotype

(Panavas et al.
1999)

Number of r1
gene repeats
within the
R-mb haplotype
correlates with
paramutagenic
strength

(Panavas et al.
1999)

Hyper-
methylation near
transcription start
sites associated
with paramutation

(Walker and
Panavas 2001)

Table 1 is continued on the next page.
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Table 1 continued.

Locus Allele cis Regulatory
Sequence

Function in
Paramutation

Molecular
Function

booster1
(b1)
B1-Intense
(B1-I)

(B-I and B’
states)
Seven
direct
tandem
repeats of
853 bp
~100 kb 5’
of the b1
coding
region

Serves as a long-
range enhancer
element and is
required for b1
paramutation.
Ability to
facilitate
paramutation
correlated with
the number of
repeats

(Stam et al. 2002)

Physically
interacts with b1
transcription start
site in a tissue-
specific manner

 (Louwers et al.
2009)

Repressive
chromatin marks
at repeats are
associated with
repressed B’ states

(Haring et al.
2010)

pericarp
color1
(p1)

P1-rr

(P1-rr and
P1-rr’
states)

Direct tandem
repeat sequences
5’ of the p1
coding region

(Sidorenko and
Peterson 2001)

Serves as an
enhancer element
and is required for
p1 paramutation

(Sidorenko and
Peterson 2001)

Hyper-
methylation of
endogenous repeat
sequences are
associated with a
paramutant P1-rr’
state

(Sidorenko and
Peterson 2001)
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Figure 1.  Acquisition and maintenance, or lack thereof, of repressed Pl’ states in wild-
type and required to maintain repression (rmr) loss-of-function genetic backgrounds (A)
Acquisition of repression of a Pl1-Rhoades (Pl1-Rh) allele in a Pl-Rh state. Dark purple
color represents strong expression conditioned by the Pl-Rh state, light purple color
represents weak expression normally conditioned by the Pl’ state in a wild-type
background. Small top and bottom circles represent haploid nuclei, larger circles in
between represent diploid nuclei. Dotted line from Pl’ to Pl-Rh represents somatic trans-
repression of Pl-Rh by Pl’.  The exact timing of the transition from Pl-Rh to Pl’, here
represented in a somatic diploid nucleus for convenience, is not known. (B) Alleles
inherited in a Pl-Rh state can acquire the repressed Pl’ state [as in (A)] in an rmr1 mutant
background, though maintenance of Pl’ repression is lost in the sporophyte. Red dashes
outside of nucleus represent small interfering RNAs (siRNAs), the majority of which are
lost in rmr1 homozygous mutants. (C) Maintenance of Pl’ repression is necessary across
both mitotic and meiotic cell divisions. (D) Pl’ alleles are sexually transmitted in a Pl’
state after exposure to rmr7/rpd2a homozygous mutant backgrounds for one generation,
though maintenance of Pl’ repression is lost in the sporophyte. (E) Pl’ alleles are most
often sexually transmitted in a Pl-Rh state after exposure to rmr6/rpd1 homozygous
mutant backgrounds for one generation. The exact timing of this reversion event, here
represented in a somatic diploid nucleus for convenience, is not known.
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Fig. 2.

Figure 2. Model for an RNA-dependent DNA methylation pathway in maize. Purple
symbols represent bona fide maize components and yellow symbols represent
orthologues of Arabidopsis components known to exist in the maize genome
(unpublished JBH, KFE).  Presumed transcription of repetitive templates by RNA
polymerase IV (Pol IV), possibly facilitated by the ATPase function of RMR1, generates
single-stranded RNAs that are recognized by the putative RNA dependent RNA
polymerase MOP1/RDR2. The placement of RDR2 and RMR1 in a complex with RPD1
is based on data from Law et al. indicating their orthologous proteins associate in
Arabidopsis.  RDR2 likely synthesizes double-stranded RNAs (dsRNAs), which are
cleaved into 24 nucleotide (nt) small interfering RNAs (siRNAs) by a Dicer-like
ribonuclease (ZmDCL3). siRNAs are loaded onto an Argonaute4 (ZmAGO4) protein,
and guided to homologous loci in the genome by non-coding scaffold RNAs produced by
Pol V, facilitated by the Snf2-like protein DRD1. The Domains Rearranged
Methyltransferase2 (ZmDRM2) is recruited by an unknown mechanism to RdDM targets,
presumably via interaction with AGO4. RDR2 could potentially use siRNAs or
Argonaute4-sliced RNAs as a primer for multiple rounds of dsRNA production,
generating a Pol IV-independent positive feedback loop to maintain a threshold level of
siRNAs.
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Chapter 2

Identification of the rmr6 gene and characterization of Pol IV function

Note: Portions of this chapter have been previously published in:

ERHARD, K. F., STONAKER, J. L., PARKINSON, S. E., LIM, J. P., HALE, C. J. and
HOLLICK, J. B. RNA Polymerase IV Functions in Paramutation in Zea mays.
Science  323, 1201 (2009).

HALE, C. J., ERHARD, K. F., LISCH, D. and HOLLICK, J. B. Production and
processing of siRNA precursor transcripts from the highly repetitive maize
genome. PLoS Genet. 5, e1000598 (2009).

STONAKER, J. L., LIM, J. P., ERHARD, K. F. and HOLLICK, J. B. Diversity of Pol IV
function is defined by mutations at the maize rmr7 locus. PLoS Genet. 5,
e1000706 (2009).

Introduction

Paramutation – a process involving interactions between alleles that result in
heritable changes in regulatory states – is a unique form of epigenetic gene regulation that
occurs in diverse eukaryotes.  Published examples of alleles that undergo paramutation-
like interactions have increased over in recent years (Suter and Martin 2009), though the
mechanism is largely unknown.  While few examples of paramutation have proven
tractable to study (Chandler 2007), there are expected to be many potential paramutation
loci present in eukaryotes with large, complex genome structures (see Chapters 3 and 4
for further discussion).  One well-described system is paramutation occurring between
Pl1-Rhoades alleles of the purple plant1 (pl1) locus, an allele with a complex regulatory
structure (Gross 2008, Hale 2009).  Paramutations at Pl1-Rhoades alleles require function
from at least twelve (JBH unpublished) trans-acting factors identified by forward genetic
screens (Hollick et al. 2001).  Prior to the initiation of this thesis research, two of these
factors were found to be part of a small interfering RNA (siRNA) heterochromatin
pathway (Hale et al. 2007, Alleman et al. 2006, Woodhouse et al. 2006).

Repressed Pl’ expression states of Pl1-Rhoades resulting from paramutation are
heritably maintained by Required to Maintain Repression1 (RMR1), a novel SNF2-like
ATPase, and Mediator of Paramutation1 (MOP1), a putative RNA-dependent RNA
polymerase (RDR) (Hale et al. 2007, Alleman et al. 2006, Woodhouse et al. 2006),
which appear to be similar to proteins involved in an RNA-directed DNA methylation
(RdDM) pathway in the eudicot Arabidopsis thaliana (Haag and Pikaard 2011).  RMR1
is most similar to Arabidopsis CLASSY1 (CLSY1) and DEFECTIVE IN RNA-
DIRECTED DNA METHYLATION1 (DRD1) (Hale et al. 2007), whereas MOP1
appears orthologous with Arabidopsis RNA DEPENDENT RNA POLYMERASE2
(Alleman et al. 2006, Woodhouse et al. 2006).  In Arabidopsis, RDR2- and DICER-LIKE
3-dependent 24 nucleotide (nt) siRNAs associate with specific, closely related Argonaute
proteins (AGO4, AGO6, AGO9) and are thought to guide, via sequence homology, the
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deposition of de novo cytosine methylation marks associated with transcriptionally
repressed heterochromatin (Haag and Pikaard 2011).  The majority of genomic loci
targeted by RdDM (Haag and Pikaard 2011), and related small RNA-based silencing
pathways in other eukaryotes (Malone and Hannon 2009), are transposable elements
(TEs) and other repetitive sequences suggesting an interplay between paramutation-
induced repression and the means by which eukaryotic genomes cope with potentially
deleterious repetitive features.

Many of the Arabidopsis small RNA-associated repression mechanisms,
including RdDM, are hypothesized to be dependent on the actions of two presumed
DNA-dependent RNA polymerase complexes Pol IV (Pol IVa) and Pol V (Pol IVb)
(Haag and Pikaard 2011).  All plants appear to have a conserved Pol IV largest subunit
RNA Polymerase D1 (RPD1), derived from an ancient duplication of the Pol II largest
subunit (RPB1), and all flowering plants appear to have an RPD1 duplicate called RPE1
(Luo and Hall 2007, Tucker et al. 2010).  The Arabidopsis RPD1 (AtNRPD1a) and RPE1
(AtNRPD1b) form two functionally distinct multisubunit complexes (Pol IV and Pol V,
respectively) that share a single subunit, AtNRPD2 (Haag and Pikaard 2011).  Although
both polymerase forms appear to be related to Pol II, neither the ability to produce an
RNA transcript nor the exact nature of any potential nucleic acid template is known for
the Pol IV complex (Haag and Pikaard 2011), while recent evidence does indicate the
involvement of Pol V in generating low abundance RNAs (Wierzbicki et al. 2008).
Additionally, knockout mutants show that both Pol IV and Pol V are non-essential for
normal plant development in Arabidopsis (Haag and Pikaard 2011).

In this chapter, I present results showing that the rmr6 locus encodes the largest
subunit (RPD1) of maize Pol IV (Erhard et al. 2009) and characterize diverse Pol IV
functions in maize.  This identification is the first evidence of a biologically important
role for Pol IV, given the previously documented requirement of RMR6/RPD1 for both
maintenance and establishment of paramutation-based repression (Hollick et al. 2005)
and for canalizing developmental expression patterns in maize (Parkinson et al. 2007a).
In addition, results of molecular analyses I present indicate that this expanded and
essential role for RPD1 in maize may involve a mechanism independent from its function
in the biogenesis or maintenance of siRNAs.

Small RNA analyses confirm the expected requirement of Pol IV for the
biogenesis of the majority of 24 nt siRNAs, including those homologous to classes of
repetitive sequences (Erhard et al. 2009).  Results of run-on transcription experiments I
present are the first indication that Pol IV has largely dysfunctional catalytic properties
compared to Pol II (Erhard et al. 2009).  RT-PCR analyses of enriched fractions of
polyadenylated RNAs using probes to Long Terminal Repeat (LTR) retrotransposons
showed that RPD1 action represses LTR transcription by a Pol II interference mechanism
(Hale et al. 2009).  In conjunction with results of LTR expression and small RNA
analyses performed by graduate student Chris Hale using rmr1 and mop1/rdr2 mutants
(Hale et al. 2009), these results uncover a potentially novel Pol II interference-based
repression by RPD1 that may be independent of potential small RNA biogenesis
functions as a subunit of Pol IV.  Subsequent to the identification of rmr6 as encoding the
largest subunit of Pol IV, the rmr7 gene product was found to encode RPD2a, one of
three second largest alternative polymerase subunits present in the maize genome
(Stonaker et al. 2009).  Small RNA comparisons I made between rpd1 and rpd2a mutants
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indicate that the two other second largest subunits in the maize genome cannot
compensate for loss of rpd2a in Pol IV isoforms required for small RNA biogenesis.
Unexpectedly, results of RT-PCR analyses I performed comparing the effect of rpd1 and
rpd2a mutations on LTR RNA abundance levels suggest RPD1 plays a role in repressing
repetitive transcription of LTRs that is independent from RPD2a-dependent siRNA
production.  In all, the results presented in this chapter describe a diverse and expanded
role for Pol IV function in maize.

Results

The rmr6 locus encodes the largest subunit (RPD1) of RNA Polymerase IV

Because rmr6 mutants are defective for both paramutation and proper maize
development (Hollick et al. 2005, Parkinson et al. 2007a), I set out to identify the gene
product.  Using polymorphic molecular markers I developed from sequenced maize
Bacterial Artificial Chromosomes (BACs) available online (www.maizesequence.org)
and the mapping population already established (Hollick et al. 2005), I narrowed the
rmr6 mapping interval to ~450 kb (Fig. 1B).  This interval contained six contiguous
maize-specific gene models absent from the syntenic rice interval (Fig. 1A).  Four of
these models coalesced to a single, putative 18-exon gene of ~65 kb (Fig. 1A) with the
potential to encode a 1444 amino acid polypeptide with similarity to NRPD1a, the largest
subunit of Pol IV (Fig. 1D, Herr et al. 2005).  Because Pol IV acts in an RdDM-type
pathway to maintain epigenetic repression of genomic targets (Haag and Pikaard 2011),
DNA from this candidate gene was amplified and sequenced in homozygous rmr6 mutant
plants of five different ethyl methanesulfonate (EMS)-derived rmr6 alleles (Materials and
Methods).  These efforts identified single transition-type lesions within the predicted
coding regions of the NRPD1a-like candidate gene (Fig. 1C).  Three mutations (rmr6-1,
rmr6-7, rmr6-14) create premature nonsense codons (Fig. 1C).  The rmr6-8 mutation
encodes a novel amino acid substitution at a cysteine residue that is conserved among
predicted RPD1 sequences (Herr et al. 2005, Erhard et al. 2009).  The rmr6-16 mutation
(Fig. 1C) encodes a novel amino acid substitution of a phenylalanine at a serine residue
that itself is conserved in RPD1 subunits from moss to maize and is adjacent to an
aspartate residue conserved among all DNA dependent RNA polymerase largest subunits
(Herr et al. 2005, Erhard et al. 2009).

In previous studies (Hollick et al. 2005, Parkinson et al. 2007a, Parkinson et al.
2007b), the rmr6-2 allele was predicted to be a null allele based on the more severe
phenotypes seen in rmr6-2 homozygotes compared to rmr6-1 homozygotes.  However,
sequencing DNA from homozygous rmr6-2 individuals across the predicted coding
region of the NRPD1a-like candidate gene detected no single nucleotide polymorphisms
(SNPs) indicative of EMS-derived mutations.  I explored the possibility that the rmr6-2
lesion was located in a regulatory region required for transcription of the rmr6/rpd1
locus, which predicts a loss of the rmr6-2 transcript.  Amplification of oligo dT-primed
cDNA generated from rmr6-2 mutants and +/rmr6-2 siblings indicate the rmr6-2 allele is
expressed (Fig. 2A).  Amplification of cDNA spanning exons 8 – 12 showed a size
polymorphism between these samples (Fig. 2A), and sequencing of the agarose-extracted
amplicons indicated that exon 12 is missing specifically from rmr6-2 transcripts (Fig.
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2B).  The peptide sequence encoded by exon 12 is 47 amino acids between the RPD1
Domain G and Domain H (Fig. 2C), and several residues in this region are conserved
among all RPD1 sequences analyzed (Erhard et al. 2009).  Any polypeptide translated
from rmr6-2 transcripts must be non-functional, but must not interfere with the assembly
of wild-type RMR6/RPD1 subunits into Pol IV, given the recessive nature of rmr6-2
alleles.  Together, the molecular lesions identified strongly indicate that rmr6 encodes a
Pol IV largest subunit.

Additional molecular profiles also supported the assignment of RMR6 as a
functional RPD1 ortholog.  Arabidopsis showed a 14-15 fold reduction of 21-24nt
siRNAs in nrpd1a/nrpd1b double mutants relative to wild-type plants, and accumulation
of ~94% of these RNAs was RPD1-dependent (Zhang et al. 2007, Mosher et al. 2008).  I
fractionated small RNAs from immature cobs and noted by ethidium bromide staining
intensity that the ~24nt RNA species was reduced an average of 82% (+/- 5% s.e.m.;
n=3) in rmr6-1 mutants, whereas the ~21nt RNAs were not affected (Fig. 3A).  In
Arabidopsis, accumulation of 21nt RNAs representing mature microRNAs (miRNAs)
and trans-acting siRNAs (tasiRNAs) also appeared to be unaffected in Pol IV and Pol V
mutants (Mosher et al. 2008).

Because Pol IV-dependent siRNAs are largely representative of TE-like
sequences in Arabidopsis (Zhang et al. 2007, Mosher et al. 2008) and because of the
effect rmr6 mutations have on cytosine methylation patterns 5ʹ′ of the Pl1-Rhoades
coding region nearby and inside the proximal doppia-like transposon sequence (Hale et
al. 2007), I specifically tested the effect of rmr6 mutations on the accumulation of
doppia-like small RNAs.  Northern blots showed that doppia-related small RNAs
representing both strands were present in non-mutant plants but were undetectable in
rmr6-1 mutants (Fig. 3B).  Given the prevalence of doppia elements throughout the
genome and the sequence arrangement within the terminal inverted repeats (Cone et al.
1993), it is unknown whether these small RNAs emanate from one or more elements or
from any particular orientation.  RPD1 is also required for siRNAs homologous to the
antisense strand of Miniature Inverted repeat Transposable Elements (MITEs) of the
Heartbreaker (Hbr) family (Zhang et al. 2000) (Fig. 3C).  Surprisingly, a sense-stranded
Hbr probe detects numerous bands (Fig. 3C), which presumably represent RNA
degradation products that contain Hbr and confound specific detection of Pol IV-
dependent 24 nt siRNAs homologous to sense-stranded Hbr.  These molecular profiles,
combined with the null-mutant phenotypes, indicate that rmr6 encodes a Zea mays Pol IV
largest subunit, hereafter referred to as ZmRPD1.

All maize rmr loci were identified in mutant screens for plants unable to maintain
paramutation-induced repression of alleles encoding color factors (e.g. Pl1-Rhoades)
(Hollick et al. 2000, Hollick et al. 2005); however, rmr6 mutations also affect
development (Parkinson et al. 2007a).  ZmRPD1 controls sex determination fates by
delimiting expression patterns of silkless1 (Parkinson et al. 2007a), a gene responsible for
protecting nascent ovules from a programmed cell death pathway (Calderon-Urrea et al.
1999).  However, a reverse transcriptase PCR profile of Rmr6 (Fig. 4) showed that it is
expressed in all rapidly dividing tissues throughout plant development, including the
developing ear where silkless1 action is required for ovule development (Calderon-Urrea
et al. 1999).  Lateral meristems are also often de-repressed at nodal regions in rmr6
mutants, giving rise to ectopic organs (Parkinson et al. 2007a).  Thus, Pol IV represents a
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molecular link between the regulation of developmentally important genes in maize and
paramutation (Hollick et al. 2005, Parkinson et al. 2007a).

The rpd1 locus has undergone independent transposition events during grass evolution

Upon the initiation of this thesis project, I used genes present in the rice
chromosome (chr) 8 syntenic interval (Fig. 1A) to identify and vet likely candidates for
rmr6.  The availability of maize genomic sequence covering the rmr6 locus was therefore
essential to the successful cloning efforts described above, as the RPD1-enconding gene
is absent from the syntenic rice interval.  This observation could simply represent
incorrect assembly of either the maize or rice genomic sequences containing the rpd1
locus.  However, synteny over the rpd1-containing interval with that of rice is conserved
on chr 6 of Sorghum bicolor (Fig. 5), which is more closely related to maize than rice
(Kellogg 2001).  These observations suggest a maize-specific transposition of the
rmr6/rpd1 gene occurred after divergence from the sorghum lineage.  Rice has undergone
a duplication of the genes encoding RPD1 and RPE1 (Luo and Hall 2007), and maize has
undergone a tetraploidy event, most likely after its divergence from sorghum (Swigonová
et al. 2004).  Therefore, any further analysis of the evolution of rmr6/rpd1 genomic
positions in the grasses requires knowledge of the copy number of potential RPD1-
encoding genes in these species.  Only a single intact copy of an RPD1-encoding gene
can be found in all other available plant genomes (Erhard et al. 2009), and Southern blot
analysis (Erhard et al. 2009) confirmed that rmr6/rpd1 is unique in the maize genome,
strongly indicating that the duplication of the RPD1-encoding gene is rice-specific.  In
addition, a 300 kb interval containing the rice RPD1 duplicate on chromosome 9 shows
no evidence of synteny with either the sorghum or maize RPD1-encoding region (Fig. 5).

Further synteny analysis of rpd1-containing regions in available grass genomes
using the GEvo tool on the CoGe website (http://genomevolution.org) shows evidence of
a dynamic genome position for RPD1-encoding genes throughout grass evolution.  First,
rmr6/rpd1 is located in a unique position compared not only to presumed rice and
sorghum orthologs, but also to those belonging to Setaria italica (foxtail millet) and the
basal grass Brachypodium distachyon (Fig. 5).  Blast searches using sequences of genes
flanking the RPD1-encoding gene on rice chr 4 identified regions of conserved gene
order in maize (chr 2), millet (chr 7) and Brachypodium (chr 5) (Fig. 6), which will be
referred to as the ancestral rpd1 regions in these species.  Given the presumed
evolutionary relationships between these 5 grass species (Kellogg 2001), these results
indicate that the RPD1-encoding gene has transposed independently in 3 grass lineages.
in silico searches for rpd1-related DNA sequences in the ancestral rpd1 location in maize
and Brachypodium – i.e., between the genes syntenic with those flanking the rice RPD1-
encoding gene on chr 4 – were negative.  However, a 1497 base pair (bp) stretch of
strong rpd1 sequence homology (~86% identical) can be found in the ancestral rpd1
location in millet.  These results indicate either distinct transposition mechanisms (copy
and paste vs. cut and paste) moved the rpd1 loci in these lineages or the ancestral
duplicated rpd1 sequences in both maize and Brachypodium were rapidly degraded.
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Pol IV: a dysfunctional Pol II-like polymerase

Arabidopsis Pol IV does not appear to have any in vitro activity on isolated DNA
substrates and yet it is required for the in vivo accumulation of specific siRNA species
(Haag and Pikaard 2011).  Cytological studies indicate that Pol IV acts upstream in the
RdDM pathway in Arabidopsis (Pontes et al. 2006), where it is hypothesized to generate
single-stranded RNA transcripts of an aberrant nature from its target loci (Haag and
Pikaard 2011).  If the maize Pol IV is a functional polymerase, Pol IV-dependent primary
transcription should be lost in rmr6 mutants.

A MAFFT-based protein alignment generated by graduate student Jenne Stonaker
was used to construct a parsimony tree (Erhard et al. 2009) that agrees with the proposed
evolutionary relationship of RPD1 to RPE1 and RPB1 and confirms the conservation of
catalytic center residues within RPD1 sequences (Haag and Pikaard 2011, Herr et al.
2005).  Subsequent to this analysis, results of independent, site-directed mutagenesis
experiments in Arabidopsis (Haag et al. 2009, Lahmy et al. 2009) testing the importance
of this catalytic center for Pol IV function indicate that it is required for Pol IV-dependent
RdDM.  The MAFFT-based alignment described above did not agree with previously
published comparisons (Herr et al. 2005) over a ~250 amino acid region of low sequence
identity near the carboxy-terminus of the proteins, which includes Domain G, one of the
eight normally highly conserved RNA polymerase domains (Jokerst et al. 1989).  In most
DNA-dependent RNA polymerases, Domain G contains a highly conserved motif known
as the Trigger Loop (TL), that is both an interaction site of the potent Pol II inhibitor α-
amanitin and a mediator of nucleotide selectivity during rapid transcript synthesis in yeast
(Kaplan et al. 2008).

To test for the potential of Pol IV to synthesize RNA, I performed nuclear run-on
assays using nuclei isolated from husks of homozygous rmr6-1 mutants and heterozygous
siblings, in the presence or absence of α-amanitin.  I detected no significant Pol IV-
derived α-amanitin-insensitive transcription, as measured by comparing the ratio of
alpha-32P-UTP incorporated into run-on transcripts (-/+α-amanitin) isolated from nuclei
of non-mutant and homozygous rmr6-1 plants (Fig. 7A).  Additionally, hybridization of
labeled run-on RNAs from both α- amanitin treated and untreated nuclei from seedlings
to slot blots with strand-specific RNA probes for a suite of maize sequence, did not detect
ZmRPD1-dependent transcripts (Fig. 7B, 7C).  The RNA probes used were homologous
to potential ZmRPD1 templates represented by both the doppia and Mutator DNA
transposons and the CRM2 and Cent-A retroelements Zhang et al. 2007 et al. 2003).
While these repetitive sequences that are presumed targets of RdDM were
proportionately less affected by α-amanitin treatment than the presumed Pol II-dependent
transcript of the pigment biosynthesis factor A1 (Fig. 7C) they did not show the α-
amanitin insensitivity of the Pol I-derived 45S precursor transcript (Fig. 7C; McMullen et
al. 1986), nor did they show differences in abundance between rmr6 mutants and
heterozygous wild-type siblings.  Additionally, actinomycin-D treatment (Fig. 7B), which
should abolish any DNA-dependent RNA polymerase activity (Sobell 1985), confirms
that all transcripts assayed were products of RNA synthesized from DNA templates.

Any Pol IV synthetic action should be α-amanitin insensitive since the known α-
amanitin interaction sites in RPB1 (bridge-helix and multiple TL residues; Kaplan et al.
2008, Bushnell et al. 2002) are divergent in RPD1 (31% identity/50% similarity across
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the bridge-helix and 11% identity/41% similarity across the TL; Fig. 7D and Erhard et al.
suppl. 2009).  Additionally, relative to comparisons between RPB1 and RPD1, the bridge
helix and Domain G of yeast Rpa1 and Rpc1 are more highly conserved to that of yeast
Rpb1 (Herr et al. 2005), yet the cognate Pol I and Pol III complexes are both α-amanitin
insensitive (Lindell et al. 1970).  If maize Pol IV was enzymatically competent to
synthesize RNA from either a DNA or nascent RNA template (Haag and Pikaard 2011), I
expected to detect α-amanitin-insensitive transcription, especially in light of the high
repeat content (~85%) of the maize genome (Schnable et al. 2009).  My results indicate
that either Pol IV does not act as a RNA polymerase or that its relative amount of RNA
synthesis is too low to detect by my comparisons.  Extrapolations of the data (Materials
and Methods) indicate that any potential ZmRPD1-dependent RNAs represent no more
than ~5% of the total labeled RNA in wild-type nuclei.

Repression of Pol II-derived LTR transcripts by Pol IV-mediated interference

RMR1 is required for both maintenance of repressed Pl’ states for biogenesis of
siRNAs specific to both type I and type II TEs (Hale et al. 2009).  However, quantitative
reverse transcription polymerase chain reaction (qRT-PCR) experiments performed by
graduate student Chris Hale using LTR retrotransposon probes indicate that LTR
transcripts do not increase in rmr1 or mop1/rdr2 mutants (Hale et al. 2009).  These
results indicated that the LTR transcripts detected might represent Pol IV transcripts.

I tested LTR transcript levels in rpd1 mutants in a B73 genomic background
equivalent to that of the rmr1 mutants analyzed (Materials and Methods).  In contrast to
the results from rmr1 and rdr2 mutants, the absence of RPD1 function correlated with an
increase in LTR transcript abundance (Fig. 8A).  Further, by fractionating total RNA
populations using oligo(dT)-cellulose, I found that these increases in LTR RNA levels
correlated with an increase of polyadenylated transcript (Fig. 8A).  I confirmed both the
efficiency of the poly(A) enrichment (Fig. 8B) and the increase of LTR transcript in the
poly(A) fraction using qRT-PCR and found that CRM2 was ~6-fold enriched and Prem2
was ~2-fold enriched in rpd1 mutants as compared to non-mutant siblings (Fig. 8C).  In
agreement with the rmr1 quantitative data (Hale et al. 2009), Prem2/Ji transcripts levels
responded less to disruption of the RdDM pathway as compared to CRM2 (two-sample z-
test; z=2.63; p<0.05), though the level of Prem2/Ji transcripts still increased in the
polyadenylated fraction.  As Pol V transcripts were recently shown to lack
polyadenylated tails (Wierzbicki et al. 2008), the likely source of the elevated Prem2/Ji
and CRM2 polyadenylated transcripts is from RNA polymerase II.  This is consistent to
observations of Arabidopsis nrpe1 mutants in which loss of Pol V at specific loci was
accompanied by a reciprocal recruitment of Pol II complex members (Wierzbicki et al.
2008).

I confirmed that CRM2 and Prem2/Ji LTR RNA transcripts of both strand
orientations are differentially affected in rpd1 mutants as compared to rmr1 mutants by
performing strand-specific RT-PCR analogous to that carried out on rmr1 and rdr2
mutants (Fig. 8D).  Although I noted increases in all transcript abundances in the rpd1
mutants, the Prem2/Ji antisense transcript appeared less affected.  These results confirm
the observation of our semi-quantitative analysis of Prem2/Ji and CRM2 transcript levels
using random primed cDNA.  The strand-specific RT-PCR results are also in agreement
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with the quantitative results showing an increase in polyadenylated Prem2/Ji and CRM2
RNA transcripts (Fig. 8C), transcripts that are presumably of the sense species for each
element. The increased CRM2 antisense transcript suggests either an increase of non-
polyadenylated transcript an increase of polyadenylated antisense RNAs in addition to
sense transcript for at least that element.

Functionally distinct Pol IV isoforms in maize

Like rmr1 mutants, rmr7/rpd2a mutants are phenotypically normal (Hale et al.
2009, Stonaker et al. 2009), though rmr1, rmr7/rpd2a and rmr6/rpd1 mutants all are
defective for various aspects of paramutation interactions (Hale et al. 2007, Stonaker et
al. 2009, Hollick et al. 2005).  Interestingly, the maize genome encodes three distinct,
and likely functional, second-largest subunits.  These observations suggested that one or
both of the two additional second largest subunits (RPD2b, RPD2c) of the maize are
required for a subset of the functions RPD1-containing Pol IV complexes.  These
functions could be related to either small RNA biogenesis, or the Pol II interference-
based repression of RPD1 described above.

I performed bulk small RNA analysis as described above on 6-day old seedlings,
and showed that the 24 nt RNA class is reduced to similar levels in both rpd1 and rpd2a
mutants (14% and 15%, respectively) (Fig. 9A).  Parallel profiles in immature tassels
(Fig. 9A) and immature ears (JBH unpublished) confirm an RPD2a requirement for the
majority of 24 nt small RNAs in these reproductive organs as well.  Northern blot results
indicate that siRNAs homologous to the CRM2 LTR are also lost to a similar degree in
rpd1 and rpd2a mutants (Fig. 9B).  These results are consistent with the interpretation
that both RPD1 and RPD2a are required for Pol IV function.  No other RPD2-type
protein appears to compensate for the loss of RPD2a function and hence this locus
appears to provide the sole functional RPD2-type protein utilized during early seedling,
tassel and ear development.  This result validates the assignment of rmr7 as encoding a
functional RPD2-type protein.

As discussed above, in 4 day-old seedlings, the subclass of CRM2-type transcript
levels are increased ~6-fold in rpd1 mutants while they are diminished or eliminated in
both rmr1 and mop1/rdr2 mutants (Hale et al. 2009).  However, identical semi-
quantitative RT-PCR analyses indicate that loss of RPD2a has no obvious effect on the
accumulation of CRM2–derived LTR RNAs in 4-day old seedlings (Fig. 10A).
Densitometry measurements of ethidium bromide-stained bands from both prior results
(Hale et al. 2009) and from Fig. 10A indicate that the ratios of CRM2-derived LTR
RNAs to Aat transcripts are 4.2 and 0.86 (+/- 0.24 s.e.m.) in rpd1 and rpd2a mutants,
respectively.  Quantitative RT-PCR analyses confirmed that the relative levels of CRM2
RNA normalized to Pol II-derived Aat transcripts are similar in rpd2a-1 mutants and
heterozygous siblings (Fig. 10B).  Applying two-sample z-test statistics to compare
average ratios -/+ RPD1 (Fig. 8A, Hale et al.) and -/+ RPD2a (Fig. 10A) of Aat-
normalized CRM2 LTR RNA levels, there is a significant effect of the rpd1-1 mutation (z
= 3.35, p < 0.001) but not the rpd2a-1 mutation (z = - 0.354, p = 0.73) on CRM2 LTR
RNA levels.  These results indicate that while the RPD2a subunit is necessary for 24nt
RNA accumulation, its absence does not completely mimic the loss of RPD1.
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rpd1 mutations increase Suppressor-mutator (Spm) excision events in embryo- but not
endosperm-derived tissues

The presumed targets of Pol IV-based regulation are TEs, though no transposition
has been documented in Arabidopsis Pol IV mutants grown under normal conditions (Ito
et al. 2010).  This raises the question of the role of Pol IV function if its loss does not
result in the activation of TEs.  The identification of loss of function rpd1 alleles allowed
me to address this question in maize, which offers ideal genetic tools to assay TE
regulation.  TE insertions at the a1 locus, which encode an anthocyanin biosynthesis
enzyme, have been used to study TE behavior because a1 phenotypes can be easily
tracked visually in the kernel.  Kernel spots occurring in backgrounds containing such a1
alleles represent TE excisions from the a1 locus resulting in a functional allele.  Barbara
McClintock first characterized the derivative a1-m5 and a1-m2-8011 alleles as loci
whose expression is affected by combination with autonomous members of the Spm
family (McClintock 1962, 1963).  Plants containing these alleles display mostly low
frequency excision phenotypes, and so the Spm insertions in them were designated Spm-
weak (Spm-w).  Notwithstanding their weak activity, these elements are not dependent on
a separate, autonomous Spm for that activity (Masson et al. 1987).  DNA sequencing of
the a1-m5 (Banks and Fedoroff 1988) and a1-m2-8011 alleles (Masson et al. 1987)
indicated Spm-w insertions in an exon and promoter region, respectively.  Transitions to
high frequency spotting phenotypes are observed in backgrounds containing these alleles,
indicating a cryptic autonomous Spm-standard (Spm-s) element in the genome is
activated by the Spm-w activity and in turn increases the Spm-w excision frequency from
the a1 locus.

I used stocks segregating for rpd1-1 mutant alleles and a1-m5::Spm-w and a1-m2-
8011::Spm-w alleles to assay whether loss of Pol IV function increased the frequency of
excision from the a1 locus.  Both weakly spotted and heavily spotted kernels (Fig. 11A)
were selected from the segregating ears described above and grown to maturity to
determine rpd1-1 genotypes among these classes.  As anthers were usually colorless in
the mature plants, I extracted DNA from leaf tissue samples and used a dCAPS marker
designed to detect the rpd1-1 lesion (Appendix I) to determine the genotype of the rpd1
locus.  Chi-squared tests indicate there is no significant correlation of rpd1-1
homozygotes with heavily spotted kernels and of +/rpd-1 and +/+ individuals with
weakly spotted kernels (Table 1).  These results indicate that whatever mechanism the
Spm family uses to activate members of its family in trans in endosperm-derived tissues
is not regulated by Pol IV.  It should be noted however, that the occurrence of mature
plant color sectors, indicating Spm-w excisions in embryo-derived tissues, did correlate
well with rpd1-1 homozygous mutants in the a1-m2-8011::Spm-w (Table 1).  These
results suggest that cryptic Spm-s elements in these backgrounds, which are activated by
Spm-w elements, are able to increase the excision of Spm-w elements from both the a1-
m5::Spm-w and a1-m2-8011::Spm-w loci effectively in endosperm-derive tissues, but not
embryo-derived tissues, in the presence of Pol IV function.
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Discussion

The results presented in this chapter represent the first molecular analyses of
alternative polymerase subunit mutants in a species with a large, TE rich genome.
Previous to the cloning of rmr6, studies of Pol IV function had been limited to
Arabidopsis, which has a relatively compact genome consisting of ~10% repetitive
sequences (Arabidopsis Genome Initiative 2000).  Aside from its role in RdDM, its
biological importance was unknown since mutations in either Pol IV or Pol V subunits do
not affect Arabidopsis viability.  The only observable phenotype of nrpd1a mutants is a
late flowering defect that could be explained solely by ectopic expression of a single
floral repressor gene, FLOWERING WAGENINGEN (FWA) (Pontier et al. 2006).  Based
on the different repeat contents of the Arabidopsis and maize genomes, it is expected that
loss of Pol IV would affect genome homeostasis to a greater degree due to misregulation
of TEs.  Maize should prove an ideal model for the further investigation of Pol IV
function given the abundance of potential Pol IV targets in its genome.

I have shown that run-on transcription assays can be used as a powerful tool to
study alternative polymerase function in plants.  Paradoxically, Pol IV is required for
accumulation of the majority of 24 nt small RNAs yet it provides no detectable RNA
synthesis for genomic regions represented by those small RNAs in either maize (Fig. 3B,
3C) or Arabidopsis (Haag and Pikaard 2011).  Pol II appears to be the primary, if not
exclusive, polymerase that transcribes the repetitive features surveyed by my run-on
transcription assays, including hypermethylated and repressed transposons such as doppia
(Hale et al. 2007).  Although the biochemical function of RPD1 remains unclear, my
results indicate that it acts as a component of a largely dysfunctional polymerase.

The reason for inefficient ZmRPD1 RNA polymerase activity may be tied to its
altered Domain G (Fig. 7D), which contains the TL in Pol II.  Both α-amanitin treatment
and a specific TL mutation decrease the synthetic rate (~35- and ~10-fold respectively) of
S. cereviseae Pol II and increase the misincorporation incidence of both rNTPs and
dNTPs in in vitro assays (Kaplan et al. 2005).  The altered Domain G within the plant-
specific RPD1 and RPE1 proteins may therefore be of considerable significance
regarding any Pol IV/V enzymology.  Together with molecular results indicating that Pol
V does have polymerase activity (Wierzbicki et al. 2008), extrapolations of RPD1 and
RPE1 phylogenetic analyses (Luo and Hall 2007, Tucker et al. 2010) predict that either
Pol V is as inefficient as Pol IV, that Pol V has gained activity after differentiation or that
Pol IV has lost enzymatic activity after differentiation.  Because the function of the Pol
II-derived alternative polymerase subunit in simple plant species such as algae and moss
is not known, these scenarios cannot yet be distinguished.  These results, together with
previous analyses of ZmRPD1 function in facilitating paramutation (Hollick et al. 2005),
predict models of Pol IV action that can now be tested by combining biochemical and
genetic approaches.  Maize plants, which provide large amounts of specific tissues,
represent an ideal system for further analysis of alternative polymerase action.

Although it remains unknown how ZmRPD1 is recruited to specific genomic
features, its requirement for the accumulation of most 24nt small RNAs indicates that it
operates at repetitive features.  Recruitment to transposon sequences proximal to Pol II
templates could interfere with Pol II-dependent RNA synthesis, resulting in the
production of abnormal Pol II transcripts.  Local competition by RPD1 for Pol II
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holoenzyme subunits may interfere with Pol II function or co-transcriptional RNA
processing; this idea is supported by the conservation of domain-specific RPD1 peptide
sequences necessary for Rpb1 interaction with other Pol II subunits between yeast and
maize (Herr et al. 2005).  Alternatively, Pol IV may directly compete for Pol II templates
and produce small amounts of RNA targeted for degradation pathways and small RNA
synthesis.  My analyses, combined with the recent characterization of TL function in
yeast Pol II (Kaplan et al. 2008), indicate that such Pol IV RNAs might contain improper
nucleotides that serve as a molecular tag for particular RNA degradation pathways.  Such
models involving abnormal RNA polymerase activities could apply to examples of
paramutation outside the plant kingdom.

My results point to a largely unknown facet of RNA metabolism by which
homologous chromosomes can interact to effect gene regulation and heritable epigenetic
change.  Given that Rmr6 is required for both paramutation (Hollick et al. 2005) and
normal maize development (Parkinson et al. 2007a), its identification as ZmRPD1
illustrates that Pol IV plays a broader role in the biology of domesticated maize than in
the eudicot Arabidopsis.  This new finding establishes a long-anticipated link between
paramutation, developmental gene control, and heterochromatin function (McClintock
1951).  The highly repetitive and heterochromatin-rich maize genome may influence the
chromatin environment (and thus transcription) of a higher percentage of genes than in
Arabidopsis, which has a smaller and less-repetitive genome.  Identification of other
genes influenced by rmr6 mutations thus promises new avenues for understanding these
fundamental differences in plant development strategies and the role of paramutation in
normal genome function.

Although the DNA-dependent RNA polymerase responsible for the levels of
CRM2 transcript seen in these studies remains unknown, non-polyadenylated CRM2
RNA levels are decreased in both rmr1 and rdr2 mutants, thereby indicating that they are
primarily products of an RNA-dependent RNA polymerase (Hale et al. 2009).  It was
proposed that the increased polyadenylated CRM2 RNAs observed in rpd1 mutants are
due to increased Pol II transcription in the absence of Pol IV competition for the CRM2
LTRs (Hale et al. 2009).  In non-mutant conditions, Pol IV facilitates repression of Pl1-
Rhoades by inhibition of Pol II, and we have hypothesized that this interference occurs
either through direct competition for initiation sites or by titration of shared RNAP
subunits (Ream et al. 2009).  The results presented here indicate that there are
functionally distinct Pol IV-type RNAPs, those that require RPD2a (for 24nt RNA
accumulation) and those that do not (for inhibition of Pol II).  Either one or the other
RPD2-type proteins define these functionally distinct complexes or perhaps RPD1 can
act independently of a RNAP holoenzyme.  These hypotheses can be tested using reverse
genetics to determine the effects of mutations in one or more of the two other RPD2-type
proteins in the maize genome.

In addition to the identification of rmr6 and confirmation of expected Pol IV
mutant phenotypes, several unexpected findings were generated by these studies.  First,
the identification of novel genomic positions of rpd1 loci in grass genomes (Figs. 5 and
6) suggests there have been multiple transpositions of rpd1 throughout grass evolution.
The biological significance of these transpositions event of the RPD1-encoding gene in
the grasses is unknown.  Potential regulatory novelty of rpd1 could be generated by
transposition to a genomic region under the control of a tissue-specific promoter or
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enhancer.  Comparison of the effect rpd1 mutations have in other grasses will be required
to test the hypothesis that novel rpd1genomic positions have endowed RPD1 with novel
functions, which may include developmental stage-specific effects.  Second, the
identification of significant sense-stranded Hbr degradation products (Fig. 3C) suggests
that at least a subset of transcribed Hbr elements in the genome show strand insertion
bias.  The biological relevance of such a bias is unknown.

Finally, the results of my genetic experiments using Spm-w elements, which
indicate that excision of these elements is increased only in embryo-derived and not in
endosperm-derived tissues by loss of RPD1, motivate more detailed analysis of the
specific developmental stages at which RPD1 acts to repress Spm transposition.  Spm
elements appear to be controlled by a basic developmental regulatory mechanism
(Fedoroff and Banks 1988) and a MuDR element was recently described to undergo
epigenetic reprogramming during the transition from juvenile to adult stages (Li et al.
2010).  Tissue-specific regulation of some classes of TEs by Pol IV comports with the
observation that rpd1 developmental phenotypes are most apparent following the juvenile
to adult transition (Parkinson et al. 2007a).  Interestingly, as discussed in the next
chapter, RPD1 loss is associated with increased Pl1-Rhoades expression in the aleurone
layer, an endosperm-derived tissue, which suggests RPD1 may repress different classes
of repetitive sequences at different stages of development.

Materials and Methods

Genetic stocks and mapping: The rmr6-1 and color-converted (Pl1-Rhoades/Pl1-
Rhoades) A632 stock used to generate the rmr6-1 F2 mapping populations and the
protocol used for molecular genotyping were previously described (Hollick et al. 2005,
Parkinson et al. 2007b).  Color-converted A632 and A619 lines used to screen for
additional rmr6 alleles were described in Hollick et al. 2005 and rmr6 allele screen was
described in Parkinson 2007b.  Simple sequence length polymorphism (SSLP) markers
umc1123 and umc1398 (http://www.maizegdb.org) were used for cosegregation analyses,
as described (Hollick et al. 2005), to delimit the rmr6 locus interval.  Of 1238 mutant
seedlings tested, 11 and 22 had recombination events between rmr6-1 and either
umc1123 or umc1398, respectively.  umc1123 and umc1398 were determined to be
proximal and distal to rmr6, respectively, by genotyping recombinant chromosome
polymorphisms at several other SSLP markers spanning 1L.  Finer-scale mapping was
facilitated by polymorphic SSLP markers (B6a and SBP) developed from sequences
identified from a BAC (c0110E23) subclone [subsequently found in sequenced BAC
c0294A07 (NCBI Accession: AC202949)] and in the sequenced BAC c0461C11 (NCBI
Accession: AC205546).  Both B6a (distal) and SBP (proximal) markers were used to test
previously identified recombinant chromosomes:  3 of the 22 umc1398 recombination
events were proximal to B6a and 6 of the 11 umc1123 recombination events were distal
to SBP, thus assigning rmr6 to an ~450 kb interval between SBP and B6a.  Synteny with
rice chromosome 8 and putative candidate genes located within this interval were
identified with Gramene
(http://www.gramene.org/Oryza_sativa_japonica/contigview?region=8&vc_start=249
27945&vc_end=25220910).
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The progeny ear (70733) segregating 1:1 for rmr6-2 homozygotes and
heterozygous siblings that were used for RT-PCR transcript analysis contained the plant
color genotypes Pl1-Rhoades; b1; c1; R-r.

Families segregating 1:1 for rpd1-1 homozygotes and heterozygous siblings that
were used to generate materials for run-on transcription assays contained the plant color
genotypes Pl1-Rhoades; b1; C1; R-r.

RT-PCR and qRT-PCR analysis comparisons of LTR transcript abundance were
made between homozygous rmr6-1/rpd1-1 mutants and non-mutant siblings from BC3F2
progeny (94% B73) derived from introgression of rmr6-1/rpd1-1 into the B73 inbred
line.

Small RNA Northern blot comparisons of abundance of Hbr small RNAs were
made between homozygous rpd1-1 mutants and +/rpd1-1 siblings from BC4F2 progeny
(~97% A632) derived from introgression of the rmr6-1/rpd1-1 into the A632 color-
converted line described above.

Small RNA, RT-PCR and qRT-PCR analysis comparisons were made between
rmr7-1/rpd2a-1 homozygous mutants and their non-mutant siblings in a 50% W23, 25%
A632 background, which contained the plant color genotypes Pl1-Rhoades; B-I; c1; R-r.

rpd1-1 and a1-m5::Spm-w or a1-m2-8011::Spm-w segregating stocks were
generated by crossing an rpd1-1/rpd1-1 mutant (C1; R-r) to a stock that segregated a1-
m5::Spm-w or a1-m2-8011::Spm-w linked to Sh2 and a1 linked to sh2.  Lightly spotted
and heavily spotted progeny were selected from ears that were not segregating sh2
kernels, ensuring all individuals were homozygous for a1-m5::Spm-w or a1-m2-
8011::Spm-w.

Candidate gene selection and sequencing:  Maize genomic sequence
(www.maizesequence.org) was analyzed for potential protein coding regions within the
rmr6 locus interval with FGENESH (Softberry, www.softberry.com). Tblastn searches of
predicted peptides were used to identify candidates for sequencing. Oligonucleotide
primer sets (Table 1) (Sigma-Genosys
http://www.sigmaaldrich.com/Brands/Sigma_Genosys.html) were designed to create tiled
PCR amplicons across putative coding regions of the NRPD1a-like candidate gene from
genomic DNA isolated from plants homozygous for each rmr6 allele described in Fig.
1C.  PCR amplicons were purified with a Qiaquick gel extraction kit (Qiagen, Valencia,
CA) or Econo-spin columns (Epoch Biolabs, Houston, TX) and sequenced at the UC
Berkeley DNA Sequencing Facility, (http://mcb.berkeley.edu/barker/dnaseq/index.html).
The rmr6-1 reference allele was amplified with primer sets (Table 1) and sequenced to at
least 2X coverage throughout the gene model coding regions with at least two
independent PCR amplicons representing every protein-coding region.  The same regions
for rmr6-7, rmr6-8, rmr6-14 and rmr6-16 alleles were amplified, sequenced, and
compared with each other and with both the B73 and rmr6-1 reference sequences.  At
least two independent amplicons (two sequencing reads each) were sequenced for regions
containing the rmr6-7, rmr6-8, rmr6-14 and rmr6-16 lesions identified in Fig. 1C.  Intron
boundaries (Fig. 1C) were confirmed by PCR amplifications of cDNA, generated as
described below from RNA isolated from immature ears of non-mutant plants, with
primers (Table 2) spanning the FGENESH-predicted introns and sequencing the purified
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amplicons.  cDNA sequences for Rmr6-A619, rmr6-1, rmr6-7, rmr6-8, and rmr6-14 are
archived in Genbank accessions FJ426107 — FJ426111 respectively.

Rmr6 expression profile:  Embryo and endosperm tissues were dissected from mature
kernels (B73 inbred) and pooled for RNA isolation with TRIzol reagent (Invitrogen,
Carlsbad, California) following the manufacturer’s protocol.  Excess starch was removed
from the endosperm sample by two additional centrifugations and separations of RNA-
containing TRIzol supernatants from starch pellets.  RNAs was isolated from leaf tissues,
as described (Hale et al. 2007).  RNAs isolated from shoot apical meristems (4 week old
plants) and from 10mm-long immature ears and tassels (all from B73 inbreds) were a gift
from Dr. Natalie Bolduc (USDA-ARS, Albany, CA).  cDNA was generated, as described
(Hale et al. 2007), with 1µg of total RNA as template.  Resulting cDNA was PCR-
amplified with the rmr6-specific primer pair Rmr6-17 (Table 1).  RT-PCR products were
sized on a 1% agarose gel and stained with ethidium bromide for visualization.
Amplifications of rmr6 with the Rmr6-17 primer pair from cDNA yields a 296 bp
product, while amplification from genomic DNA generates a 644 bp product.  RT-PCR
was also carried out on the cDNA in parallel with primers specific to alanine
aminotransferase (aat), as described (Hale et al. 2007).  The B73 DNA control was
performed as described (Dorweiler et al. 2000).

Synteny analysis: Maize rpd1 CDS was used to identify putative rpd1 grass orthologs by
CoGeBlast (http://genomevolution.org/CoGe/CoGeBlast.pl) and sequence was sent to the
GEvo tool of CoGe for synteny analysis of 300 kb of sequence containing the putative
rpd1 loci.  Ancestral rpd1 regions were identified by CoGeBlasting against the most
updated maize (v2), millet (v1) and Brachypodium genomes using sequences of the rice
and sorghum genes flanking the putative rpd1 orthologs in the syntenic interval.  Once
identified, sequences were sent to GEvo for comparing synteny between 300 kb regions
containing the genes ancestrally flanking the rpd1 locus.

Small RNA analyses:  Small RNA fractions were enriched from total RNA isolated from
immature ears (~7 cm) of wild-type heterozygous and homozygous rmr6-1 sibling plants
and visualized following polyacrylamide gel electrophoresis (PAGE) as described
(Slotkin et al. 2003).  Standards for approximate sizing of RNA bands were 20 pmol of
21nt (5'-GGCTAGCATTCCATAGGGTTA-3'), 24nt (5'-
CAACTGTGGTGCTAGTAATTGTTT-3'), and 31nt (5'-
ACTAGGTCATCAACACTATCATAAGACATAT-3') non-specific DNA
oligonucleotides.  For doppia-probed Northerns, 27nt DNA oligos containing doppia
sequence in both the sense (5'-ATTTTCGTCGGCCTAGATGGTGGCCGA-3') and
antisense (5'-TCGGCCACCATCTAGGCCGACGAAAAT-3') orientation were loaded in
separate lanes as a control for hybridization specificity on the Northern blot.  For Hbr
Northerns, a 24 nt DNA oligo containing Hbr sequences (5’-
CCATGTTTGTTTCGGCTTCT-3’) was loaded in a separate lane as a control for
hybridization specificity.  Radiolabelled riboprobes were synthesized and prepared for
hybridization as described (Slotkin et al. 2005), from the following plasmids:  a plasmid
containing Pl1-Rhoades doppia sequence and the genomic region upstream of doppia
(Hale et al. 2007); the pHbr plasmid containing an Hbr element (Appendix II); and the
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pCH13 Plasmid containing CRM2 sequence.  Plasmid DNA used to generate the sense
probe (T7 polymerase) was linearized at a StuI (New England Biolabs, Ipswich, MA) site
and the riboprobe contains some of the genomic region upstream of doppia as well as
doppia sequence; to generate the antisense probe (T3 polymerase), plasmid was
linearized at an SfiI (New England Biolabs, Ipswich, MA)  site and the riboprobe contains
only doppia sequence.

For rmr7/rpd2a experiments, sibling mutant and non-mutant whole seedlings
were identified by tissue coloration 6 days post-imbibition and pooled for RNA
extractions. Tassel branches were collected prior to anthesis from mutant and non-mutant
siblings and used for RNA extractions.  Small RNA fractions were isolated and
visualized as described above and relative 24 nt RNA abundances were quantified by
normalizing to 21 nt RNAs as described in Erhard et al. 2009.

Generation of RNA probes for run-on transcription analysis: All probes used for run-
on transcription analysis were generated from pGEM-T Easy vector (Promega, Madison,
WI) containing the appropriate PCR amplicon with either T7 (Invitrogen, Carlsbad, CA)
or Sp6 (Fermentas, Burlington, Ontario) polymerases. The doppia probe was amplified
from genomic DNA with the Pl1(-493) - 5ʹ′ TAGGTGCAGAAAAATCTGTTTTGG
3ʹ′and -Pl1(-147) - 5ʹ′ CCCACTACAGGAAACGCCTA 3ʹ′ primers. The Mu1 probe is as
described (Barkan and Martienssen 1991) subcloned into pGEM-T Easy. CRM2 and
Cent-A probes were amplified from genomic DNA using primers previously described
(Mroczek and Dawe 2003).  A1 and ubiquitin clones are as described (Hollick et al.
2000) though the A1 probe was subcloned into pGEM-T Easy.  The 45S probe was
amplified from genomic DNA using Zm45S.4 - 5ʹ′ TTGAGAAGTGCTTGCGTGC 3ʹ′and
-Zm45S.5 - 5ʹ′ GTAGCACGTCCTCGCAGAC 3ʹ′ primers (Appendix I) that span the 5ʹ′
region of the maize 45S precursor transcript (McMullen et al. 1986).

Run-on transcription assays: Nuclei were prepared, as described (Dorweiler et al.
2000) from either husk leaves or 14 days post-sown seedlings. For each assay, nuclei
isolated from two individuals of identical rmr6 genotype in the case of husk leaves and
from 13 g of seedlings of identical rmr6 genotype in the case of 14 day-old seedlings,
were combined and then split into two samples of 500 µl each.  Before in vitro
transcription labeling reactions were performed, one of the two identical nuclei samples
was incubated for 10 minutes on ice with 50 µg/ml α-amanitin [gift from Dr. Caroline
Kane (UC Berkeley)] or 50 µg/mL Actinomycin-D (Sigma-Aldrich, St. Louis, MO) and
the other sample with an identical volume of dH20. Transcription reactions were
performed as described (Dorweiler et al. 2000) for 10 minutes at 37°C and RNA was
isolated from nuclei samples, as described (Dorweiler et al. 2000).  Bulk incorporation of
radiolabeled UTP was measured with a 1:30 dilution of total isolated RNA with a
Beckman LS-3801 scintillation counter.  200 ng of each RNA probe described above
were blotted onto a nylon membrane (Amersham Hybond-N+, GE Healthcare,
Buckinghamshire, UK) using a Bio-Dot SF slot blotter (Bio-Rad, Hercules, CA) and UV-
crosslinked.  Individual slot blots were hybridized with isolated, radiolabeled RNA from
transcription reactions overnight at 42°C in hybridization buffer (45% deionized
formamide; 7% SDS; 0.3 M NaCl; 0.05 M Na2HPO4-NaH2PO4 (pH 7.0); 1x Denhardt's
solution; 100 µg/mL sheared salmon sperm DNA).  Blots were then washed successively
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in 1X SSC/0.2% SDS at room temperature twice for 10 minutes and in 0.1X SSC/0.1%
SDS at 65°C twice for 30 minutes. Hybridized RNAs were visualized following an
overnight exposure to a phosphor screen and subsequent detection using a Typhoon 9400
phosphorimaging device (GE Healthcare, Buckinghamshire, UK) and hybridization
signals were quantified using ImageJ software (http://rsbweb.nih.gov/ij/).
Estimates of RPD1-dependent UTP-incorporation were made by calculating the fraction
of α-amanitin-insensitive incorporation in +/rmr6-1 nuclei necessary to provide a ratio
equivalent to two standard errors above the mean ratio found in rmr6-1/rmr6-1 nuclei.

LTR RT-PCR analysis:  RNA was isolated from seedlings 4 days post-imbibition via
standard TRIzol (Invitrogen) purification.  Oligo(dT)-primed cDNA was generated as
described (Erhard et al.).  Random primed cDNA was generated using 1 µg of total RNA
that was reverse transcribed with the Superscript III enzyme (Invitrogen) in the presence
of 250 pmol of random hexamers in a 20 µL reaction.  LTR cDNA sequence was then
amplified via PCR with previously described primers (Mroczek and Dawe 2003).  The
alanine aminotransferase (Aat) cDNA was PCR amplified using previously described
primers (Hale et al. 2007).  The PCR program used is as follows for 30 cycles: 94°C for
30 sec, 57°C for 30 sec, and 72°C for 45 sec.  Strand-specific RT was carried out in the
same fashion as the random-primed RT, except in the presence of 250 pmol of LTR-
specific DNA oligonucleotides in the proper orientation, as well as DNA oligonucleotide
primer specific to the Aat control RNA.  PCR on strand-specific cDNA was carried out as
described above.

Quantitative RT-PCR analysis and transcript abundance calculations:  Real time
RT-PCR was carried out on random primed cDNA generated as described above.  All
reactions were performed on an ABI 7300 real-time cycler (Applied Biosystems) using
the DyNAmo HS SYBR Green qPCR kit (New England Biolabs) following the
manufacturer’s instructions.  Relative transcript abundances between rpd1 mutant and
non-mutant samples and between poly(A)+ and poly(A)- were calculated for CRM2 and
Prem2/Ji from three technical replicates using the 2-ΔΔC

T method (Livak and Schmittgen
2001) with CT values for 1 ng of starting cDNA normalized to CT values of Aat.  Levels
of CRM2 and Prem2/Ji transcripts relative to Aat transcript abundance were calculated by
generating a standard curve of Aat levels based on a dilution series of starting cDNA
amounts from 5 ng to 0.2 ng, this calculation assumes equal efficiencies of amplification
for the control Aat products and the experimental CRM2 and Prem2/Ji products.
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Poly(A) fractionation of total RNA:  For the selection of polyadenylated RNA from
rmr6-1/ rpd1-1 mutants (Fig. 5A, 5B) ~70 µg of total RNA was batch-purified using
oligo(dT) cellulose (Ambion) as previously described (Cold Spring Harb. Protoc.; 2006;
doi:10.1101/pdb.prot4047). As a positive control for the enrichment of the
polyadenylated RNA fraction using this method, I carried out qRT-PCR as described
above comparing the relative levels of the polyadenylated Aat control transcript with the
maize 45S precursor transcript, which is not polyadenylated, in both the poly(A) enriched
fraction and the flow-through.  The Aat transcript was enriched >200-fold in both mutant
and non-mutant samples relative to 45S in the poly(A) enriched fractions (Fig. 8B)
indicating the fractionation was successful in enriching for polyadenylated transcripts.
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Figures

Fig. 1.

Figure 1. (A) Syntenic regions of Rice chromosome 8 and (B) maize chromosome 1
surrounding the rmr6 locus. Hatch marks represent predicted ORFs or gene models, with
connecting lines indicating sequence similarity.  White region in (B) represents a ~450 kb
region delimited by the closest linked markers.  Red hatch marks identify ORFs not
found in the rice syntenic region. (C) Diagram of the NRPD1a-like candidate gene model
with line connecting locations of transition-type lesions to resulting codon changes in the
translated polypeptide represented in (D). Peptide regions with >20 sequence similarity to
conserved domains (A-H) of Pol II largest subunits (23) are shown in solid and the
annotated domain G region (<20% sequence similarity) is identified with a hatched box
Red line in domain D represents the NADFDGD Metal A binding motif of DNA
dependent RNA polymerase largest subunits.
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Fig. 2.

Figure 2. (A) RT-PCR-based transcript analysis using oligo dT-primed cDNA derived
from a +/rmr6-2 heterozygote (+) and an rmr6-2/rmr6-2 (-) homozygous mutant with
genomic DNA (g) amplified as a control.  Arrows indicate cDNA bands that were cut
out, purified and sequenced. (B) Diagram of the NRPD1a-like candidate gene model with
dotted red lines connecting exon 12 to (C) amino acid sequence predicted to be missing
(red dotted box ) in a translated polypeptide encoded by the rmr6-2 allele.
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Fig. 3.

Figure 3. (A) Enriched small RNAs isolated from immature cobs of rmr6-1 homozygotes
and heterozygous siblings. (B,C) Northern blot hybridization of enriched small RNAs
from immature cobs. Stained tRNA bands below the blots are loading controls.  Blots
separated by line in (C) represent technical replicates in which the order of probe
hybridization was reversed, to control for the effect of blot washing on probe
hybridization.
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Fig. 4.

Figure 4. Rmr6 developmental profile. RT-PCR based Rmr6 expression profile in (EMB)
embryo, (END) endosperm, (SL) seedling leaf, (AL) adult leaf, (TL) terminal leaf,
(SAM) shoot apical meristem, (IT) immature tassel, Maize RPD1 and (IE) immature ear.
Identical quantities of cDNA template were used for PCR amplifications with rmr6 and
the control alanine aminotransferase (Aat) primers.
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Fig. 5.

Figure 5. GEvo-based synteny analysis of 300 kb of rpd1-containing regions in
sequenced grass genomes (Brachy = Brachypodium).  ~950 kb of maize sequence
surrounding the rpd1 locus is shown to highlight lack of synteny on either side.  Green
boxes with blue lines represent predicted gene models, and lines between boxes connect
high-scoring segment pairs (HSPs) generated by CoGeBlast.  Results for repetitive
sequences have been mostly masked to highlight conserved gene order.
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Fig. 6.

Figure 6. GEvo-based synteny analysis of 300 kb of ancestral rpd1-containing regions in
sequenced grass genomes.  Black boxes are regions containing putative orthologous
rpd1-encoding genes in rice and sorghum and blue asterisks are putative ancestral
locations of the rpd1-encoding gene in maize, foxtail millet and Brachypodium (Brachy).
Lines between boxes connect high-scoring segment pairs (HSPs) generated by
CoGeBlast. Results for repetitive sequences have been mostly masked to highlight
conserved gene order.
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Fig. 7.

Figure 7. (A) Average ratios (+/- s.e.m.) of bulk 32P-UTP incorporation (-/+ α-amanitin)
into RNA using isolated nuclei from husks of rmr6-1 homozygotes and +/rmr6-1
heterozygous siblings (n=3). (B) Representative exposure of hybridized labeled run-on
RNAs isolated from seedling nuclei of indicated genotype that were untreated (-) or
treated with α-amanitin (α) or Actinomycin-D (A-D). (C) Average ratios (+/-s.e.m.) of
quantified hybridization signal for run-on RNAs (-/+α-amanitin) by densitometry for
rmr6-1 homozygotes (dark bars) and heterozygous siblings (open bars) (n=4 for all
probes except doppia and A1 where n=3). Hybridization signals were standardized to
ubiquitin prior to calculation of  -/+ α-amanitin ratio. (D) MAFFT alignment of ZmRPD1
domain G with region of unique RPD1 sequence underlined (Reprinted with permission
from Jenne L. Stonaker)
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Fig. 8.

Figure 8. Loss of RPD1 function results in an increase in LTR RNA transcript levels. (A)
Representative RT-PCR products amplified from random-primed cDNA from total and
poly(A)-enriched RNA in rpd1 (rmr6-1) mutants (-) and non-mutants (+). (B) qRT-PCR
analysis assaying the enrichment of Aat, a polyadenylated Pol II-derived transcript,
relative to maize 45S precursor transcript, which is non-polyadenylated, for the rpd1
mutant and non-mutant sibling samples. (C) qRT-PCR comparison of change in the
relative abundance of polyadenylated CRM  and Prem2/Ji  in rpd1 mutants relative to
non-mutants (+/- 2 s.e.m.). “*” values are significantly different by a two-sample z-test
(p<0.05). (D) Strand-specific RT-PCR products rpd1 mutants (-) and non-mutants (+).
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Fig. 9.

Figure 9. (A) Ethidium Bromide-stained PAGE gel of small RNAs isolated from 6-day
old seedlings and immature tassels of rpd2a-1 homozygotes, rpd1-1 homozygotes, and
their respective non-mutant siblings. (B) Northern blot hybridization of enriched small
RNAs from (A) using a probe specific to the CRM2 Long Terminal Repeat (LTR)
Retrotransposon. Stained tRNA bands below the blots are loading controls.
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Fig. 10.

Figure 10. (A) PCR amplicons from CRM2 LTRs and the Aat gene generated from total
RNAs that were random primed and treated without (-) or with (+) reverse transcriptase
(RT). RNAs were isolated from 4-day old seedlings of either rpd2a-1 homozygotes (dark
seedling tissues) or heterozygous siblings (near colorless seedlings). (B) qRT-PCR
analysis of the abundance of CRM2 LTR transcripts in homozygous rpd2a-1 mutants
relative to heterozygous, wild-type siblings (error bars are +/- 1 s.e.m.).
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Fig. 11.

Figure 11. (A) Representative kernel spotting phenotypes of a1-m5::Spm-w and a1-m2-
8011::Spm-w grown to maturity to determine rpd1-1 genotype (B) Representative
colored sectors observed in the sheath of mature plants homozygous for the a1 alleles
specified.  The sector shown in the +/rpd1-1 individual represents the most severe mature
plant coloration observed among heterozygotes.
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Chapter 3

Defining diversity of RPD1-regulated alleles in maize

Introduction

Epialleles – epigenetic variants of isogenic alleles – have been characterized in
diverse eukaryotes as non DNA-based sources of phenotypic variation (Jablonka and Raz
2009).  The trans-generational stability of epialleles described to date in organisms
ranging from mice to maize varies greatly (Jablonka and Raz 2009), and there are several
distinct chromatin-based mechanisms available to maintain their heritable expression
states.  The exceptional maize haplotypes that undergo paramutation (see Chapter 1) can
be considered epialleles that are unique in their ability to alter meiotically heritable
regulatory states via trans-homologue interactions.  A characteristic that the heritable
expression states of several paramutation haplotypes share with the heritable expression
states of many other epialleles (Jablonka and Raz 2009, Paszkowski and Grossniklaus
2011) is an association with differential epigenetic modifications of nearby repetitive
DNA sequences (see Chapter 1).  Maize haplotypes that participate in paramutation
interactions are thus used as experimental models for understanding the mechanism of
regulation for repeat-associated epialleles.

While the mechanism underlying paramutation interactions remains unknown,
results of genetic analyses described in Chapters 1 and 2 of this thesis and elsewhere
(Arteaga-Vasquez and Chandler 2010), indicate that a small interfering RNA (siRNA)-
based silencing mechanism plays a role in paramutation-based repression.  This siRNA-
based mechanism presumably evolved to suppress potential deleterious effects of
transposable elements (TEs), suggesting paramutation loci are being recognized and
regulated as TEs by this genome defense system.  However, siRNA signatures of
paramutation were not identified at functionally important cis-linked tandem repeat
sequences of the B1-Intense (B1-I) haplotype (Arteaga-Vasquez et al. 2010) and some
distinct siRNA populations alone appear to be insufficient for certain aspects of
paramutation interactions between Pl1-Rhoades alleles (Erhard and Hollick 2011).  These
results would suggest a more complex, indirect, or perhaps more subtle, function for
siRNAs in facilitating paramutations.

Chapter 2 describes the cloning of the required to maintain repression6 locus,
which encodes RNA Polymerase D1 (RPD1), the largest subunit of RNA Polymerase IV
(Pol IV), an upstream component of the siRNA-based silencing mechanism mentioned
above.  While Pol IV subunits are dispensable in Arabidopsis (Haag and Pikaard 2011),
RPD1 is required in maize for facilitating paramutations (Hollick et al. 1995, Erhard et
al. 2009) and for restricting the expression patterns of certain genes required for normal
development (Parkinson et al. 2007).  This expanded role in maize, where the genome is
composed of >85% TEs (Schnable et al. 2009) and haplotype diversity between inbred
lines is driven predominantly by TE mobilization (Wang and Dooner 2006), may be
correlated with a larger number of TE-associated epialleles of loci with roles in tissue
patterning and differentiation that are under Pol IV control.  Specific RPD1-regulated
alleles whose expression affects development in maize have not yet been identified (see
Chapter 4).  Pl1-Rhoades and its derivatives are useful models for studying Pol IV
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function because their expression states and inheritance patterns can be visually tracked
by pigmentation that is most apparent in the anthers of male flowers (Hollick et al. 2000).

Most mature plant tissues can produce the pigment anthocyanin and its production
is controlled by a family of transcription factors that includes the protein product of the
pl1 locus.  Transcription of anthocyanin biosynthetic genes requires function from both a
MYB domain protein, encoded by the paralogs colored1 (c1) and pl1, and a basic helix-
loop-helix (bHLH) domain protein, encoded by the paralogs booster1 (b1) and red plant1
(r1) (Dooner et al. 1991).  The c1 / pl1 paralogs, retained from a maize-specific
tetraploidy event ~10 million years ago (Swigonová et al. 2004), are subfunctionalized:
c1 alleles condition pigmentation of the aleurone – the single cell-thick, outermost layer
of the endosperm – and pl1 alleles condition pigmentation of the vegetative and floral
tissues of the plant.  There are no known c1 alleles that confer pigmentation to any tissue
other than the aleurone layer.  However, unlike most pl1 alleles including Pl1-Rhoades,
the Pl1-Blotched allele conditions a variegated pigmentation pattern in the aleurone and
the mature plant (Cocciolone and Cone 1993).  The coding region and flanking sequences
of Pl1-Blotched are almost identical to those of Pl1-Rhoades (Gross 2007), including a
402 base pair (bp) terminal fragment of a CACTA-like DNA transposon related to the
doppia subfamily (Cone et al. 1991) located 97 bp 5ʹ′ of the annotated transcription start
site.  Pl1-Blotched alleles do not participate in paramutation interactions (Hollick et al.
1995), indicating that the 5’ doppia fragment is insufficient for paramutation.

In the course of maintaining stocks segregating 1:1 for rpd1 homozygous mutants
and heterozygous siblings, various degrees of aleurone pigmentation were observed
(Parkinson 2007) in a background genetically null (c1 / c1; Pl1-Rhoades / Pl1-Rhoades)
for aleurone pigmentation.  In this chapter, I describe the results of molecular and genetic
experiments that indicate Pl1-Rhoades, conditioned by passage through rpd1 mutants, is
expressed in a Pl1-Blotched domain.  I show that Pl1-Rhoades aleurone expression is
progressively enhanced over generations, that it can be meiotically heritable even in the
presence of RPD1 function, and that it is suppressed in certain backgrounds.  In addition,
I describe results of genetic analyses that tested the effect of RPD1 loss on Pl1-Blotched
expression and the expression of two other genetically distinct Pl1-Rhoades derivative
alleles:  pl1-R30, a 3’ recombinant Pl1-Rhoades derivative that lacks the ability to
facilitate paramutation (Gross 2007) and Pl1-CML52, a pl1 allele that confers anther
phenotypes similar to Pl1-Rhoades and undergoes paramutation (J. B. H. unpublished
results).

All four of the pl1 alleles described show an expanded expression domain after
transmission from rpd1 mutants and each has a similar doppia fragment in their promoter
regions.  I present evidence that RMR1, MOP1/RDR2 and RPD2a – three other
components of a maize RNA-directed DNA methylation (RdDM)-like pathway – are also
involved in repressing Pl1-Rhoades expression in the aleurone.  Results indicating that
these RdDM components (RMR1, MOP1/RDR2, RPD1) are required for maintaining
cytosine methylation patterns of the doppia sequence 5’ of Pl1-Rhoades (Hale et al.
2007) support this hypothesis.  Together, the findings reported in this chapter implicate
the 5' doppia fragment as a likely component of a regulatory module that conditions
strong pl1 aleurone expression in the absence of RdDM and support the hypothesis that
haplotypes that undergo paramutations may be a subset of a larger pool of Pol IV-
controlled TE-associated epialleles present in maize germplasm.
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Results

Pl1-Rhoades is expressed in the aleurone following transmission from rpd1 mutants

Because RPD1 acts to repress expression of Pl1-Rhoades alleles in the Pl’ state in
the anthers, P. I. Jay Hollick and graduate student Susan Parkinson initiated co-
segregation analyses (Parkinson 2007) to determine if RPD1 function correlated with
repression of aleurone pigmentation.  Darkly pigmented and lightly pigmented or
colorless kernels (Fig 1A) from ear progeny segregating both rpd1-1 and rpd1-2 mutant
alleles (Fig 1A, Chapter 2) were selected and grown to maturity over several generations
for anther color scoring (ACS), the results of which are diagnostic of rpd1 genotype
(Hollick et al. 2005, Parkinson 2007).  In agreement with previous results (Parkinson
2007), I show that 88% of dark kernel classes correlated with Pl-Rh-like type plants
(rpd1 / rpd1 genotype) and 93% of the lightest kernels correlated with Pl’-like types
(Rpd1 / rpd1 genotype) (Fig 1A), indicating RPD1 function represses pl1 expression in
the aleurone.

Previous analyses (Parkinson 2007) did not detect an increase in the co-
segregation strength of pigmented kernels with Pl-Rh-like types in progressive filial
generations of 1:1 segregating rpd1 progeny.  It should be noted that these data include
progeny sets for which different methods of kernel selection was used (Parkinson 2007):
pigment selection among a random subset of kernels from a segregating ear, as well as
selection of the darkest and lightest kernels among all of the kernels on an ear.  Using
BC1F2 and F3 progeny segregating rpd1-16 / rpd1-16 homozygotes and heterozygous
and/or wild-type siblings (Materials and Methods), I performed similar co-segregation
analyses as described above using a stringent selection of the darkest pigmented kernels
on the ear to compare more directly the effect of repeated exposure to rpd1 mutant
backgrounds on aleurone pigmentation.  Of two BC1F2 progeny sets, only one showed
significant (P = 0.001, 1 degree of freedom) overrepresentation of individuals with Pl-Rh-
like anthers (rpd1-16 / rpd1-16 genotype) among the darkest pigmented kernels (Table 1)
and neither set showed any over-representation of individuals with Pl’-like anthers (Rpd1
/ rpd1-16 or Rpd1 / Rpd1 genotype) among either the colorless or the lightest pigmented
kernels (Table 1).  However, both F3 progeny sets showed exclusive co-segregation of
Pl-Rh-like types with the darkest pigmented kernels (Table 1), yet no significant co-
segregation of colorless aleurones with Pl’-like anthers (Table 1).  These results indicate
that trans-generational action of RPD1 restricts an aleurone expression domain of an
anthocyanin regulator.

It was still formally possible that this pigmentation was caused by expression of
the c1 allele in these backgrounds.  Sequencing of the c1 allele (Appendix III) resident in
rpd1-1, rpd1-2 and rpd1-16 mutant stocks identified a 363 bp miniature inverted-repeat
transposable element (MITE) of the Heartbreaker (Hbr) family (Zhang et al. 2000) in
exon 2.  This Hbr insertion introduces a premature nonsense codon (Appendix III) that
likely renders this c1 allele non-functional.  I also found aleurone pigmentation in
individuals homozygous for c1-n (Table 2), a null c1 allele disrupted by several indels in
its coding region (Scheffler et al. 1994).  It was therefore highly unlikely that the
aleurone pigmentation observed in the 1:1 segregating rpd1 lines described above is due
to C1.
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I hypothesized that expansion of Pl1-Rhoades expression to the aleurone in the
absence of Pol IV function caused the observed kernel pigmentation.  RT-PCR-based
expression analysis (Fig 1B,C) of RNAs isolated from 4 darkly pigmented and 4 colorless
aleurones indicated that Pl1-Rhoades RNA levels correlated with the amount of aleurone
pigmentation for these 8 individuals.  Molecular genotyping for the rpd1-1 lesion
(Appendix I) confirmed that the aleurone phenotype reflected the presence (colorless) or
absence (darkly pigmented) of RPD1 function (Fig 1B).  These results indicate the
aleurone pigmentation seen in our stocks results from an expansion of Pl1-Rhoades
expression, conditioned by passage through rpd1 mutants.  This pattern of expression
resembles that of Pl1-Blotched (Cocciolone and Cone 1993).

Conditioned Pl1-Rhoades aleurone expression is heritable and progressive

Results of co-segregation analyses described above (Fig 1A, Table 1) show the
imperfect correlation of pigmented aleurones with pigmented anthers, even in advanced
filial generations (Table 1) and using stringent selection criteria.  After transmission from
rpd1 mutants, Pl1-Rhoades can be expressed in the aleurone in the presence of functional
RPD1, as is evidenced by Pl’-like types (Rpd1 / rpd1 heterozygotes) grown from darkly
pigmented kernels (Table 1).  These results indicate that Pl1-Rhoades alleles are heritably
conditioned by rpd1 mutant backgrounds to be expressed in the aleurone.  Outcrossing
either rpd1 / rpd1 or Rpd1 / rpd1 individuals grown from pigmented kernels to wild-type
(Rpd1 / Rpd1) individuals with naïve Pl1-Rhoades alleles (i.e., no aleurone expression)
usually resulted in BC1F1 ear progeny with some pigmented kernels (Table 3),
confirming the heritability of Pl1-Rhoades aleurone expression.  Results of similar
outcrosses using BC1F1 progeny grown from darkly pigmented kernels indicate that Pl1-
Rhoades aleurone expression is heritable across at least two meiotic divisions in the
presence of RPD1 function (Table 3).  Conversely, loss of Pol IV function does not
always result in strong Pl1-Rhoades aleurone expression, as evidenced by the many Pl-
Rh-like types grown from colorless or lightly pigmented kernels (Table 1, Table 3).

There appear to be suppressors of Pl1-Rhoades aleurone expression present in
some genetic backgrounds, including the A632 inbred line (Table 3).  For example,
BC1F1 ears generated by crosses of pollen from rpd1 / rpd1 or Rpd1 / rpd1 individuals
grown from darkly pigmented kernels to ears from A632 Pl1-Rhoades testers show no
pigmentation at all (n=6, Table 3).  However, progeny generated by the reciprocal cross
(A632 Pl1-Rhoades pollen and either rpd1 / rpd1 or Rpd1 / rpd1 ears of plants grown
from darkly pigmented kernels) segregate for pigmented kernels (Table 3).  These results
indicate that the pigment suppressor present in the A632 background may be dosage-
dependent, as aleurones receive two genetic complements from the female parent, and
only one from the male parent.  BC1F2 progeny ears generated by selfing these BC1F1
individuals segregate for greater than 1/4 pigmented kernels (Table 4), indicating that the
A632 pigment suppressor either does not act in a dominant manner or is comprised of
multiple loci.

Pigmented kernels were observed in BC1F2 ear progeny segregating rpd1-16
alleles, as well as in the M2 ear 63153, in which the rpd1-16 allele was originally
designated ems063153 (see Chapter 2), indicating that consecutive generations of
conditioning in an rpd1 mutant background are not required for Pl1-Rhoades aleurone
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expression.  The intensity of aleurone pigmentation increases among sibling cross
progenies exposed to increasing numbers of meiotic divisions in the absence of Pol IV
function.  Graduate student Susan Parkinson generated progeny ears representing
different filial generations of 1:1 segregating rpd1 families (Fig 2A) during the same field
season to control for environmental conditions and I observed a progressive enhancement
of pigmentation in the aleurones of progeny whose Pl1-Rhoades alleles had been
conditioned over increasing numbers of generations without RPD1 function.
Quantification of graded classes of aleurone pigmentation (Fig 2B) in the sibling cross
progeny described (Fig 2A) confirmed a trans-generational increase in overall aleurone
pigmentation (Fig 2B).  Notably, I found no colorless kernels after the F5 generation, and
by the F5 generation some kernels had a fully colored phenotype (Fig 2B)
indistinguishable from that conferred by dominant C1 alleles (Fig 2C).  The ratio of this
C1-like class among ear progeny increased across generations (Fig 2B).  These data
indicate that Pl1-Rhoades, which lacks aleurone expression in reference state wild-type
backgrounds, can be inherited in a fully functional aleurone expression state after several
generations of conditioning in the absence of RPD1 function.

Aleurone and anther expression of derivative Pl1-Rhoades alleles is sensitive to RPD1
loss

I tested the effect of RPD1 loss on the aleurone expression of Pl1-Blotched
alleles, which do not undergo paramutation (Hollick et al. 2000), and observed increases
from a weak, variegated phenotype (Fig 3A) to fully colored C1-like phenotypes among
F2S2 progeny of rpd1-1 mutants (Fig 3B).  This result indicates that sequences targeted by
Pol IV and controlling aleurone expression are shared between Pl1-Rhoades and Pl1-
Blotched but are insufficient for paramutation.  Two observations support the hypothesis
that the doppia fragment 5’ of the Pl1-Rhoades and Pl1-Blotched coding regions is
responsible for their aleurone expression.  First, a similar 226 bp doppia fragment, σ, acts
as an aleurone-specific promoter in the R-r haplotype of the r1 locus (Walker et al. 1995)
and second, RPD1 is required for maintaining cytosine methylation patterns of the doppia
sequence 5’ of Pl1-Rhoades (Hale et al. 2007).  Results of genetic analyses of two other
derivative alleles of Pl1-Rhoades (pl1-R30 and Pl1-CML52; Fig 4) also supported this
hypothesis.

The pl1-R30 haplotype (Fig 4) was identified in a screen (Gross 2007) for
recombinant Pl1-Rhoades derivatives that lack the ability to facilitate paramutation
(Gross 2007).  This same recombinant coincidently lost high levels of anther expression,
measured by visual assessment of pigment phenotype (Gross 2007) and by RT-PCR
(Gross 2007), consistent with the hypothesis that 3’ sequences required to facilitate
paramutation also serve as an enhancer-like element.  I selected pigmented kernels from
F2 progeny segregating pl1-R30, Pl1-Rhoades and rpd1-1 alleles and molecular
genotyping (Appendix I) confirmed that 6/33 individuals grown from these pigmented
kernels were homozygous for the pl1-R30 allele (Table 5).  These results indicate that the
cis-acting 3' sequences required for paramutation interactions between Pl1-Rhoades
haplotypes are not required for pl1-R30 to be expressed in the aleurone.

5/6 F2 pl1-R30 homozygotes grown from pigmented kernels were phenotypically
normal (Rpd1 / rpd1-1 or Rpd1 / Rpd1 genotype), an unexpected result with respect to the
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hypothesis that loss of RPD1 function conditions pl1 aleurone expression.  2/6 of these
individuals were confirmed to be Rpd1 / Rpd1 and two were confirmed to be Rpd1 /
rpd1-1, based on the presence or absence of typical rpd1 mutant phenotypes segregating
in F2S2 families (Table 5).  This result indicates that the pl1-R30 haplotypes conferring
aleurone pigmentation in the two Rpd1 / Rpd1 F2 individuals (Table 5) had never been
directly exposed to loss of RPD1 function, either during somatic or gametic development.
Moreover, F2S3 ears generated by selfing F2S2 pl1-R30 ; Rpd1 / Rpd1 individuals grown
from pigmented kernels segregated for at least 1/4 darkly pigmented kernels, indicating
that this expanded pl1-R30 aleurone expression domain is heritable and can be selected
for across generations, all in the presence of RPD1 function.

Results of preliminary co-segregation analyses of pl1-R30-dependent aleurone
pigmentation phenotypes and rpd1 mutants, based on the presence of obvious rpd1
developmental phenotypes, varied greatly between two 1:3 segregating rpd1-1 families
tested (Table 5).  While one family showed 100% co-segregation of rpd1 mutants with
the darkest kernel class (Table 5), the other family showed no overrepresentation of rpd1
mutants in the class of the darkest kernels (Table 5).  One distinguishing feature of these
two families is the aleurone pigmentation of their two “grandparents”, the F1 individuals
generated by crossing rpd1 / rpd1; Pl1-Rhoades (Pl’) / Pl1-Rhoades (Pl’) mutants to
Rpd1 / Rpd1; pl1-R30 / pl1-R30 individuals.  An F1 individual grown from a colorless
kernel gave rise to the F2S2 family in which co-segregation of rpd1 mutants with darkly
pigmented kernels was 100% and an F1 individual grown from a pigmented kernel gave
rise to the F2S2 family in which there was no co-segregation of rpd1 mutants with kernel
pigmentation.  These results indicate that loss of RPD1 function can condition strong pl1-
R30 aleurone expression regardless of the observation that pl1-R30 aleurone expression
can be induced in the presence of RPD1 function.

Loss of RPD1 increased not only the aleurone pigmentation conditioned by pl1-
R30 and Pl1-Blotched haplotypes, but also the anther pigmentation (Fig 5, Table 6),
which contrasts results indicating that rmr1 mutations have no effect on Pl1-Blotched
anther expression (Hale 2009).  In wild-type backgrounds Pl1-Blotched and pl1-R30
haplotypes confer weak (Gross 2007) and variegated (Cocciolone and Cone 1993) anther
pigmentation phenotypes, respectively, yet I observed dark, Pl-Rh-like anther phenotypes
(ACS7) in rpd1 mutants homozygous for Pl1-Blotched and pl1-R30 (Fig 5, Table 6).
Many individual tassels, and in some cases tassel branches (Fig 5A), of both rpd1 / rpd1;
Pl1-Blotched / Pl1-Blotched and rpd1 / rpd1; pl1-R30 / pl1-R30 individuals produced
anthers with a wide range of ACS scores (Table 6).  This contrasts strongly with tassels
of rpd1 / rpd1; Pl1-Rhoades (Pl’) / Pl1-Rhoades (Pl’) individuals, which produce
homogenously ACS 7 anthers (Hollick et al. 2005), a difference that is likely related to
the absence of the enhancer function provided by sequence 3’ of the Pl1-Rhoades
haplotype.  These observations indicate that loss of RPD1 function may condition an
overall increase in the expression of doppia-associated pl1 alleles, rather than an increase
in expression in a specific tissue, and that sequences distinct from those present in the
Pl1-Rhoades 3’ distal region are sufficient to enhance anther expression of pl1 alleles in
the absence of RPD1 function.

I also observed aleurone pigmentation (Fig 6, Table 7) in progeny segregating 1:3
for rpd1-2 mutant alleles (Chapter 2) and a distinct pl1 variant from the CML52 inbred
line, Pl1-CML52 (Fig 6), which does not display aleurone expression in a wild-type
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background (Materials and Methods).  Unlike Pl1-Blotched and pl1-R30, Pl1-CML52
undergoes paramutations and conditions a range of ACS scores, similar to Pl1-Rhoades
(J. B. H. unpublished).  Sequencing of the Pl1-CML52 5' region identified a doppia
fragment in the same location with respect to the three pl1 haplotypes described above
but containing a 32 bp insertion (Fig 4).  Interestingly, Pl1-CML52 is even more likely
than Pl1-Rhoades to be expressed in the aleurone.  F2S2 progeny generated by selfing
Pl1-CML52 / Pl1-CML52; Rpd1 / rpd1-2 individuals show a high proportion of heavily
blotched and C1-like kernels (Fig 6) and that proportion appears to increase in the F2S3
generation (Fig 6).  Together, these results indicate that sequences targeted by Pol IV and
controlling aleurone expression are shared between these four pl1 haplotypes (Fig 4).

Cytosine methylation profiles at the 3’ end of the pl1 locus do not distinguish Pl1-
Blotched from conditioned Pl1-Rhoades alleles

Methylation profiles of the region 3’ of the Pl1-Blotched and Pl1-Rhoades coding
sequences have identified a pattern that distinguishes Pl1-Blotched from Pl1-Rhoades
(Cocciolone and Cone 1993, Hoekenga et al. 2000).  I hypothesized that if this 3’
cytosine methylation pattern was dependent on RPD1 function, as is the methylation
pattern within the doppia fragment 5’ of Pl1-Rhoades, it may be associated with the
conditioned Pl1-Rhoades expression in a Pl1-Blotched domain.  To test this hypothesis, I
performed a MspI/HpaII restriction-based cytosine methylation assay (Cocciolone and
Cone 1993, Hoekenga et al. 2000, Materials and Methods) on DNA extracted from
seedling leaves of plants homozygous for Pl1-Blotched and of plants homozygous for
Pl1-Rhoades grown from either lightly pigmented or darkly pigmented kernels.
Methylation of the internal cytosine within the MspI/HpaII recognition site (CCGG)
blocks HpaII digestion, but not MspI digestion (Cocciolone and Cone 1993, Hoekenga et
al. 2000).  The ratio of MspI:HpaII Southern blot band intensities is used as a metric for
the extent of cytosine methylation at one of these sites (Materials and Methods).

Averages of results obtained from two technical and two biological replicates of
these experiments (Fig 7A,B), which represent analyses of seven MspI/HpaII restriction
sites (Fig 7C), do not indicate a strong difference in methylation between Pl1-Blotched
and Pl1-Rhoades MspI/HpaII sites in this 3’ region (Fig 7A,B).  Of the results that
allowed for quantitative comparison of the averages between the samples, sites
represented by the 400 and 700 bp bands (Fig 7A) did not show statistical differences
among the three samples (Fig 7B).  The presence of HpaII bands at 400 and 700 bp
indicate the sites represented by these bands are at least partially unmethylated.  Analysis
of sites represented by 1.8 kb bands (Fig 7B) indicated a small but statically significant
difference between Pl1-Rhoades (grown from lightly pigmented kernels) and Pl1-
Blotched samples, though experimental variation between samples from Pl1-Rhoades
individuals grown from darkly pigmented kernels was too great to allow statistical
differentiation from the averages of the other two samples (Fig 7B).  Qualitative
assessments of the 7.0 and 1.5 kb bands indicate the sites representing them are at least
partially unmethylated and mostly methylated, respectively, in both Pl1-Rhoades and
Pl1-Blotched.  Together, these results indicate that the cytosines tested in this 3’ region
are not targeted by Pol IV-dependent siRNAs and that methylation differences between
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Pl1-Rhoades and Pl1-Blotched in this region do not define their different expression
domains.

siRNA mutant backgrounds condition increased Pl1-Rhoades expression in the aleurone

Three other siRNA biogenesis pathway components – Required to Maintain
Repression1 (RMR1), a novel Sucrose Non Fermenting2-like (SNF2-like) ATPase (Hale
et al. 2007) and Mediator of Paramutation1 (MOP1), a putative RNA-dependent RNA
polymerase (Woodhouse et al. 2006, Alleman et al. 2006) as well as the presumed
second-largest subunit of Pol IV, RMR7/RPD2a (Stonaker et al. 2009, Sidorenko et al.
2009) – are required for maintaining repressed Pl’ states.  Aleurone pigmentation was
also found in ear progenies segregating 1:1 for homozygous rmr1, mop1 and rpd2a
mutants and heterozygous siblings. Co-segregation analyses, performed as described
above, indicated that RMR1, MOP1 and RPD2a also contribute to repression of Pl1-
Rhoades in the aleurone layer (Fig 8A, 7B).  Because the cytosine methylation patterns of
the doppia sequence 5' of Pl1-Rhoades are dependent on RMR1, MOP1 and RPD1
functions (Hale et al. 2007), these findings implicate the 5' doppia fragment as a
component of the regulatory module that conditions strong aleurone expression after
transmission from siRNA mutants.

Discussion

The results presented in this chapter indicate that an RdDM-like mechanism acts
to restrict Pl1-Rhoades expression from the aleurone layer of the endosperm.  Genetic
analyses of the derivative pl1 haplotypes tested distinguish an RdDM-targeted element,
which when deregulated in siRNA mutants facilitates pl1 aleurone expression, from
sequences required to facilitate paramutation, located distal to the pl1 coding region
(Gross 2007).  Because the promoter-proximal doppia fragment 5’ of Pl1-Rhoades,
which is insufficient for paramutation interactions (Hollick et al. 2000), is targeted by
this RdDM-like mechanism (Hale et al. 2007), it is likely responsible for the pl1 aleurone
expression of the pl1 haplotypes tested.  Moreover, while the effect of siRNA absence
was not tested on the aleurone expression of a pl1 allele lacking a promoter-proximal
doppia, RPD1 loss did not affect the anther expression of pl1-A632 (Hollick et al. 2005),
a pl1 allele, which, based on restriction fragment length polymorphism analysis (Gross
2007), lacks a doppia-sized fragment in its immediate 5’ region.

Pol IV function represents a molecular link between developmental gene control
in maize and TE-associated epiallele regulation, though neither the general characteristics
of a Pol IV-regulated haplotype, nor their prevalence, are known.  I hypothesize that Pol
IV has been co-opted during maize evolution and germplasm improvements to define the
expression pattern of specific haplotypes that have incorporated repeat-like features.
While haplotypes that undergo paramutation are seemingly exceptional (Gross and
Hollick 2007), haplotypes affected by Pol IV action may be more numerous in maize
germplasm if a common element of a Pol IV-controlled haplotype is repetitive sequences.
Evidence of epigenetically regulated TEs being co-opted as regulatory components of
endogenous alleles supports Barbara McClintock’s designation of TEs as controlling
elements (McClintock 1951).  Results presented in this chapter mirror those of
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McClintock in which induced changes to the heterochromatic component of the genome
are coincident with heritable changes in gene regulation (McClintock 1951).  Alterations
of this Pol IV-based control system can thus provide potentially desirable and adaptive
traits for both natural and artificial selection to act upon.

It remains unknown whether restriction of the Pl1-Rhoades expression domains in
the presence of siRNAs is mechanistically related to paramutation interactions occurring
between Pl1-Rhoades states.  The 3' sequences required for paramutation interactions are
not necessary for aleurone expression, but the 5' doppia fragment may be necessary for
paramutations.  A hypothesis positing that the 5' doppia fragment is necessary for
paramutations predicts a Pol IV-mediated interaction between the enhancer/paramutation
element(s) and the doppia fragment and that the genetic difference between Pl1-Rhoades
and Pl1-Blotched is defined by these distal sequences.  This idea is consistent with
linkage data from Marcus Rhoades indicating that the Blotched factor is located ~1cM
distal of Pl1-Rhoades (Rhoades 1948).  It will be of interest to determine the requirement
of this doppia fragment for both paramutation interactions between Pl1-Rhoades alleles
and its aleurone expression capacity.

Though RMR1 is involved in repressing Pl1-Rhoades expression in the aleurone,
loss of RMR1 has no effect on Pl1-Blotched expression in the anthers (Hale 2009) and no
increase in Pl1-Blotched expression in the aleurone was noted (Hale 2009), whereas loss
of RPD1 function led to Pl-Rh-like anther phenotypes and C1-like aleurone phenotypes
conferred by Pl1-Blotched alleles (Fig 3).  There are several other differences between
the effect of rmr1 and rpd1 mutations, which include their effect on development
(Parkinson 2007, Hale et al. 2009), and on the accumulation of polyadenylated CRM2
transcripts (Chapter 1, Hale et al. 2009).  Perhaps a more relevant distinction in this case
is the difference in RMR1-dependent and RPD1-dependent cytosine methylation patterns
at and nearby the promoter-proximal doppia fragment:  RMR1 is required only for
asymmetric (CHH) methylation and RPD1 is required for cytosine methylation in all
sequence contexts (CG, CHG and CHH) (Hale et al. 2007).  Further studies are required
to better understand the molecular differences underlying the phenotypic differences
observed in these two siRNA mutants.  The difference these two mutations have on Pl1-
Blotched expression, a model haplotype that is likely to be genetically distinct from Pl1-
Rhoades, will be of use in future endeavors to identify and verify specific genome-wide
targets of RMR1- and RPD1-based regulation.

Unexpected findings were generated by analyses of the effect of RPD1 loss on the
aleurone and anther expression of Pl1-Blotched (Fig 3, Table 6) and pl1-R30 (Table 5,
Table 6), two pl1 haplotypes lacking the 3' enhancer-like sequences of the Pl1-Rhoades
haplotype (Gross 2007, Hale 2009).  I determined that pl1-R30 haplotypes are expressed
in Rpd1 / Rpd1 / Rpd1 aleurones (Table 5), a result indicating that the pl1-R30 haplotype
can be expressed in the aleurone without having been conditioned in an rpd1 mutant
background.  However, the 100% co-segregation of the darkest kernels with rpd1 mutants
in one pl1-R30 family segregating 1:3 for rpd1-1 homozygotes (Table 5) indicates that
RPD1 function is involved in repressing pl1-R30 expression in the aleurone.  To explain
these results, I hypothesize that a trans-acting factor, de-repressed and/or re-activated by
passage through an rpd1 background, induces heritable expansion of pl1-R30 expression
to the aleurone.  Two candidates for factors that could induce pl1-R30 aleurone
expression are the Pl1-Rhoades haplotype, to which the pl1-R30 haplotype was exposed
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during the F1 generation and which was conditioned by several passages through rpd1
mutant backgrounds, and re-activated autonomous Doppia elements.

Trans-homolog interactions define paramutations between Pl1-Rhoades
haplotypes in Pl’ and Pl-Rh regulatory states.  However, if the 3’ sequences required for
Pl1-Rhoades paramutations are required for the trans-homolog interactions between Pl1-
Rhoades haplotypes, then that interaction would be disrupted in a pl1-R30 / Pl1-Rhoades
heterozygote.  Also, the role I show for RPD1 in repressing pl1-R30 aleurone expression
(Table 5) indicates that the sequences targeted by RPD1 in this haplotype must not be the
3' sequences required for paramutation interactions between Pl1-Rhoades alleles.

Several lines of evidence suggest that unlinked Doppia elements, re-activated by
passage through rpd1 mutants, are responsible for activating pl1-R30 in the aleurone.  A
study (Bercury et al. 2001) of a full-length Doppia element, Dop4, describes the Dop4-
encoded DOPA protein and its ability to bind to subterminal repeat elements (SREs)
present in Doppia elements.  17 of these SREs are present in the Pl1-Rhoades promoter-
proximal doppia fragment (Cone et al. 1993).  Intriguingly, the insertion in the doppia
fragment 5’ of the Pl1-CML52 allele, which can become stably expressed in the aleurone
even in the presence of RPD1 function (Fig 6), contains an additional canonical DOPA-
binding site, as defined by Bercury et al.  DOPA is 44% similar at the amino acid level to
the TnpA protein encoded by En/Spm elements, which acts both to repress and activate
En/Spm elements depending on the methylation status of their promoters (Schläppi et al.
1994).  DOPA was found to activate gene expression in a transient transformation assay
(Bercury et al.), and the σ element of the R-r haplotype acts as an aleurone-specific
promoter (Walker et al. 1995).  It is tempting to speculate, therefore, that DOPA protein,
expressed from cryptic, re-activated Doppia elements, can bind to SREs present in the
doppia fragment in the promoter-proximal region of pl1 alleles, and drive expression of
these alleles.  TnpA binding to the En/Spm promoter leads to reduced DNA methylation
(Schläppi et al. 1994), suggesting that DOPA binding could lead to reduced DNA
methylation of the pl1 promoter-proximal doppia fragment.  Presumably, silent, yet
functional Doppia elements could be re-activated in ways other than passage through
rpd1 mutant backgrounds, as other TE systems are in response to certain stresses and
“genome shocks” (McClintock 1984).  This allows for an alternative mechanism for the
promotion of pl1 aleurone expression in the presence of RPD1 function.

Given the ranges of ACS scores observed in tassels of both rpd1 / rpd1; Pl1-
Blotched / Pl1-Blotched and rpd1 / rpd1; pl1-R30 / pl1-R30 individuals, it is likely that
an element common to these two haplotypes increases the probability that pl1 is
expressed in a given cell, and presumably its progenitors, rather than the level of pl1
expression, after transmission from rpd1 mutants.  A model of stochastic influence of
epigenetically modified doppia fragments on pl1 expression could explain some of the
non-concordant examples where loss of RPD1 function does not always lead to darkly
pigmented kernels, and thus uniformly high levels of Pl1-Rhoades expression.   Some of
these non-concordant examples could also be explained by an unlinked suppressor
segregating in these families.

Suppressors of aleurone pigmentation conferred by Pl1-Blotched alleles have
been identified by genetic studies (Hoekenga 2000), though mapping or cloning of
suppressors of aleurone pigmentation have not yet been published.  It is possible that Pl1-
Rhoades alleles in the suppressive A632 background may escape that suppression if
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maintained in an rpd1 mutant background for several generations.  The suppressible
nature of Pl1-Rhoades and Pl1-Blotched (Cocciolone and Cone 1993, Hoekenga 2000)
aleurone phenotypes could also be caused by unlinked factors, such as at two other TE-
associated epialleles, the Mu1 insertion-based mutant alleles high chlorophyll
fluorescence106  (hcf106) (Martienssen et al. 1990) and Lesion-mimic 28 (Les28)
(Martienssen and Baron 1994).  However, the suppression of Pl1-Rhoades in the aleurone
in some backgrounds contrasts fundamentally with the mechanism behind heritable,
suppressible phenotypes conditioned by these Mu-induced epialleles, where active Mu
elements present in some backgrounds would suppress the “mutant” hcf106 and Les28
phenotypes.  In a scenario analogous to this at the pl1 locus, an active doppia element
present in some backgrounds would suppress the “mutant” aleurone expression of Pl1-
Rhoades or Pl1-Blotched.  However, one would predict less and less pigmentation by this
logic, as loss of Pol IV function is associated with releasing epigenetic control of TEs and
activating them, causing more and more suppression of doppia-associated alleles.  On the
contrary, unlinked Doppias re-activated by passage through rpd1 mutant backgrounds, as
discussed above, could be causing the pl1-R30 allele to be expressed in the aleurone.

Unlike the Pl1-Rhoades aleurone expression domain, the developmental
phenotypes observed in mature rpd1 mutants are not heritable across meiotic divisions
(Parkinson et al. 2007, Parkinson 2007).  This difference in heritability may reflect a
fundamental difference in the function of RdDM in embryo- and endosperm-derived
cells.  This difference may also reflect the functional diversity in the haplotype structures
of RPD1 targets, a difference highlighted by phenotypes conferred by Pl1-Rhoades and
its derivative alleles.  Background-specific developmental phenotypes observed in rpd1
mutants (see Chapter 4) supports the latter hypothesis.

As c1 and pl1 are duplicates retained after the maize tetraploidization, it is
tempting to speculate that RdDM may be involved in the mechanism by which a
paralogous gene can be subfunctionalized.  However, two observations raise doubt as to
the plausibility of this hypothesis.  Pl1-Blotched and pl1-R30 homozygotes can produce
dark Pl-Rh-like anthers as well darkly pigmented aleurones in the absence of RPD1
function, suggesting doppia-mediated RdDM control of these pl1 alleles may not be
tissue-specific, but rather acts to repress their expression in all tissues and the anther and
aleurone are tissues in which pl1 is capable of being expressed.  In addition, only specific
pl1 alleles with a doppia in their promoter regions are predicted to be competent to
express in the paralogous c1 domain.  Though these observations do not rule out RdDM
as a potential mechanism for silencing in polyploid plants, the pl1 expression described in
this chapter appears to be coincidental with the presence of a subfunctionalized paralog
usually responsible for aleurone pigmentation.

Materials and Methods

Genetic stocks: The rpd1-1 and rpd1-2 stocks used to generate families segregating 1:1
for rpd1-1 and rpd1-2 homozygotes and heterozygous siblings were previously described
(Hollick et al. 2005) and contained the plant color genotypes Pl1-Rhoades (Pl’); b1; c1;
R-r.  rpd1-16 stocks used in co-segregation analyses were described in Chapter 2
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(Materials and Methods.  Stocks used in the Pl1-Rhoades recombinant screen, including
those containing the pl1-R30 recombinant allele have been described (Gross 2007).

Inbred line CML52 was obtained from the North Central Regional Plant
Introduction Stations, Ames, IA.  The CML52 inbred line contains both a null c1 and a
null seed component of the r1 haplotype (r-r), as neither complement the respective
recessive alleles contained in color-converted A632 (c1; R-r) and K55 (C1; r-r) stocks
with respect to aleurone pigmentation (K.F.E. and J.B.H. unpublished observations).

Color-converted A632 stocks (Pl1-Rhoades (Pl’); b1; c1; R-r) used for outcrosses
(Table 3) are described in Hollick et al. 2005.  Color-converted Mo17 stocks (Pl1-
Rhoades (Pl’); B-Mo17; c1; R-r) used for outcrosses were established through recurrent
backcrosses to the inbred line (>93% Mo17) in the same manner as described (Hollick et
al. 2005).

Molecular analyses:  Genomic DNA was isolated from seedling leaves as described
(Hale et al. 2007).  Pl’ plants homozygous for the c1 allele present in Pl1-Rhoades (Plʹ′)
stocks was PCR-amplified using c1-specific primers (Appendix III).  PCR amplicons
were purified with a Qiaquick gel extraction kit (Qiagen, Valencia, CA) or Econo-spin
columns (Epoch Biolabs, Houston, TX) and sequenced at the UC Berkeley DNA
Sequencing Facility, (http://mcb.berkeley.edu/barker/dnaseq/index.html).

For Pl1-Rh expression analysis, aleurone layers (4 colorless and 4 darkly pigmented)
were dissected from individual developing kernels 25 days after pollination of an ear
from a Pl’-like (Rpd1 / rpd1-1) plant (individual 09-137-2) by pollen from a Pl-Rh-like
(rpd1-1 / rpd1-1) plant from family 09-156 and RNA was isolated using TRIzol reagent
(Invitrogen, Carlsbad, California) following the manufacturer’s protocol.  cDNA was
generated as previously described (Gross and Hollick 2007) using 1µg of total RNA as
template.  Separate reactions were performed with all RNA samples using no reverse
transcriptase to control for genomic DNA contamination.  Resulting cDNA samples were
PCR-amplified for 27 cycles using the Pl1-Rhoades-specific primer pair Pl1-RT
(Appendix III) and primers specific to alanine aminotransferase (Aat) as described (Hale
et al. 2007, Chapter 2), yielding a 171 bp product and a 290 bp product, respectively.
RT-PCR products were sized on a 2% agarose gel and stained with ethidium bromide for
visualization and quantified with ImageJ software (http://rsbweb.nih.gov/ij/) in order to
normalize Pl1-Rhoades products to Aat products.

Materials used for Southern blots (Fig 7) were as follows.  Lightly pigmented and
darkly pigmented kernels from ear 81056 (F8 filial generation segregating 1:1 for rpd1-1
homozygotes and Rpd1 / rpd1-1 heterozygotes) and from ear 21208 (Pl1-Blotched / Pl1-
Blotched) were grown in vermiculite and sand on lab bench top.  Genomic DNA was
isolated from ~2 week old seedling leaves 1, 2 and 3 as described (Voelker et al. 1997)
from two P1-Rh-like individuals (from darkly pigmented kernels), two P1’-like
individuals (from lightly pigmented kernels) and two Pl1-Blotched / Pl1-Blotched
individuals.  10 µg of genomic DNA was cut with indicated enzyme according to the
manufacturer’s instructions (New England Biolabs, Ipswich MA), separated on 1%
agarose gels in 1 TBE, and blotted to Hybond-N membranes (GE Healthcare Life
Sciences, Piscataway, NJ).  The 1.1 kb XhoI probe for the 3’ region of Pl1-Rhoades was
generated as described (Cocciolone and Cone 1993).  The XhoI probe as labeled as
described (Gross 2007) and hybridized blots were exposed to phosphor screens for 3 days
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and imaged as described (Gross 2007).  Hybridization signals were quantified by
densitometry as described (Chapter 2).
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Tables

Table 1: Co-segregation of Pl-Rh-types with aleurone pigment phenotype

Filial
Generation

Progeny
ears

No. of progeny grown from
darkest pigmented kernels
with indicated anther color

phenotype (Pl’ or Pl)

No. of progeny grown from
colorless or lightest

pigmented kernels with
indicated anther color
phenotype (Pl’ or Pl)

Pl’ Pl Total Pl’ Pl Total
F2
(1:3 rpd1-16) 1 (80943) 49 15 64 44 11 55

F2
(1:3 rpd1-16) 1 (80946) 32 25 57 89 19 108

F2
(1:1 rpd1-16) 1 (91310) 0 22 22 14 10 24

F2
(1:1 rpd1-16) 1 (91836) 0 23 23 22 18 40

F7
(1:1 rpd1-1) 1 (62069) 2 7 9 6 0 6

F8
(1:1 rpd1-1) 1 (91278) 0 13 13 8 1 9

F8
(1:1 rpd1-2) 1 (61331) 0 15 15 13 0 13

F9
(1:1 rpd1-2) 1 (70732) 1 5 6 16 0 16
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Table 2: c1-n co-segregation with aleurone pigment phenotype

Genotype of
F1 parent

Progeny
ears

No. of F2 progeny grown from darkly pigmented kernels
with indicated genotypes

c1-n / c1-n c1-Hbr / c1-n c1-Hbr / c1-Hbr Total
c1-n / c1-Hbr;
Rpd1 / rpd1-1

1
(100061) 4 8 2 14
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Table 3: Aleurone pigmentation phenotypes of ear progeny resulting from
outcrossing individuals grown from pigmented kernels to and by inbred testers

Pistillate
Parent

Background1

Pistillate
Parent pl1

allele

Staminate
Parent

Background2

Filial
Generation
(Staminate

Parent)

No. of F1
Ear

Progeny

F1 Progeny
Kernel

Phenotype

B73 (~50%) pl1-B73 rpd1-2 F3 1 (91885) Bh kernels3

B73 (~97%) Pl1-Rh rpd1-2 F8 1 (60705) Bh kernels

B73 pl1-B73 rpd1-2 F6 1 (32309) colorless

Mo17 (~94%) Pl1-Rh Rpd1 / rpd1-2 ¥ F9 1 (81029) Bh kernels4

Mo17 (~94%) Pl1-Rh Rpd1 / rpd1-2
or Rpd1 / Rpd1 BC1

2
(11XXXX,
11XXXX)

Bh kernels

Stock 907H pl1-W22 rpd1-1 F8 2 (33852,
33853) colorless

A632 (~98%) Pl1-Rh
rpd1-1 / rpd1-1
or Rpd1 / rpd1-
1

F7

6 (90299,
90300,
90301,
90302,
90303,
90304)

colorless

rpd1-1 * Pl1-Rh A632 ‡ - 4 Bh kernels

Rpd1 / rpd1-1
† Pl1-Rh A632 ‡ - 2 Bh kernels

1 Male parents were homozygous Rpd1 / Rpd1 from stocks that are genetically null for
aleurone color.  Exceptions were male parents (*), which were rpd1-1 homozygotes
grown from darkly colored kernels, and (†), which were Rpd1 / rpd1-1 heterozygotes
grown from lightly colored kernels.

2 Male parents were homozygous for the rpd1 allele designated in undefined backgrounds
and all were homozygous for Pl1-Rhoades.  Exceptions were male parent (¥ ), which was
a Rpd1 / rpd1-2 heterozygote grown from a lightly colored kernel and (‡), which were
color-converted A632 inbreds (Materials and Methods).

3 Graded classes of aleurone pigmentation (see Fig S2) were quantified:  306 kernels had
lightly blotched phenotypes and 79 kernels were colorless
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4 Graded classes of aleurone pigmentation (see Fig S2) were quantified:  62 kernels had
lightly blotched phenotypes and 48 kernels were colorless
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Table 4: Aleurone pigmentation phenotypes of BC1F2 ear progeny segregating
rpd1-1 mutants and an A632 background suppressor

Genotype of
selfed F1
parent

Progeny
ear No. of BC1F2 kernels with indicated pigment phenotyes

colorless
light –

medium
blotched

heavily
blotched total

pigmented Total

Rpd1 / rpd1-1 101519 61 17 6 23 84
“ 101520 32 10 11 21 53
“ 101521 68 30 25 55 123
“ 101522 54 10 11 21 75
“ 101523 16 6 9 15 31

Totals 231 73 62 135 366
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Table 5: Co-segregation of aleurone pigmentation with pl1-R30 homozygotes

Genotype of
selfed F1 parent

Progeny
ears

No. of F2 progeny grown from pigmented kernels with
indicated genotypes

Pl1-Rhoades /
Pl1-Rhoades

Pl1-Rhoades /
pl1-R30 pl1-R30 / pl1-R30 1

Pl1-Rhoades /
pl1-R30;
Rpd1 / rpd1-1

2 15 12 6

Pigment
phenotype of
selfed F1 parent

Progeny
ear

No. of pl1-R30 S2 progeny
grown from pigmented
kernels with indicated

phenotypes

No. of pl1-R30 S2 progeny
grown from colorless
kernels with indicated

phenotypes
Wild-type
phenotype

rpd1 mutant
phenotype

Wild-type
phenotype

rpd1 mutant
phenotype

Pigmented 101538 9 0 10 0
Pigmented 101539 8 2 6 2
Pigmented 101541 9 0 8 0
Colorless 101544 0 9 9 1

1 5/6 pl1-R30 / pl1-R30 individuals were noted as “wild-type” in the field
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Table 6: pl1-R30 and Pl1-Blotched anther phenotypes in rpd1 mutants

Genotype of
F1 parent

No. of
ear

progeny

No. of individual rpd1-1 / rpd1-1 tassels with anthers of the
indicated ACS 1

ACS1 Var-ACS
(5)

Var-ACS
(6)

Var-ACS
(7) ACS7 Total

pl1-R30 / pl1-
R30; +/rpd1-1 2 1 0 1 8 4 10

Pl1-Blotched /
Pl1-Blotched;
rpd1-1/rpd1-1

1 0 1 1 7 0 11

1 The majority of tassels produce anthers with a homogenous ACS score (Hollick et al.
1995), as represented in the first and last data columns, ACS1 and ACS7, respectively.
We used a Var-ACS class to describe tassels that had anthers with a wide range of ACS,
the highest of which is noted in parentheses.
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Table 7: Co-segregation of pigmented aleurone phenotypes with Pl1-CML52
homozygotes

Genotype of F1 parent
No. of

ear
progeny

No. of Wx/-/- F2 progeny grown from
pigmented kernels with indicated pollen

scores
Semi-sterile Fully-fertile Total

T Pl1-Rhoades / Pl1-CML52;
Rpd1 / rpd1-2 6 74 281 102

1 7 of the 28 fully-fertile individuals were confirmed to be Pl1-CML52 / Pl1-CML52
homozygotes by PCR-based genotyping.  Amplification of DNA from fully-fertile plants
using pl1 primers (Appendix III) homologous to sequences 5’ of the doppia fragment and
the intron 1 – exon 2 boundary described above allows detection of the 32 bp
polymorphism that distinguishes the Pl1-Rhoades doppia fragment from the Pl1-CML52
doppia fragment.



72

Figures

Fig. 1.

Figure 1. (A) Aleurone pigmentation phenotypes in representative wild-type (WT) ears
on the left and in ears segregating 1:1 for Rpd1 / rpd1 heterozygotes and rdp1 / rpd1
homozygotes on the right.  Table below shows correlations of anther pigmentation
phenotypes (scored at the flowering time of the plant), among ear progeny described
aboved after selection of kernels with the lightest and darkest pigmentation phenotypes,
respectively.  Pl’ signifies weak anther pigmentation and Pl strong anther pigmenation.
(B) Reverse transcriptase polymerase chain reaction (RT-PCR) analysis of RNAs isolated
from individual aleurones of lightly pigmented (n=4) and darkly pigmented developing
kernels (n=4) 25 days after pollination (DAP).  Primers specific to the Pl1-Rhoades (Pl1-
Rh) allele and a control gene alanine aminotransferase (Aat) (see Materials and Methods)
were used to amplify identical quantities of oligo dT-primed cDNA templates;
amplifications using control samples prepared with no reverse transcriptase (-RT) are
shown below for each primer pair. (C) Average ratios of Pl1-Rhoades / Aat signals (+/-
SEM) from RT-PCR experiments described in (B).
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Fig. 2.

Figure 2. (A) Crossing scheme used to generate inbred lineage of ear progeny which
segregate 1:1 for Rpd1 / rpd1 heterozygotes and rdp1 / rpd1 homozygotes; each arrow
signifies a sibling cross, the details are shown for only two. All crosses were between
Rpd1 / rpd1 female parents and rdp1 / rpd1 male parents, grown from colorless or lightly
pigmented kernels and from darkly pigmented or fully colored kernels, respectively. (B)
Representative ears were chosen from the lineage described in (A) to compare the
amount of aleurone pigmentation across generations of progeny. All kernels from ears
representing an F3 (n=279), F4 (n=189), F7 (n=241) and F9 (n=149) filial generation
were sorted into the classes of pigmentation shown in the graph and counted. Y-axis
shows the ratio of the individual kernel class among the total number of kernels for each
individual ear. (C) Representative F10 ear (110808) segregating 1:1 for rpd1-1
homozygotes and heterozygous siblings showing C1-like kernels (C) Color-converted
A619 ear with typical C1-conditioned fully colored aleurone phenotypes
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Fig. 3.

Figure 3.  Aleurone phenotypes conditioned by Pl1-Blotched alleles before and after
rpd1-conditioning. (A) Typical Pl1-Blotched-conditioned aleurone pigmentation. (B)
Left image shows fully colored, C1-like kernels of F2S2 progeny generated by selfing a
Pl1-Blotched / Pl1-Blotched; rpd1-1 / rpd1-1 individual.  Right image shows F2S2
progeny generated by selfing a Pl1-Blotched / Pl1-Blotched individual that was either
Rpd1 / Rpd1 or Rpd1 / rpd1-1. (C) Image of Pl1-Blotched / Pl1-Blotched ; rpd1-1 / rpd1-
1 ear
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Fig. 4.

Figure 4. Diagram of haplotype structures of pl1 alleles used in this study, highlighting
the presence of the 5’ doppia fragment (gray arrow) and the 3’ enhancer/paramutation
element (shaded box). Black circles represent the chromosome 6 centromere, black boxes
represent the three exons of the pl1 coding region, and arrows represent the transcription
start site (TSS) of pl1. Dotted line between Pl1-Rhoades and pl1-B73 indicates the
recombination event that generated the pl1-R30 allele, a Pl1-Rhoades derivative defined
genetically by its loss of distal regulatory sequences required for both enhanced
expression of and paramutation between Pl1-Rhoades alleles (Gross 2007). Pl1-Blotched
is an allele closely related in sequence to Pl1-Rhoades, but which does not undergo
paramutation (Hollick et al. 2000).  Pl1-CML52 is the pl1 allele present in the CML52
inbred background which shows weak paramutation behavior (J. B. H. unpublished
observations). The dark gray bar in the Pl1-CML52 doppia fragment represents a 32
base-pair indel polymorphism with respect to Pl1-Rhoades, Pl1-Blotched, and pl1-R30.
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Fig. 5.

Figure 5. (A) Images of two different tassel branches of an rpd1-1 / rpd1-1 ; pl1-R30 /
pl1-R30 individual (11-515-7), showing the ACS 6 and 7 anthers on the tassel branch in
the left panel. (B) Close up image of the range of anther phenotypes produced by a rpd1-
1 / rpd1-1 ; pl1-R30 / pl1-R30 individual (11-518-5).
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Fig. 6.

Figure 6. (A) Pl1-CML52 / Pl1-CML52 ear (102112) segregating 1:3 for rpd1-2 mutants
(BC1F2S2 generation). (B) Pl1-CML52 / Pl1-CML52 ear (110940) segregating 1:3 for
rpd1-2 mutants (BC1F2S3 generation).
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Fig. 7.

Figure 7. (A) Southern blot analyses of MspI (M)- or HpaII (H)-digested DNA extracted
from seedlings homozygous for Pl1-Rhoades (Pl1-Rh), grown from either lightly
pigmented (light) or darkly pigmented (dark) kernels, or for Pl1-Blotched (Pl1-Bh).  The
two images represent data from technical replicates. (B) Average ratios (MspI/HpaII) (+/-
s.e.m.) of quantified hybridization signals for 1.8 kb, 700 bp and 400 bp bands from
Southern blots in (A).  (C) Restriction digest map of 3’ region of Pl1-Rhoades and Pl1-
Blotched, based on map from Hoekenga et al. 2000.  Only MspI/HpaII sites analysed in
(A) are shown.
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Fig. 8.

Figure 8. (A) Abbreviated mechanism for small interfering (siRNA) biogenesis in maize,
highlighting factors that have been cloned (gray), including the largest (RPD1) and
presumed second largest (RPD2a) subunits of Pol IV, Required to Maintain Repression1
(RMR1), a novel Sucrose Non Fermenting2-like (SNF2-like) ATPase and RDR2, a
putative RNA-dependent RNA polymerase.  ZmDCL3 is shown in white because it is not
cloned, but is predicted to be required to generate 24 nt siRNAs. (B) Histogram showing
the percent of mature plant phenotypes (Pl’ and Pl as described in Fig. 1) among progeny
segregating 1:1 for heterozygotes and homozygous mutants for each of the siRNA
biogenesis factors listed after selection of kernels with the lightest pigmentation of the
progeny. (C) Same analyses as in (B) after selection of kernels with the darkest
pigmentation.
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Chapter 4

Nascent RNA analyses identifies Pol IV-regulated genomic regions

Introduction

The paramutant Pl’ state of the Pl1-Rhoades haplotype is stably maintained in a
transcriptionally repressed state across generations by an unknown epigenetic
mechanism.  Since the identification of proteins involved in the biogenesis of 24
nucleotide (nt) small interfering RNAs (siRNAs) in screens for mutants that have lost the
ability to maintain the paramutant state at Pl1-Rhoades and other loci (Chapter 1, Erhard
and Hollick 2011), the role of an siRNA-based silencing pathway in directing and
maintaining epigenetically repressed, paramutant states, has been proposed frequently
(Arteaga-Vasquez et al. 2010, Teixeira and Colot 2010, Haag and Pikaard 2011) and
actively debated (Chapter 1, Erhard and Hollick 2011).  Several lines of evidence indicate
that siRNAs themselves may not be a biologically important link between the mechanism
that facilitates paramutation interactions and the trans-acting proteins required for
paramutation-based repression (Chapter 1, Erhard and Hollick 2011).  An interesting
distinction between homozygous required to maintain repression (rmr) mutants is that
while they all lose the ability to repress Pl1-Rhoades expression, the phenotypes of these
mutant plants vary greatly at both the morphological level (Parkinson et al. 2007, Hale et
al. 2009) and at the molecular level of regulating the Pl1-Rhoades locus and other target
loci in the genome (Hollick et al. 2005, Hale et al. 2007, Hale et al. 2009).

The most detailed distinctions between trans-acting factors regulating the Pl1-
Rhoades locus are those between rmr1 and rmr6/rpd1 mutations.  Two significant
distinctions between the effects these mutations have on plant phenotypes are their effect
on the transcription rates of the Pl1-Rhoades locus and on the development of the plant.
While rmr1 mutations affect mainly the stability of Pl1-Rhoades transcripts (Hale et al.
2007) and rmr1 mutants are morphologically normal (Hollick et al. 2000, Hale et al.
2007, Hale et al 2009), rpd1 mutations affect the transcription rates of the Pl1-Rhoades
locus (Hollick et al. 2009) and result in distinct developmental defects in the mature plant
(Parkinson et al. 2007).  In addition, while loss of RPD1 results in increased
polyadenylated (polyA) transcript levels of specific Long Terminal Repeat (LTR)
retrotransposon families (Chapter 2, Hale et al. 2009), loss of RMR1 results in a decrease
in LTR transcripts (Hale et al. 2009).  These distinctions may underlie a fundamental
difference in the molecular mechanism by which these and other RMR factors act at their
target loci, such as Pl1-Rhoades, or a difference in the genomic scale at which these
factors act, though the two hypotheses are not mutually exclusive.

While the catalytic subunits of Pol IV are dispensable for the viability of the
eudicot Arabidopsis, the largest subunit of maize Pol IV (RMR6/ZmRPD1) is required
for normal plant development (Chapter 2, Erhard et al. 2009).  This difference is likely
related to the respective transposable element (TE) content of the genomes of these two
plants species, a component that is proposed to be the primary target of Pol IV regulation
(Haag and Pikaard 2011) and which is greatly expanded in maize compared to
Arabidopsis (Hale et al. 2009).  Because the developmental phenotypes observed in rpd1
mutants are distinct and non-heritable (Parkinson et al. 2007), it is unlikely that they are
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caused by general genome dysfunction resulting in massive transposable element
activation and transposition.  I hypothesize that maize has co-opted Pol IV to regulate
specific alleles of endogenous, developmentally important genes, a scenario that predicts
TEs and TE-like repeats act as regulatory elements for such alleles.  Because TE content
in maize inbreds is highly polymorphic and dynamic (Wang and Dooner 2008), this
hypothesis predicts that rpd1 phenotypes are background-dependent, as TE-influenced
haplotype structures will vary across inbred maize lines.

To identify the broader targets of regulation by Pol IV, I employed two different
experimental strategies based on the unique advantages maize offers.  The first strategy
was based on a phenotypic survey of rpd1 mutants in genetically diverse inbred lines of
maize and was designed to identify background-specific alleles or haplotypes targeted by
Pol IV using resources developed for analysis of the Nested Association Mapping (NAM)
population (Yu et al. 2008).  The efforts described in this chapter successfully identified
discrete phenotypes in the diverse line (DL) founders of the NAM recombinant inbred
lines (RILs) that correlate with rpd1 homozygous mutants.  The phenotypes I observed
among these DL inbreds are also correlated with their known phylogenetic relationships
(Liu et al. 2003), indicating that background-specific alleles or haplotype structures of
genes important to proper maize development are regulated by Pol IV.

The second strategy I used to identify the genome-wide targets of Pol IV
regulation employed global run-on sequencing (GRO-seq) (Core et al. 2008), a method
for high-throughput sequencing of nascent RNAs labeled in a transcription run-on
reaction that generates genome-wide transcription profiles.  As the run-on transcription
assay essentially measures the transcription rate of a given genomic template in question
(Smale 2008), the density of GRO-seq reads mapping to regions of the genome (see
Materials and Methods) measures of the transcription rates of these regions.  Below I
describe the construction and computational and statistical analyses of GRO-seq libraries
generated using nuclei isolated from wild-type (WT) and Pol IV (rpd1-1) mutant
individuals, which represent the first genome-wide transcription profiles in plants and in
Pol IV mutants.  Statistical analyses of WT and rpd1 libraries indicate that loss of Pol IV
affects the transcription rates of both endogenous maize genes and TEs in both the sense
and antisense orientation.  I show that the WT and rpd1 GRO-seq profiles are similar, but
not identical, across genic regions on a genome-wide level and appear to differ at the 3’
ends of genes.  These data provide the first indication of the extent of Pol IV
transcriptional regulation of alleles of endogenous genes and TEs and the mechanism of
Pol IV genome regulation in an organism with a repeat-rich genome.

Results

Diverse maize germplasm contains distinct RPD1-controlled phenotypes

Pol IV function represents a molecular link between developmental gene control
in maize and paramutation, though neither the general characteristics of a Pol IV-
regulated allele, nor their prevalence in maize, are known.  To identify other
developmentally important allelic targets of Pol IV, I introgressed rpd1-2 mutant alleles
(Chapter 2) into the DL inbreds used as the founders of the NAM-RIL population, which
were selected to represent maximum genetic diversity in maize germplasm (Liu et al.
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2003).  When possible, putative homozygous mutants from 1:3 segregating families were
selfed and/or backcrossed to F1 parents to generate S2 and 1:1 segregating F3
populations for further analysis.

Observations of gross morphological phenotypes in progeny segregating for rpd1-
2 homozygotes indicated a wide array of effects on plant development in different inbred
lines (Fig 1).  Of the 23 introgression lines analyzed, 4 (CML247, CML277, Il14H, and
P39) did not show a phenotype that could be well correlated with rpd1 mutant genotypes
based on the penetrance threshold chosen (Materials and Methods).  Among those lines
that did show penetrant mutant phenotypes, I observed both well-documented rpd1
mutant phenotypes (Parkinson et al 2009, Fig 1) and novel phenotypes, such as
distinctive disease lesion mimics (Fig 1).

Because these phenotypes appeared to be highly background-dependent, I charted
their occurrences against a cladogram representing the known phylogenetic relationships
(Liu et al. 2003) between the inbred lines (Fig 2).  Of all of the phenotypes scored,
adaxialized sheath sectors appear to be most highly restricted in the lineage and occur
only in rpd1 mutants bred into tropical/subtropical inbred lines (Fig 2).  The relatively
strong prevalence of feminized tassel phenotypes among these progeny sets is partly
explained by the fact that the rpd1-2 F2 parents used for the crosses to the DL inbreds
had feminized tassels, and thus potentially carried with them rpd1-regulated allele(s) or
haplotype(s) responsible for this phenotype.  My observations of phylogenetically related
rpd1-2 mutant phenotypes (Fig. 2) support the hypothesis that RPD1-based regulation of
specific alleles or haplotype structures is required for properly canalized developmental
patterns and that cryptic, phenotypic variation is uncovered by loss of RPD1.

Nascent RNA analyses of maize seedlings describes features of the genomic
transcriptome

The regulation of Pl1-Rhoades expression is complex, and the Pl’ state is
repressed at both transcriptional and co-transcriptional levels by RMR factors (Hollick et
al. 2000, Hale et al. 2007).  A comparison of RNA abundances in wild-type and rpd1
mutant backgrounds is thus not likely to be the most informative dataset for identifying
primary genomic targets of transcriptional regulation by Pol IV.  Therefore, I employed
GRO-seq to identify targets of transcriptional regulation by Pol IV and to measure the
effect on transcription that loss of Pol IV has on a genome-wide level.  I chose to profile
8 day-old seedlings because this stage both allowed for adequate time for molecular
genotyping of individual seedlings (Materials and Methods) and minimized the potential
for environmentally induced fluctuations in gene regulation between individuals.  In
addition, the effect Pol IV loss has on Pol II transcription of LTR retrotransposons occurs
as early 4-day old seedlings (Chapter 2, Hale et al. 2009); therefore I expected an effect
on other genomic targets of Pol IV could be detected at 8 days.  As nuclei from 10 wild-
type (+/+) and 10 mutant (rpd1-1 / rpd1-1) individuals were pooled for the respective
run-on reactions and library constructions, stochastic fluctuations in gene expression that
occur between individuals will be dampened in these datasets.  Statistically significant
differences of GRO-seq reads mapping to unique genomic regions are taken to represent
differences in the transcription of those regions as a result of Pol IV loss of function.
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To identify any large-scale effect of Pol IV loss on transcription of the genome, I
compared the gross distribution of WT and rpd1 GRO-seq reads between different
biologically relevant features of the genome (Fig. 3).  As the majority of presumed Pol IV
targets lie in the non-genic portion of the genome, comparisons were made between all
non-rRNA mappable reads aligning to either genes or to non-genic regions of the
genome, yet no significant skewing of these percentages was observed in the rpd1 dataset
compared to WT (Fig. 3A).  While there is no large difference in transcription of the non-
genic portion between these two conditions, it is clear that genomic regions annotated as
protein-coding genes are only a fraction of the transcribed content in maize.  It is
unknown whether transcription of these regions plays a functional role.

Further analyses of GRO-seq libraries focused on the portion of those reads
mapping uniquely (Materials and Methods) to the reference B73 genome since
quantitative comparisons between non-unique reads from each library are confounded by
the ambiguity of their mapped positions.  As with non-unique reads however, the
distribution of uniquely mapped GRO-seq reads between WT and rpd1 mutant libraries is
similar in genic and non-genic regions (Fig. 3A).  Transcription of genes in the antisense
direction by Pol IV could generate sense-antisense RNA pairs that are recognized by
downstream small RNA biogenesis factors, potentially leading to post-transcriptional
gene silencing.  However there is no evidence that antisense transcription in general is
affected by loss of Pol IV (Fig. 3A).

GRO-seq measures abundances of labeled RNAs that are in the process of being
transcribed at the time of nuclei isolation and thus intronic sequences should be
represented at nearly equal proportions as exonic sequences in these libraries.  However,
12,669 maize genes (~32%) (Materials and Methods) are predicted to have transcript
variants, presumably due to alternative splicing events that could include exon skipping
(Schnable et al. 2008).  To measure the relative contribution of intronic and exonic
features of genes in WT and rpd1 GRO-seq libraries, I isolated the subset of 26,987
maize genes that are annotated as having only a single transcript (Materials and Methods)
and used these annotations to determine the percentage of intronic and exonic GRO-seq
reads that map to typical genic intervals.  Of reads mapping to this subset of genes,
intronic sequences represent 35% and 34% and exonic sequences represent 59% and 60%
of genic reads in the WT and rpd1 libraries, respectively.  Only 5.8% and 5.9% mapping
to genic regions of the single transcript genes are not annotated as either intronic or
exonic.  Because the source of annotation information used in these analyses does not
distinguish between exons and 5’ and 3’ untranslated regions (UTRs), it is not known
how many reads representing exons actually represent 5’ or 3’ UTRs.  It is possible that
the difference observed between the proportion of exonic and intronic reads among these
genes is due to exons taking up a larger sequence space in maize genes rather than any
difference in transcription rates over these two distinct features within genes.

TEs and other repetitive elements are thought to be the primary targets of
regulation by Pol IV, therefore I compared the fraction of WT and rpd1 reads mapping to
regions annotated as TEs in maize.  As expected, there is a relatively small fraction of
unique reads mapping to TEs, which are recognizable presumably due to mutation- and
indel-generated sequence polymorphisms, compared to the overall composition of TEs in
the genome.  Among this subset of TEs, there does not appear to be a large difference in
transcription rates represented by GRO-seq read abundance (Fig. 3B).  As TEs located in
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different locations, such as within genes and outside of genes, may be regulated
differently, I compared GRO-seq read abundance between these two distinct subsets as
well, though no strong differences were detected in either (Fig. 3B).  To determine if any
distinct classes or superfamilies of TEs were differentially represented in the GRO-seq
libraries, I aligned reads directly to specific sequences of Class I and Class II TEs (Fig.
3C).  On the whole, there are no under- or over-represented classes or superfamilies in
either GRO-seq library.  Interestingly though, these results indicate that LTR
retrotransposons of the Unclassified superfamily are transcribed vastly more than other
TEs relative to their representation in the maize genome.  For example, Gypsy LTR
retrotransposon sequence comprises ~46% of the entire maize genome (Schnable et al.
2009), yet they contribute only 4% and 5% of WT and rpd1 GRO-seq reads, respectively,
in the TE category, whereas Unclassified LTR sequences makes up only 4.7% of the
maize genome (Schnable et al. 2009), yet 90% and 89% of TE GRO-seq reads.  The
reason for this distinction is unknown, though it suggests that the most repetitive
sequences in the maize genome may be mostly transcriptionally inert.

Different maize chromosomes have different characteristics with respect to gene
and TE content as well as epigenetic marks (Lamb et al. 2007).  I separated both unique
and non-unique GRO-seq reads based on chromosome to determine how evenly they
were covered in the libraries.  The distribution of WT and rpd1 GRO-seq reads are
almost identical with respect to maize chromosomes (Fig. 4A).  Comparisons of
transcription density and sequence representation between chromosomes indicate that the
unique portions of chromosomes 5 and 6 are relatively more transcribed and those of
chromosomes 4 and 10 are relatively less transcribed than other chromosomes (Fig. 4B).
Chromosome 5 appears to be more relatively more highly transcribed in general, as
indicated by identical comparisons including non-unique reads (Fig. 4C).

The results presented above describe the overall features of genome-wide
transcription of maize seedlings in the presence and absence of functional Pol IV.  While
they indicate that the transcription of the vast majority of genes and the subset of
uniquely recognizable TEs are not affected by loss of Pol IV, these gross comparisons
may be masking more subtle changes at the level of individual genic loci and TEs.
Statistical analyses reported below focus on identifying individual loci that are
differentially transcribed in the rpd1 mutant background.

Loss of RPD1 alters transcription of genes and transposable elements in both the sense-
and anti-sense orientation

RNA Polymerase IV is required for transcriptional repression of the Pl1-Rhoades
allele as well as for proper development.  To identify genic Pol IV targets that may be
important for development, I used a counts-based statistical method (Materials and
Methods) to extract genic intervals that are significantly over- or under-represented by
uniquely mapped WT and rpd1 GRO-seq reads in both the sense and antisense
orientations.  These results indicate that there are relatively few genes affected by the loss
of Pol IV (Table 1), which agrees with the distribution analyses described above (Fig 3).
A stringent statistical threshold controlling for False Discovery Rate (FDR) (Table 1,
Materials and Methods) identifies 208 genes that are differentially transcribed in the rpd1
mutant background out of a total of 39,656 Filtered Gene Set (FGS) genes.  Comparing



85

expression between two conditions without replicate libraries overestimates the variance
between them (Anders and Huber 2010), decreasing the statistical power of the analysis.
Using a looser statistical threshold (p-value < 0.05) identifies 619 differentially
transcribed genes (Table 1); while some of these are likely to be false positives, manual
curation (described below) of a subset of genes that did not pass the FDR control indicate
that many are good candidates to be bona fide targets of transcriptional regulation by Pol
IV.  The full complements of genes identified with the less stringent statistical threshold
are found in Appendix IV.  I repeated these analyses with the Working Gene Set (WGS),
an earlier annotation version because 29,082 (~26%) of the predicted genes in this set are
now annotated as TEs.  Using the looser statistical threshold, 162 more genes were
detected as being differentially transcribed from the WGS, far less than expected given
the high TE identity in this set.  Therefore, analyses were continued using the
differentially transcribed FGS genes.

Manual annotation of the statistically robust, differentially transcribed genes
(Tables 2-5) identified several candidates whose misregulation could result in
developmental abnormalities and potentially contribute to the rpd1 mutant phenotypes
described above (Figs 1-2) and elsewhere (Parkinson et al. 2007).  Included among the
list of up-regulated genes is outer cell layer 2 (ocl2), which is a member of the plant-
specific homeodomain leucine zipper IV (HD-ZIP IV) family of transcription factors that
are predicted to have leaf epidermis-related functions in maize (Javelle et al. 2011).
Interestingly, ocl2 is not normally expressed in the epidermal or mesophyll cells (Javelle
et al. 2011), which likely comprise the majority of cells used for GRO-seq materials,
suggesting this gene may be transcribed outside of its normal expression domain in rpd1
mutants.  A MADS-Box protein, member of a family of transcription factors with well-
described roles in floral development (Ng and Yanofsky 2001), was also found to be up-
regulated.

To determine if the genes identified in the differential transcription analysis that
used the less stringent statistical threshold were biologically relevant, I manually
annotated 20 of the 83 genes found to be significantly (p-value < 0.05) transcriptionally
up-regulated but which did not pass the FDR control (< 10%).  According to this
analysis, genes encoding a nucleotide-binding site–leucine-rich repeat (NBS-LRR)-type
protein, which are involved in pathogen sensing and host defense (McHale et al. 2006),
and two other defense-related proteins are transcriptionally up-regulated in an rpd1
mutant background (Table 3).  Disease lesion phenotypes occur in rpd1 mutants
introgressed into B73 (Fig 2), the dominant background of the materials used for the
GRO-seq library constructions (Materials and Methods), and two additional defense-
related proteins, including another NBS-LRR protein, were found in the list that did pass
the FDR control (Table 2).  These results indicate that loss of Pol IV leads to
misregulation of pathogenesis-related genes resulting in an inappropriate defense
response and disease lesion mimic phenotypes.  Two other interesting candidate genes
with potential roles in plant development that were found in this less stringent list (Table
3) are those encoding an AP2-domain-containing ethylene responsive factor (ERF) and
viviparous14, which is involved in the biosynthesis of the plant hormone abscisic acid
(ABA) (Tan et al. 1997).  Preliminary manual curation of this list thus indicates that the
208 genes found to be transcriptionally regulated by Pol IV using the stringent statistical
threshold is likely a conservative estimate.
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Construction of replicate GRO-seq libraries represents the most robust
confirmation of these results.  However, smaller scale expression analysis using similar
biological materials (wild-type and rpd1-1 / rpd1-1 homozygotes) can confirm the
regulation of specific genic regions by Pol IV identified by analysis of these GRO-seq
libraries.  To that end, I used reverse-transcription polymerase chain reaction (RT-PCR)
to determine the relative RNA levels of three genes identified as up-regulated (Table 2)
by the statistical analyses described above.  Results of these expression analyses indicate
that ocl2, and the genes encoding the epoxide hydrolase and the ATPase domain-
containing protein (Table 2) are all significantly up-regulated (Fig 5).  These results also
indicate that transcriptional up-regulation of these three loci result in increased levels of
polyA RNAs since the reverse-transcribed cDNAs used for PCR amplifications were
generated by oligo(dT) primers (Materials and Methods).

I expected that most genes detected by this analysis would be those that are
transcriptionally up-regulated, as is the case at the Pl1-Rhoades locus.  However, the
largest fraction of genes affected by loss of Pol IV is the fraction representing genes with
lower transcription rates in rpd1 mutants (Table 1).  Manual curation and annotation
(Materials and Methods) of this list (Table 4) revealed that 6 of the 10 genes found to be
most down-regulated, and 11 others among this list, were actually TE fragments mis-
annotated as genes (Table 4).  If the primary genomic targets of Pol IV regulation are TE
sequences, one likely hypothesis explaining this result is that Pol IV transcription of these
TEs is diminished in rpd1 mutants and thus TE-related sequences are relatively enriched
among the list of those transcriptionally down-regulated.  This hypothesis would predict
that repetitive or TE-related sequences are enriched in the non-TE genes in this list,
though an alternative hypothesis explaining the relatively high number of
transcriptionally down-regulated genes in rpd1 mutants is that recognition and
transcription by Pol IV is not limited to TEs in maize.  Further analysis will be required
to test this hypothesis, as discussed below.  An interesting non-TE gene that was found to
be down-regulated in rpd1 mutants is ros1 (Table 4), which encodes a DNA glycosylase
involved in DNA de-methylation of cytosine residues through an excision base repair
mechanism (Morales-Ruiz et al 2006).  This gene was also found to be down-regulated in
the meristems of maize mop1 / rdr2 mutants (Jia et al. 2009), indicating its expression is
affected by loss of Pol IV and/or siRNAs, though the mechanism by which this and other
bona fide genes are down-regulated in the absence of Pol IV is unclear.

Though less numerous than genes affected in the sense orientation, several genes
are transcriptionally altered in the antisense orientation (Table 1, Tables 5-6).  This result
was intriguing because decreased abundance of an antisense transcript homologous to the
3’ end of the Arabidopsis gene FLOWERING LOCUS C (FLC), which encodes a MADS
Box factor important for vernalization and the regulation of flowering time (Dennis and
Peacock 2007), was observed in an NRPD1a (Pol IV) mutant (Swiezewski et al. 2007).
Only 7 statistically robust genes were found to be down-regulated in the antisense
direction (Table 1), one of which is a mis-annotated TE (Table 6) making its transcription
orientation unclear, and only 34 genes with this profile were detected with the less
stringent statistical threshold.  These observations indicate that antisense Pol IV
transcription of genes is not likely a primary mechanism of its action on a genome-wide
scale.  However, many more genes are up-regulated in the antisense direction (Table 5),
indicating that Pol IV may act to suppress antisense transcription of some genic loci by
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Pol II.  Several interesting candidates, such as genes encoding a histidine kinase receptor
for cytokinin, an important phytohormone, a homolog of an Arabidopsis HD-ZIP factor
ATHB-4, and two more defense-related proteins, were found among those with this
particular up-regulated antisense transcription profile (Table 5), indicating a biologically
significant role for this novel mechanism of Pol IV gene regulation in maize.  For these
genes with higher antisense transcription rates across their coding regions in rpd1
mutants, lower mRNA abundances are predicted due to degradation of sense-antisense
pairs by enzymes that recognize double-stranded RNAs, such as Dicer-like
endonucleases.

I compared the GRO-seq and small RNA (sRNA) profiles of genomic regions
containing some of the genic loci (Figs 6-7) identified by the analyses described above to
visualize how Pol IV transcriptional regulation of these genes may correlate with the
production of sRNAs.  Although the sRNA libraries represent profiles of immature ears
rather than seedlings (Materials and Methods), it is not expected that the genomic
distribution of Pol IV-dependent sRNA clusters between these two tissue sources will
differ dramatically.  These visualizations reveal several interesting characteristics of Pol
IV-regulated genic regions and the genomic sequences surrounding them.  First, robust
sRNA clusters that are dependent on Pol IV function are found less than 2 kilobases (kb)
from all five of the loci analyzed, whether they were up-regulated in the sense or
antisense direction (Fig 6-7).  However, the positions of these clusters with respect to the
gene orientation – located either 5’ or 3’of the coding region (Fig 6A-C) – does not
correlate with the transcription profiles of the genes.  These results indicate that the
location of Pol IV-dependent sRNA clusters oriented 5’ or 3’ with respect to genic coding
regions is not an accurate predictor of whether that gene is transcriptionally regulated by
Pol IV, though the presence of such a cluster, located either 5’ or 3’ may be a predictor.

In addition, at all five of these regions (Figs 6-7), not only is the transcription of
the coding regions affected, but the transcription of genomic regions flanking them is
altered as well.  At the ocl2 locus (Fig 6A), the 5’ flanking region contains a Gypsy LTR
retrotransposon fragment of the ubid family that is up-regulated in the rpd1 background
and has a Pol IV-dependent sRNA cluster mapping over it.  At the locus of the
transcriptionally up-regulated gene encoding an epoxide hydrolase, the 3’ flanking region
contains a fragment of an En/Spm transposon that is up-regulated as well and is also
correlated with a Pol IV-dependent sRNA cluster.  At the gene locus encoding the NAD-
dependent epimerase (Fig 6B), a region 5’ of the coding region that is transcribed only in
the WT is correlated with Pol IV-dependent sRNA clusters and contains fragments of an
Unclassified LTR retrotransposon of the nuhan family and Type II terminal inverted
repeats (TIRs).  This gene is also significantly up-regulated at its 3’ end (Fig 6C).
Similar scenarios occur at the loci up-regulated in the antisense orientation (Fig 7).  Both
ocl2 and the epoxide hydrolase-encoding gene contain numerous TEs in their introns,
though a direct correlation between the presence of intronic TEs and genes
transcriptionally regulated by Pol IV is unlikely, since 33.3% of all maize genes contain
TEs in their introns (Schnable et al. 2008).  These results indicate that at these five loci a
transcription unit broader than the coding regions of these genes is affected by loss of Pol
IV and that in three cases, these broader regions contain TEs that appear to be regulated
by Pol IV as well.
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Analyses of the regions containing the two genes that are transcriptionally up-
regulated in the antisense orientation (Fig 7) provide insight into the potential mechanism
of Pol IV suppression of antisense transcription of genes. In both cases, augmented
antisense transcription in the rpd1 mutant background appears to initiate 3’ of the genes
and reads through across the entire coding region.  At the ATH4-B locus (Fig 7A),
antisense transcription occurs in both the WT and rpd1 mutant backgrounds, though is
clearly enhanced in the mutants.  As a Pol IV-dependent sRNA cluster is found within an
Unclassified LTR retrotransposon fragment in the milt family located 3’ of the coding
region of this gene (Fig 7A), one interpretation of the transcription profiles at this locus
posits that antisense transcription initiates within this fragment and reads through into the
coding region.  Further downstream of this milt LTR fragment is a Stowaway element
over which is tiled a Pol IV-dependent sRNA cluster and transcription that is markedly
decreased in the rpd1 mutant.  A similar structure is found at the 3’ end of the gene
encoding the histidine kinase cytokinin receptor (Fig 7B), where an LTR fragments in the
afuv family and a Class II hAT fragment are located, as well as a Pol IV-dependent
sRNA cluster where enhanced antisense transcription initiates.  These results identify TE
fragments located 3’ of genic regions as capable of promoting antisense transcription into
genes, which is suppressed by Pol IV action, either through sRNA-directed epigenetic
modifications or by Pol IV transcription itself.

The results described above (Figs 6-7) predict that the transcription of TEs
themselves is altered in rpd1 mutants, which would agree with previous results (Chapter
2, Hale et al. 2009) indicating that Pol IV regulates expression of LTR retrotransposons,
the most prevalent repetitive component of the maize genome (Schnable et al. 2008), by
interfering with normal Pol II transcription and RNA processing.  I repeated the counts-
based statistical analyses (Materials and Methods) using the list of annotated maize TEs
to determine if a broader set of TEs are transcriptionally affected by loss of Pol IV.
Because of the repetitive nature of TEs, I used perfectly and uniquely matching reads
(Materials and Methods) for this analysis to minimize false positives.  The more stringent
statistical threshold of < 10% FDR (Table 7), identified 116 unique, annotated TEs that
are differentially transcribed in the rpd1 background, the majority of which are up-
regulated (Table 6).  Among these are several unique fragments of Prem2/Ji LTR
retrotransposons, which agrees with results presented in Chapter 2 indicating loss of Pol
IV correlates with increased Pol II transcription of this family of LTR retrotransposons.
Using the looser statistical threshold (Table 8, p-value < 0.05) detected 1,817 unique,
annotated TEs as being differentially transcribed in rpd1 mutants, a number that is
perhaps more in line with the expected proportion of TEs that are regulated by Pol IV
given their prevalence in the maize genome.  A fragment of a CRM2 LTR, which also has
increased polyA RNA levels in the absence of Pol IV (Chapter 2), is found to be up-
regulated using this less stringent statistical threshold, indicating, as mentioned above,
that the stringent statistical analysis represents a conservative estimate of the number of
genes or TEs with altered transcription in Pol IV mutant backgrounds.  One unexpected
statistic evident in analyses of both lists (Tables 7-8) is the very low number of TEs that
are transcriptionally altered in rpd1 mutants on their non-coding strands, represented as
being up- or down-regulated in the antisense orientation.  It is not known how many of
the TEs in this list are intact and have their own endogenous promoters, but there is
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clearly a strong bias for the directionality of transcription of these TEs, by Pol II and
potentially by Pol IV as well.

Transcription of 3’ gene ends is altered in rpd1 mutants

Correlations gleaned from the detailed study of selected Pol IV-regulated genes
described above (Figs 6-7) suggests that loss of Pol IV-based suppression of Pol II
transcription of TEs flanking genes modulates the transcription of the genes themselves.
However, it is not known how common this mode of Pol IV regulation is.  Metagene
profiles of GRO-seq libraries, which measure transcription density across a composite of
annotated genic regions, have been employed to identify genes with paused Pol II in
humans (Core et al. 2008) and to investigate the transcriptional mechanism of male-
specific lethal (MSL) complex X chromosome dosage compensation in Drosophila
(Larschan et al. 2011).  Using custom Perl scripts (Appendix V) to analyze uniquely
mapping WT and rpd1 GRO-seq reads, I generated 2kb metagene profiles (Fig. 8)
representing 1kb flanking the predicted transcription start sites (TSSs) and ends of
annotated maize genes to investigate the hypothesis that Pol IV regulation of genomic
regions flanking genes, affects the transcription of the genes themselves on a genome-
wide scale.

The metagene transcription profiles at the beginnings of genes in the WT and
rpd1 mutant backgrounds are remarkably similar 1kb 5’ of the TSSs in both the sense and
antisense orientation (Fig 8A), indicating no widespread transcriptional dysregulation of
flanking regions 5’ of genes in the absence of Pol IV function.  There does appear to be a
slightly lower overall rate of sense transcription in the rpd1 background over genes that is
most prominent at the TSSs and continues into the gene (Fig 8A).  It is not known if this
difference is statistically significant, though the metagene composite consisted of 31,820
genes that are longer than 1kb and the transcription density values at each position were
normalized to the total read counts for each library, which are very similar in size
(Materials and Methods).  Unlike in humans where 28.3% of genes were identified as
having paused polymerase (Core et al. 2008), there is no evidence of an abundance of
genes with paused polymerases in maize at this stage of development (Fig 8A).  The
pausing index, which is the ratio of transcription density at promoter-proximal regions to
the transcription density across the gene, would need to be calculated to determine the
extent of polymerase pausing in maize and to identify specific genes that exhibit this
profile.  Interestingly, this metagene profile also indicates that the antisense transcription
peak ~250 base pairs (bp) 5’ of the annotated TSSs (Fig 8A), corresponding to bivalent
promoters, is a conserved feature of transcription in eukaryotes (Core et al. 2008).  The
function of these bivalent promoters is not known, though it is hypothesized to be a
feature of active Pol II promoters (reviewed in Seila et al. 2008).

Slightly lower transcription rates across genes in the rpd1 mutant background are
indicated by the metagene profile at the ends of genes as well (Fig 8B).  However, this
relatively lower genic transcription rate in the rpd1 mutant shifts to a relatively higher
rate at the annotated gene ends.  Higher 3’ transcription rates in the rpd1 mutant
compared to WT was observed at all three of the loci analyzed in detail above (Fig 6) that
were found to be significantly up-regulated.  This metagene profile (Fig 8B) thus
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indicates that Pol IV transcriptional regulation of the regions flanking the 3’ ends of
genes is a more widespread and unexpected mechanism of its action across the genome.

To identify specifically the regions flanking genes that are differentially
transcribed in the rpd1 mutants, I expanded the counts-based statistical tests described
above to include, in separate analyses, 1kb and 3kb of flanking sequences immediately 5’
and 3’ of maize genes, treating them as individual annotation objects.  The results of
these analyses, summarized in Tables 9 and 10, identify striking biases in the correlations
of genes and attendant flanking regions that are transcriptionally altered in a coordinated
fashion in rpd1 mutants.   First, there are far more transcriptionally up-regulated genes
that are paired with up-regulated flanking regions than there are down-regulated genes
paired with down-regulated flanking regions (Table 9).  Second, of the up-regulated
flanking regions that are paired with attendant genes up-regulated in the sense
orientation, 29 out of 33 are located 3’ of the gene (Table 9), which confirms the results
observed in the metagene profile described above (Fig 8B).  Of those genes that are up-
regulated in the antisense direction, as the examples described above (Fig 6), 14 out of 20
of the flanking regions that are also up-regulated are located 5’ of the gene (Table 9).
This result indicates that while antisense read-through transcription initiating from the 3’
ends of genes in the absence of Pol IV does occur, it does not occur in the majority of the
cases in which antisense transcription over genes is increased in the rpd1 mutants.

These comparisons identified a surprising number of scenarios in which a 1kb
flanking region is transcriptionally altered while the attendant gene is unaffected.  The
maize ethylene insensitive3 (ein3) homolog, a gene encoding a transcription factor that
activates ethylene responses (Chao et al. 1997), was found in the list of unaffected genes
that have transcriptionally up-regulated flanking regions in the antisense direction.  As
expression changes in this gene are known to cause changes in plant physiology (Chao et
al. 1997), I chose to analyze the transcription and sRNA profiles of the genomic locus
containing it.  Indeed, the flanking region immediately 3’ of the coding region generates
an antisense transcript in the rpd1 mutant background that transverses two Class II DNA
TE fragments of the Hazean and Harbinger families.  Interestingly, further 3’ there is
transcription in the WT background only over an L1 Long interspersed nuclear element
(LINE) fragment.  The region of antisense transcription in the rpd1 mutant ends just at the
3’ end of the gene, though overlaps with a region of significant transcription density in
sense orientation that likely represents the co-transcriptional processing of mRNAs.  A
surprising aspect of the region is the lack of Pol IV-dependent sRNA clusters associated
with either the L1 element, which may be transcribed by Pol IV, or with the region of
antisense transcription that is enhanced in the absence of Pol IV.  The profiles at this 3’
flanking region may define a novel function of Pol IV, which is to suppress antisense
transcription of Pol II at the 3’ ends of genes that may interfere with co-transcriptional
processing.  This hypothesis predicts that, while there is no alteration of transcription
rates of ein3 in the absence of Pol IV, polyA RNA levels would be reduced in rpd1
mutants due to mis-processed and destabilized mRNAs.

Discussion

The biological importance of Pol IV in maize is evidenced by the phenotypes
observed in plants with mutated Pol IV largest (RPD1) subunits.  Leaf tissue polarity and



91

sex determination fates of male inflorescences are canalized by the action of Pol IV
(Parkinson et al. 2007), but the nature of a Pol IV-regulated allele structure is not known,
as Pl1-Rhoades is currently the only defined target of Pol IV in maize.  Additionally,
while loss of Pol IV results in transcriptional up-regulation of the Pl1-Rhoades locus
(Hollick et al. 2000), the mechanism of Pol IV action at or nearby other maize genes is
not known.  While haplotypes that undergo paramutation are exceptional (Gross et al.
2007), results presented in Chapter 2 indicate that Pol IV-regulated alleles are likely to be
far more common in maize given the immense TE content of the maize genome
(Schnable et al. 2008).

The results presented in this chapter are the first to document the variability of
rpd1 mutant phenotypes in different inbred lines, indicating a dependence on
background-specific factors.  I also present evidence of disease lesion mimic phenotypes
in rpd1 mutants, which are novel, distinct, and penetrant in several inbred lines (Fig 1-2).
Background-dependent mutant phenotypes are well-documented for the heterochronic
Teopod mutants (Tp1, Tp2 and Tp3), which show strong differences in expression when
introgressed into different inbred lines (Poethig 1988).  This observation can be explained
by the presence or absence in any particular inbred line of Pol IV-regulated haplotype
structures that differ in their regulatory apparatus, such as the differences that define Pl1-
Rhoades and pl1-McClintock (Cone et al. 1993) as well as Pl1-Rhoades and pl1-R30
(Gross 2007).  Such differences may also be explained by presence or absence of genes
themselves, as inbred maize lines can have significant genic presence/absence variation
(PAV) between them (Springer et al. 2009).  The statistical power of the NAM-RILs (Yu
et al. 2008) derived from these DL inbreds and the molecular markers developed for
genetic mapping of phenotypic traits in these lines will greatly aid in the mapping of
background-specific haplotypes or genes regulated by Pol IV that control specific
developmental programs.

The GRO-seq library analyses of WT and rpd1 mutants I describe in this chapter
are the first transcription-based profiles in plants, indicate that transcriptional regulation
of genes and regions flanking genes by Pol IV is a common mechanism of its action and
identify Pol IV-regulated genes that are likely to have important roles in development of
the maize plant.  While massive transcriptional dysregulation of the non-repetitive
portion of the maize genome resulting from loss of Pol IV was not detectable by the
analyses presented in this chapter, several observations indicate further studies must
undertaken to make conclusions about the scale of effect on maize genome homeostasis
in rpd1 mutants.

Analyses of libraries representing genome-wide transcription are limited by the
coverage and quality of the reference genome available.  A relevant statistic concerning
this point is that 4.68% more reads from the rpd1 library were unmappable compared to
the WT library, which represents more than 2.5 million reads.  If a significant proportion
of the repetitive content of the maize genome has not yet been captured by sequencing
efforts, this may explain the much larger proportion of reads in the mutant that are
unmappable.  If Pol IV is affecting transcription of the genome on a large scale, it is in
repetitive regions that cannot be compared quantitatively between these datasets.
Comparisons of the ambiguous reads from these libraries, which map to repeated regions
in the genome, must be performed to understand the full effect Pol IV impairment has on
transcription of the genome as a whole.  Construction of replicate GRO-seq libraries
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using paired-end reads would also aid in the analysis of the repetitive components of the
genome.  As reported for RNA abundances in mop1 / rdr2 mutants (Jia et al. 2009), I
found that TEs are both up- and down-regulated in rpd1 mutant backgrounds.  This
scenario may have obscured the detection of a change in genome-wide transcription rates
of unique and non-unique TEs (Fig. 3).  Furthermore, limited Censor (Kohany et al.
2006) analysis of regions in and surrounding transcriptionally altered genes (Figs 6-7, Fig
9) uncovered homology to TEs that were not represented in available maize TE
annotations.  More extensive and robust annotation of the maize genome, especially of
TEs, will undoubtedly aid in future studies of the effects of Pol IV loss in maize.

These analyses are the first to identify endogenous genes other than those subject
to paramutation that are transcriptionally regulated by Pol IV other than paramutation
loci.  Based on their functional annotation and amino acid similarity with homologous
proteins, several of these genes (Tables 2-6) have predicted roles in developmental
regulation in plants.  Interestingly, ocl2 is very closely related to the FLOWERING
WAGENINGEN (FWA) locus in Arabidopsis (Javelle et al. 2011), an allele whose
regulation is associated with sRNAs dependent on Pol IV (Chan et al. 2006).  As the
predicted function of the ocl2 gene product is in leaf epidermis development rather than
flowering time regulation, this relationship may be tangential.  Mu insertions in the ocl2
locus as well as several other loci identified in the analyses described above (Tables 2-6)
have been identified by the UniformMu project (McCarty et al. 2005).  Epistasis analyses
of Mu-induced loss-of-function mutations at these loci and rpd1 mutations can begin to
determine whether misregulation of these genes in the absence of Pol IV leads to specific
developmental defects.

Assuming the variance between replicate WT and rpd1 mutant GRO-seq libraries
would be minimal, the statistical analyses of the GRO-seq libraries presented in this
chapter without replicates are estimated to detect 1/5 of the statistically significant hits
that they would if replicates were included (Anders and Huber 2010).  This estimate
predicts that there are actually more than 1,000 genes whose transcription profiles are
altered in the absence of Pol IV function.  Increased statistical power represented by
including replicate libraries is most important for verifying potential regions of Pol IV
transcription, as they are most likely transcribed at low rates (see Chapter 2) and thus less
well represented in the libraries, increasing their false discovery rate (Anders and Huber
2010).

Pol IV presumably generates primary transcripts that are processed into small
interfering RNAs (siRNAs), which target homologous regions in the genome for
chromatin modifications.  Previous attempts to identify Pol IV transcriptional activity
(Chapter 2) indicate that Pol IV processivity is likely low and that Pol IV transcription
must account for no more than 5% of RNA polymerase transcription genome-wide.  The
WT and rpd1 GRO-seq libraries described allow for more sensitive detection of
potentially low abundant transcripts and are an unbiased representation of genome-wide
transcription in the presence and absence of RPD1, the Pol IV largest subunit.  Therefore,
I hypothesized that discrete genomic regions that were covered by GRO-seq reads in the
WT library, but not in the rpd1 mutant library, would be good candidates for regions of
Pol IV transcription.  If Pol IV does transcribe these regions, I would expect to find Pol
IV-dependent siRNA clusters tiling over these regions.  A more detailed analysis of the
overlap between potential Pol IV-transcribed regions identified by this study and Pol IV-
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dependent siRNA clusters is required to verify these results.  In addition, because Pol IV
is not predicted to be inhibited by the Pol II inhibitor like alpha-amanitin, repeating
GRO-seq analyses on comparable rpd1 materials in the presence of alpha-amanitin can
test the hypothesis that the regions identified by the GRO-seq libraries presented are
transcribed by Pol IV.

As similar studies of in vivo transcription profiles in other model organisms have
found (Core et al. 2008), I show that genic as well as intergenic regions are transcribed in
maize (Fig 3).  The transcription of this presumably non-coding portion of the genome is
not significantly affected by loss of Pol IV, nor does the distribution of transcription
shifted to or from genic intervals (Fig 3).  More detailed analyses of regions flanking
genes indicate that specific non-coding regions are in fact regulated transcriptionally by
Pol IV (Table 9).  However, computationally-intensive windowed analyses must be
undertaken to determine the genome-wide effect on the transcription of un-annotated
intergenic regions in the absence of Pol IV.

The computational analyses of GRO-seq libraries I present in this chapter identify
a novel mechanism of Pol IV regulation of the 3’ ends of genes, in both the sense and
antisense orientation (Figs 6-9, Table 9).  It will be interesting to compare these 3’
antisense transcription profiles of WT and rpd1 mutants to RNA-seq profiles constructed
from total RNAs isolated from GRO-seq materials removed from the plant grindates
before run-on transcription reactions were performed.  The hypothesis that RPD1 blocks
Pol II antisense transcription into the 3’ ends of genes predicts that loss of Pol IV would
affect the levels processed, stable mRNAs produced from a locus with a regulatory
structure like ein3 (Fig. 9).  It is unclear if normal 3’ transcript processing would be
impaired in the presence of increased Pol II antisense transcription, or whether any
double-stranded RNAs generated by sense-antisense transcripts would be recognized and
cleaved by Dicer-like endonucleases.  A recent role for DCL4 in the co-transcriptional
processing of the 3’ end of the FLC locus suggests this as a possible mechanism (Liu et
al. 2012).

Transcriptional alterations at flanking regions adjacent to genes that are also
affected in the rpd1 mutant background do not indicate a direct correlation between them.
It is possible that aberrant read-through transcripts into genes are increased as a result of
Pol IV loss, or that altered transcription in these flanking regions in rpd1 mutants affects
the accessibility of Pol II at the adjacent genes.  Future studies should focus on
determining the molecular characteristics of putative read-through antisense transcripts,
their potential affect on the RNA stability of sense transcripts made from the locus and
whether these transcripts are in fact read-through transcripts initiated in adjacent
repetitive features.  Experiments designed to test these hypotheses are required to
determine if correlations between transcriptional regulation of genes and their flanking
regions by Pol IV are biologically significant.

The results presented in this chapter indicate that loss of Pol IV function causes
different effects on the transcription of genes, including suppression of sense and
antisense transcription at the 3’ ends of genes, depending on haplotype-specific
structures.  The limited detailed analyses of genes whose transcription profiles are altered
in rpd1 mutants suggest that Pol IV action mediates the regulatory capacity of repetitive
sequences nearby genes, though specific structures have not been identified.  Given the
ubiquity of TEs in the maize genome, almost all maize genes are flanked by some form
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of repetitive sequence that is a potential target of Pol IV regulation.  I hypothesize that
Pol IV-dependent transcriptional repression via Pol II interference may have sequence
and/or epigenetic requirements.  Further transcription-based studies will aid in the
identification of specific haplotype structures recognized by Pol IV in the maize genome.

Materials and Methods

Genetic Stocks: The rpd1-2 stocks (Families 08-145 and 08-581 and 08-775) used for
crosses to diverse inbred lines were previously described (Hollick et al. 2005) and
contained the plant color genotypes Pl1-Rhoades (Pl’); b1; c1; R-r.  Inbred lines B97,
CML52, CML69, CML103, CML228, CML247, CML277, CML322, CML333, Il14H,
Ki11, Ki3, M162W, M37W, Mo18W, Ms71, NC350, NC358, Oh43, Oh7B, P39, Tx303
and Tzi8 used for crosses (Fig 1) were obtained from the North Central Regional Plant
Introduction Stations, Ames, IA.  1:1 segregating F3 progeny were generated by
backcrosses of putative BC1F2 mutants to BC1F1 parents.  rpd1-1 B73 and A619
introgression stocks used in morphological survey were BC6F2 progeny and BC7F2
progeny, respectively, established through recurrent backcrosses in the same manner as
described (Hollick et al. 2005).

The rpd1-1 stock used to generate GRO-seq materials was a BC6F2 progeny set
(Ears 90701, 91851, 91852, 91854 and 91855) introgressed into B73 (~96%), which
contained the plant color genotypes pl1-B73; b1; c1; r-r.

Morphological Survey of rpd1-2 Mutations in Diverse Inbred Lines:  Observations of
mature plants from each segregating progeny set (BC1F2, F3 and S2) were made over the
course of 2 summer field seasons at the Gill Tract, Albany, CA.  Only progeny sets of 40
or more were considered in this analysis and a penetrant mutant phenotype was defined
as a minimum occurrence in greater 1/8 of BC1F2 progeny or in both BC1F2 progeny
and F3 or S2 progeny derived from BC1F2 backcrosses or selfs, respectively.

GRO-seq Library Preparation:  88 individuals were genotyped using dCAPs marker
for the rpd1-1 lesion (See Chapter 2 and Appendix I).  10 homozygous wild-type (+/+)
and 10 homozygous rpd1-1 / rpd1-1 mutants were identified and used for starting
materials.  Roots were removed from identified WT and rpd1 mutant seedlings and whole
shoot portions, weighing 2.4 grams (g) and 1.8 g respectively, were used for nuclei
isolations, as described (Chapter 2).  Transcription run-on assays were performed as
described (Dorweiler et al. 2000) with the following changes to the protocol.  0.5 mM 5-
bromouridine 5’-triphosphate (BrUTP) (Sigma) was substituted for UTP and 2 µM cold
CTP was added in addition to 10 µL of P32-CTP.  Incubation conditions and RNA
isolation of in vitro labeled RNA were as described (Chapter 2).  Libraries were prepared
as described (Core et al. 2008) using agarose bead-conjugated α-BrdU antibody (Santa
Cruz Biotechnology).

Computational Analysis of GRO-seq Libraries:  50 base pair (bp) raw reads
(54,318,135 for WT library and 54,873,783 for rpd1 library) were generated on the
Illumina HiSeqII platform (Vincent J. Coates High Throughput Sequencing Center).
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Quality analyses of the libraries were performed using the FastQC program
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  Based on FastQC analyses
of library PHRED scores, 10 bp were trimmed from the 3’ end of all reads, which is the
end with the highest proportion of low quality (< 20 PHRED score) reads, using the
FASTQ Trimmer tool on the Galaxy suite of webtools (https://main.g2.bx.psu.edu/).  All
reads with any low quality bases (<20 PHRED score) in the remaining 40 bp were then
removed using the Filter FASTQ tool on Galaxy.  The resulting trimmed and filtered
libraries consisted of 41,705,653 and 42,034,957 high quality 40 bp reads, respectively,
and were used for subsequent mapping and further computational and statistical analysis.

Reads were mapped to the B73 reference genome v2
(http://ftp.maizesequence.org/current/assembly/ZmB73_RefGen_v2.tar.gz) using Bowtie
alignment software (version 0.12.7) (Langmead et al. 2009).  Maize rRNA sequences
were kindly provided by Blake Meyers.  Most downstream analyses used Bowtie
alignments that were allowed 2 mismatches (option –v 2) and to match only once in the
genome (option –m 1), defined as uniquely mapping reads.  Analyses of differentially
expressed TEs (Table 5) used perfectly matching, unique Bowtie alignments (options –v
0 –m 1) and limited comparisons were performed between results of differential gene
expression calling using alignments with 2 mismatches and perfectly matching
alignments.  BAM files, converted from Bowtie-generated SAM files using Samtools
software (version 0.1.14) (Li et al. 2009), were then used in the DESeq R package
(Anders and Huber 2010) for statistical inference calling of differential transcription of
specific annotation objects between libraries.  P-values < 0.05 and p-values adjusted
(padj) for False Discovery Rate (FDR) control (Anders and Huber 2010) (10% FDR)
were compared by separate analyses as measures of statistical significance of
differentially transcribed genes.  General Feature Format3 (GFF3) files consisting of the
maize filtered gene set (FGS) (http://ftp.maizesequence.org/current/filtered-
set/ZmB73_5b_FGS.gff.gz), working gene set (WGS)
(http://ftp.maizesequence.org/current/working-set/ZmB73_5a_WGS_genes.fasta.gz) and
TEs (http://ftp.maizesequence.org/current/repeats/ZmB73_5a_MTEC_repeats.gff.gz)
were used for statistical analyses.  Custom Perl scripts (Appendix V) and the BEDTools
suite of utilities (Quinlan and Hall 2010) were used to compare lists generated by these
analyses.

Metagene analysis was performed on Bowtie-generated SAM files (2 mismatches
allowed) and a custom-made GFF3 file (Appendix V) containing FGS genes larger than 1
kilobase (kb) and the 1kb regions flanking the 5’ and 3’ ends of all genes.  For 5’
analysis, a custom Perl script (metagene_windows_1kbup_S_AS.pl, Appendix V) was
written to count the reads mapping to 50 bp windows sliding by 5 bp representing
positions 1-2000 starting from 1kb upstream of annotated transcription start sites (TSSs)
and ending 1kb into genes.  For 3’ analysis, a similar Perl script
(metagene_windows_1kbdown_S_AS.pl, Appendix V) was written to count the reads
mapping to 50 bp windows sliding by 5 bp representing positions 1-2000 starting from
1kb upstream of annotated genes ends and ending 1kb downstream of gene ends.  Reads
mapping to each position were normalized to the total mappable read count for each
library.  Counts tables for generated were graphed using R software.

Transcription and small RNA profiles of individual genes (Figs 6-8) were
generated using the Integrative Genomics Viewer (IGV) (Robinson et al. 2011) using
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BAM files describe above.  Quality filtered small RNA libraries were prepared by the
Meyers lab (Delaware Biotechnology Institute) from 4 centimeter (cm) immature ears of
rpd1 / rpd1 homozygotes (1,398,584 total reads) and +/rpd1 heterozygous siblings
(9,333,806 total reads).  Reads were mapped and processed as described above using
Bowtie and Samtools.

RT-PCR Expression Analysis:  Primers were designed from B73 genomic sequences
corresponding to the predicted coding regions spanning introns of the ocl2 gene (F-5’-
TGTTTCCATTGATGGACTGC-3’, R-5’-ACGGCATAAGAGGCTGGTAG-3’) and the
genes encoding the epoxide hydrolase (F-5’-CAGGAATTTGGTGTTGCTGA-3’, R-5’-
CCCGGAGCGTTGTATGTAAT-3’) and the ATPase domain-containing protein (F-5’-
TATGCATGTGGCAGCTAAGG-3’, R-5’-AATCGTGCTTCGAGTCTTGC-3’). cDNA
synthesis and amplification was as described in Chapter 2.  cDNA amplicons were gel-
extracted and sequenced (UC Berkeley Sequencing Facility) to validate amplification of
correct targets.  RT-PCR products were sized on a 2% agarose gel and stained with
ethidium bromide for visualization and quantified with ImageJ software
(http://rsbweb.nih.gov/ij/) in order to normalize to Aat products.
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Tables

Table 1: Summary of statistical analyses detecting transcriptionally up- and down-
regulated genes in the sense and antisense orientation

List

Up-
regulated
(Sense)

Up-
regulated
(Antisense)

Down-
regulated
(Sense)

Down-
regulated
(Antisense) Totals

FGS
(padj < 0.1) 58 34 105 7 204
FGS
(pval < 0.05) 140 60 351 34 585
WGS
(pval < 0.05) 200 83 420 78 781

FGS – Filtered Gene Set
WGS – Working Gene Set
pval – p-value
padj – p-value adjusted for False Discovery Rate (FDR) control (See Materials and
Methods)
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Table 2: Annotation of genes transcriptionally up-regulated in rpd1 mutants in the
sense orientation (padj < 0.1)

Gene ID Gene Annotation chr
Fold
Change

GRMZM2G430455 Ribosomal protein S4 1 -
GRMZM2G340619 Pseudogene 9 -
AC208895.3_FG004 Putative uncharacterized protein 3 27.5
GRMZM2G100726 Pseudogene 1 20.1
GRMZM2G110742 Pseudogene 7 14.8

GRMZM2G062716

Defense-related proteins (Type 1
glutamine amidotransferase (GATase1)
domain) 4 10.3

GRMZM2G401700 Putative uncharacterized protein 7 10.3

GRMZM2G161233
NAD-dependent epimerase/dehydratase
family protein 1 8.92

GRMZM2G303010 NBS-LRR disease resistance protein 1 8.21
GRMZM2G070575 Putative uncharacterized protein 10 8.21

GRMZM2G143082
Putative uncharacterized protein, similar
to TGA1 1 7.69

AC235534.1_FG007 ocl2 (HD-ZIP IV transcription factor) 10 7.51
GRMZM2G161658 Epoxide hydrolase 2 3 6.89
GRMZM2G453985 Pseudogene 4 6.56
GRMZM2G176834 Putative uncharacterized protein 7 6.35
GRMZM5G866269 Putative uncharacterized protein 3 6.07
GRMZM2G407760 Putative uncharacterized protein 7 5.82
GRMZM5G832375 PDC3 - pyruvate decarboxylase3 1 5.59
GRMZM2G088413 Putative uncharacterized protein 1 5.37
GRMZM5G830269 Putative uncharacterized protein 6 5.29
GRMZM2G701553 Putative uncharacterized protein 3 4.74
GRMZM2G047105 Putative uncharacterized protein 9 4.7
GRMZM2G147724 Phosphotidic acid phosphatase 1 4.63
GRMZM2G158305 Pseudogene 10 4.62

GRMZM2G043242
Putative ATP-binding, ATPase-like
domain-containing protein 4 4.04

GRMZM2G355021
Similarity to lysine histone demethylase
LDL1 (LSD1-LIKE1) 6 3.95

GRMZM2G009080 Putative uncharacterized protein 6 3.67
GRMZM2G147399 Early nodulin 93 9 3.49
GRMZM2G081363 Putative uncharacterized protein 3 3.46
GRMZM2G174449 Putative uncharacterized protein 4 3.29
GRMZM2G110997 Pseudogene 8 3.26
GRMZM2G131421 Early nodulin 93 9 3.24
GRMZM2G046885 MADS-Box transcription factor 22 5 3.13
GRMZM2G143142 Possible transposon 1 3.09
AC197705.4_FG001 Pyruvate decarboxylase isozyme 1 8 3
GRMZM2G578659 Gypsy LTR retrotransposon 7 2.92
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GRMZM2G045560 Pseudogene 8 2.92
GRMZM2G098438 Pseudogene 5 2.85
GRMZM2G110304 Putative transcription factor X1 1 2.76
GRMZM2G100060 Beta-amryin synthase 1 2.65
GRMZM2G300965 Pseudogene 10 2.61

GRMZM2G053503
Ethylene-repsonsive factor-like protein
(ERF1) 8 2.57

GRMZM2G046528 Pseudogene 9 2.46
GRMZM2G081151 Similarity to beta-amryin synthase gene 1 2.44
GRMZM2G168747 Nrat1 aluminum transporter 1 5 2.31

GRMZM2G087063
Putative uncharacterized protein, DUF
2930 family 1 2.27

GRMZM2G145213 14-3-3-like protein 4 2.25
GRMZM5G814164 Pseudogene 7 2.2
GRMZM2G024996 Pseudogene 9 2.18
GRMZM2G051683 Anthocyanidin 5,3-O-glucosyltransferase 3 2.17
GRMZM2G152417 AMP-binding protein 9 2.03
GRMZM2G031827 Splicing factor U2af 38 kDa subunit 8 2.03
GRMZM2G162486 IN2-1 glutathione S-transferase 9 2.01
GRMZM2G392791 Epoxide hydrolase 2 1 1.96
GRMZM2G146004 Protein induced upon tuberization 8 1.95
GRMZM2G083538 Amino acid binding protein 1 1.9

GRMZM2G129444_T02
Similarity to mitotic checkpoint family
protein 3 1.72

GRMZM2G442658 alcohol dehydrogenase 1 (adh1) 1 1.7

First two genes in list do not have a fold change listed as no reads were found within their
intervals in the WT library.

Genes lacking annotation information on maizesequence.org were manually annotated by
Blastp and Censor analysis using FASTA sequences.

Genes were designated as pseudogenes either from maizesequence.org annotations or if
Censor detected homology to TE sequences in predicted coding sequence.
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Table 3:  Annotation of genes* transcriptionally up-regulated in rpd1 mutants in the
sense orientation (pval < 0.05)

Gene ID Gene Annotation chr
Fold
Change pval

GRMZM2G129444 Mitotic checkpoint protein 3 1.67 0.003

GRMZM2G021369
AP2 domain-containing ethylene
responsive factor (ERF)-like 5 1.73 0.005

GRMZM2G161459 Nitrate transporter 1 1.59 0.005

GRMZM2G064962
Glycerophosphodiester
phosphodiesterase GDE1-like 1 1.85 0.008

GRMZM2G087186 Pyruvate decarboxylase isozyme 3 1 1.63 0.009
GRMZM2G052344 RING H2-finger protein 1 1.95 0.01
GRMZM2G146386 Sel1 homolog 9 1.67 0.011

GRMZM2G389362
Vacuolar-sorting receptor 1-like
protein 2 1.76 0.011

GRMZM2G013448
1-aminocyclopropane-1-carboxylate
oxidase 1 8 1.67 0.011

GRMZM2G132547 CTP synthase 8 1.57 0.011
GRMZM2G098346 Alcohol dehydrogenase 2 (adh2) 4 1.78 0.013
GRMZM2G045155 B12D protein 7 3.55 0.014

GRMZM2G333140
Homology to zinc knuckle containing
proteins 5 4.24 0.018

GRMZM2G176307
Cytosolic glyceroldehyde-3-phosphate
dehydrogenase GAPC4 5 1.53 0.018

GRMZM2G132763

Leucine rich repeat receptor-like
protein kinase (homology to PEP1
receptor 2 - PEPR2) – defense
responses 1 5.29 0.02

GRMZM2G112524
Pathogenesis-related protein 1
(SRPBCC superfamily) 1 3.55 0.026

GRMZM2G149104
Homology to NHL-repeat containing
proteins 8 4.35 0.028

GRMZM2G450935
Homology to ATP-dependent DNA
helicases and AT hook motif proteins 4 8.12 0.033

GRMZM2G088747
ATFP4 - homology to NBS-LRR disease
resistance proteins 5 4.37 0.039

GRMZM5G858784 viviparous-14 3 16.9 0.044

* This subset of 20 genes from the 83 that did not pass the FDR control (< 10%)
represent the 10 genes with the lowest p-value and 10 randomly chosen genes from the
list.
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Table 4:  Annotations of genes transcriptionally down-regulated in rpd1 mutants in
the sense orientation (padj < 0.1)

Gene ID Gene Annotation
chr fold

Change
GRMZM2G391281 En/Spm-14 adjacent to a Gypsy LTR 1 -

GRMZM2G124797
DOPPIA4_ZM directly adjacent to a Gypsy
LTR (Gypsy-38_SB-I) 1 -

GRMZM2G061791 Copia LTR 1 0.03
GRMZM5G814441 Ubiquitin thioesterase otubain-like protein 1 0.08
GRMZM2G337190 Gypsy LTR 1 0.12
GRMZM2G072298 Pseudogene with Helitron in CDS 3 0.13

GRMZM2G429128
Predicted protein has homology to
"transcription regulator" 1 0.14

GRMZM2G043813 NAC domain-containing protein 21/22 10 0.15
GRMZM2G030080 Putative uncharacterized protein 3 0.16
GRMZM2G300424 Helitron 1 0.16
GRMZM2G337387 Pseudogene 4 0.16
GRMZM2G067929 Putative uncharacterized protein 1 0.16
GRMZM2G374302 Pseudogene 4 0.2
GRMZM2G446625_T06 Putative uncharacterized protein 7 0.2
GRMZM2G083128 Pseudogene 1 0.21

GRMZM2G038973
Similar to glycosyl hydrolase family 38
protein 1 0.21

GRMZM2G120619 Pseudogene 3 0.22

GRMZM2G449123
Putative pumilio-family RNA-binding domain-
containing protein 1 0.22

GRMZM2G137868 Pseudogene 1 0.22

GRMZM2G104534
Predicted protein has homology to SCAR2
(WH2 domain) 1 0.23

GRMZM2G155253 Pseudogene 4 0.23
GRMZM2G020320 Glycerol-3-phosphate acyltransferase 8 5 0.23

GRMZM2G177424
Predicted protein has homology to flavonoid
7-O-methyltransferase 7 0.23

GRMZM2G093038 EnSpm-16_ZM and CENSATC_ZM 1 0.24
GRMZM2G022804 Pseudogene 1 0.24
GRMZM5G841743 Putative uncharacterized protein 1 0.25
GRMZM5G829831 Pseudogene 1 0.25
AC217050.4_FG007 Terpene synthase 7 1 0.26
GRMZM2G121878 Carbonic anhydrase 3 0.27
GRMZM5G818983 hAT-16_ZM and ZhAT12_ZM 1 0.27

GRMZM2G022866
En/Spm2_ZM, SINE2-1_ZM and HARBN2_ZM
fragments 1 0.27

GRMZM2G455869 MYB transcription factor in SANT Superfamily 5 0.28
GRMZM2G031660 Beta-glucosidase 10 0.28
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GRMZM2G461716
Unknown or putative chloroplast nucleoid
DNA-binding protein cnd41 6 0.28

GRMZM2G016088 Putative uncharacterized protein 1 0.29
GRMZM2G396674 Putative uncharacterized protein 1 0.29
GRMZM2G046750 Lipid binding protein 7 0.3
GRMZM2G138258 Putative uncharacterized protein 3 0.3

GRMZM2G028570
Similar to solute carrier family 2, facilitated
glucose transporter member 8 8 0.31

GRMZM2G181546 Putative uncharacterized protein 10 0.32

GRMZM2G003501
g14a - similar to putative very-long-chain
fatty acid condensing enzyme CUT1 4 0.33

GRMZM2G028134 Metal ion binding protein 8 0.33
GRMZM2G168474 Cis-zeatin O-glucosyltransferase 1 (cisZOG1) 2 0.34
GRMZM2G147172 Similarity to a putative F-box family protein 5 0.34
GRMZM2G131756 Ros1 6 0.34
GRMZM2G163925 Phosphoribosylanthranilate transferase 4 0.34

GRMZM2G496991
Putative uncharacterized protein, DUF581
superfamily 1 0.35

GRMZM2G083841
Phosphoenolpyruvate carboxylase 1
(PEPCase 1) 9 0.35

GRMZM2G130149 MYB59 1 0.35
GRMZM2G357455 Putative uncharacterized proline-rich protein 1 0.35

GRMZM2G136453
Putative purple acid phosphatase,
metallophosphatase 1 0.36

GRMZM2G475380 Strong homology to a gibberellin 20 oxidase 1 0.37
GRMZM2G000166 Putative metal ion-binding protein 2 0.37

GRMZM2G162755
Putative anthocyanidin 3-O-
glucosyltransferase 6 0.37

GRMZM2G085019
NADP-dependent malic enzyme, chloroplastic
precursor 3 0.37

GRMZM2G059637
Strong homology to a glycerol-3-phosphate
acyltransferase 5 6 0.38

GRMZM2G038243 Transferase family protein 4 0.38

GRMZM2G027479
Homology to putative thionin (plant defense
peptide) 4 0.38

GRMZM2G162529 Phosphoribulokinase 5 0.38

GRMZM2G142345

Homology to E3 ubiquitin-protein ligase
XBAT33 and ankyrin repeat-containing
proteins 6 0.38

GRMZM2G052422
1-aminocyclopropane-1-carboxylate oxidase
1 (Acc oxidase) 5 0.39

GRMZM2G056500
Putative uncharacterized protein with
Agglutinin superfamily domain 2 0.39

GRMZM2G088501 Transporter-like protein 6 0.39
AC234528.1_FG001 Similar to TAF4 family protein 1 0.4

GRMZM2G337242
Glycosyl hydrolase family 38 protein (alpha-
mannosidase) 1 0.4

GRMZM2G116840 Pseudogene 1 0.4
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GRMZM2G081977 Pseudogene 1 0.4
GRMZM2G036007 Putative 3(2),5-bisphosphate nucleotidase 7 0.41
GRMZM2G175423 Sorbitol dehydrogenase 1 0.41

GRMZM2G339866
Putative uncharacterized protein, DUF3339
superfamily 3 0.42

GRMZM2G010034 Putative uncharacterized protein 1 0.42
GRMZM2G030583_T02 Monoterpene synthase 6 0.42
GRMZM2G077333_T02 PSII 22 kDa protein 3 0.43
GRMZM5G800723 MATE transporter 2 1 0.43
GRMZM2G107886 Zinc finger protein CONSTANS-LIKE 16 9 0.43
GRMZM2G349749 Putative patatin 5-like protein 1 0.43
GRMZM2G132169 L-ascorbate oxidase 3 0.43
GRMZM2G058310 Pseudogene 7 0.44

GRMZM2G072280_T02
Chlorophyll a-b binding protein; PSI antenna
protein 7 0.44

GRMZM2G115646 Glutamate-ammonia ligase-like protein 1 0.45
GRMZM2G166721 NAC type transcription factor 3 0.45

GRMZM2G153184
Chlorophyll a-b binding protein 4; PSI light-
harvesting complex type 4 protein 1 0.45

GRMZM2G143373
cis-2, 3-dihydrobiphenyl-2,3-diol
dehydrogenase 4 0.46

GRMZM5G833406 IAA-amino acid hydrolase ILR1-like 8 0.46
GRMZM2G145008 GTPase activating protein 1 0.46
GRMZM2G442763 Putative uncharacterized protein 1 0.46
GRMZM2G107406 Putative uncharacterized protein 1 0.46

GRMZM2G132704
Putative uncharacterized protein with
similarity to Arabidopsis gar2-like protein 1 0.46

GRMZM2G162200

Ribulose bisphosphate
carboxylase/oxygenase activase, chloroplast
Precursor 4 0.46

GRMZM2G150248 Lysine-specific histone demethylase 1 10 0.47

GRMZM2G134264
Putative uncharacterized protein with
putative agglutinin superfamily domain 2 0.47

GRMZM2G169458 Fatty aldehyde dehydrogenase 1 5 0.47

GRMZM2G038519_T03
Chlorophyll a-b binding protein; PSI antenna
protein, similar to type II LHCI 2 0.47

GRMZM2G441903
Multiple stress-responsive zinc-finger protein
ISAP1 1 0.47

GRMZM2G090028 Putative uncharacterized protein 2 0.47
GRMZM2G093526 Putative ent-kaurene synthase B 2 0.48
GRMZM2G012140 Putative glycosyl hydrolase family 17 protein 9 0.48

GRMZM2G103101
Chlorophyll a-b binding protein 4; PSI light-
harvesting complex type 4 protein 5 0.48

GRMZM2G060742 Citrate transporter family protein 1 0.48
GRMZM5G882078 Putative ankyrin-kinase 3 0.49

GRMZM2G129246
Putative uncharacterized protein, with
similarity to putative glycolate oxidase 7 0.49
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GRMZM2G042758

Putative uncharacterized protein with
similarity to GDSL-motif lipase/hydrolase-like
protein (rice and others) and anther-specific
proline-rich protein APG 5 0.49

GRMZM2G169321 Pseudogene 6 0.5
GRMZM2G086258 Pseudogene 1 0.5

GRMZM2G070271
Similarity to a putative xyloglucan endo-1,4-
beta-D-glucanase 1 0.5

First two genes in list do not have a fold change listed as no reads were found within their
intervals in the rpd1 mutant library.

Genes lacking annotation information on maizesequence.org were manually annotated by
Blastp and Censor analysis using FASTA sequences.

Genes were designated as pseudogenes either from maizesequence.org annotations or if
Censor detected homology to TE sequences in predicted coding sequence.
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Table 5: Annotations of genes transcriptionally up-regulated in rpd1 mutants in the
antisense orientation (padj < 0.1)

Gene ID Gene Annotation chr
Fold
Change

GRMZM2G466982 Putative uncharacterized protein 1 -

GRMZM2G497438
Homology to putative adenine
phosphoribosyltransferase 2 -

GRMZM2G084473 Histidine kinase cytokinin receptor 10 18.6
GRMZM2G052365 Subtilase-like protease-like 3 18
GRMZM2G173192 L-lactate dehydrogenase 5 16

GRMZM2G094900
Type I inositol-1,4,5-triphosphate 5-
phosphatase CVP2-like protein 5 15.3

GRMZM5G872568 Putative uncharacterized protein 9 14.7

GRMZM2G171408

U-box domain-containing protein 10 or
armadillo/beta-catenin-like repeat-
containing protein 7 14.1

GRMZM5G824938
Phosphatidylinositol 3-and 4-kinase family
like protein 7 13.1

GRMZM2G472346 Pseudogene 5 12.4
GRMZM5G874832 Putative uncharacterized protein 7 9.75

AC225205.3_FG003
Phosphatidylinositol 3-and 4-kinase family
like 7 8.73

GRMZM5G837822
Hevamine-A - chitinase involved in plant
defense 3 8.13

GRMZM2G510796 Putative uncharacterized protein 8 7.83
GRMZM2G107540 Histone H2A 1 7.81
GRMZM2G045560 WRKY superfamily protein 8 7.19

GRMZM2G181266
Predicted 3-hydroxyacyl-CoA dehydratase
PASTICCINO 2A-like 8 6.91

GRMZM2G421579
Homology to putative MYB DNA binding
proteins 1 6.5

GRMZM2G396246 Putative uncharacterized protein 8 6
GRMZM2G009894 60S ribosomal protein L29 8 5.4
GRMZM2G385021 Putative uncharacterized protein 1 5.28
GRMZM2G180258 Putative uncharacterized protein 10 5.16

GRMZM2G082365
H/ACA ribonucleoprotein complex subunit 4-
like protein and putative kinetochore protein 7 4.93

GRMZM2G131683
Electron transporter, glutaredoxin-related
protein 1 4.92

GRMZM2G149105 Putative uncharacterized protein 8 4.9
GRMZM2G396248 Cytochrome P450 8 4.5
GRMZM2G703575 Putative uncharacterized protein 1 4.43
GRMZM5G884151 Putative uncharacterized protein 9 4.33

GRMZM2G126239
Homeobox-leucine zipper (HD-ZIP) ATHB-4
homolog 3 4.24

GRMZM2G074634 Cysteine-type peptidase 5 3.79
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GRMZM2G043141

Homologous to a conserved putative
uncharacterized protein DUF 1336 Domain-
containing protein 1 3.56

GRMZM2G131715 Pseudogene 1 3.32
GRMZM5G891855 Pseudogene 2 3.22
GRMZM2G039978 CASP-like protein 1 3.05

First two genes in list do not have a fold change listed as no reads were found within their
intervals in the WT library.

Genes lacking annotation information on maizesequence.org were manually annotated by
Blastp and Censor analysis using FASTA sequences.

Genes were designated as pseudogenes either from maizesequence.org annotations or if
Censor detected homology to TE sequences in predicted coding sequence.
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Table 6:  Annotations of genes transcriptionally down-regulated in rpd1 mutants in
the antisense orientation (padj < 0.1)

Gene ID Gene Annotation chr
Fold
Change

AC197432.4_FG001 EnSpm-14 ZM 1 -
AC234203.1_FG009 Homology to rRNA processing protein EFG1 1 -

GRMZM2G703749
Homology to putative DHHC-type zinc finger
protein 1 0.11

GRMZM2G135617
ACR4 amino-acid binding protein (ACT
domain-containing) 1 0.25

GRMZM2G061988 Putative pyridoxamine 5-phosphate oxidase 1 0.28

GRMZM2G447617

Organic anion transporter; sugar
phosphate/phosphate translocator;
nucleotide-sugar transporter-like protein 9 0.3

GRMZM2G358467
Beta amylase (1,4-alpha-D-glucan
maltohydrolase) 7 0.41

First two genes in list do not have a fold change listed as no reads were found within their
intervals in the rpd1 mutant library.

Genes lacking annotation information on maizesequence.org were manually annotated by
Blastp and Censor analysis using FASTA sequences.

Genes were designated as pseudogenes either from maizesequence.org annotations or if
Censor detected homology to TE sequences in predicted coding sequence.
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Table 7:  Annotation of TEs transcriptionally altered in rpd1 mutants (padj < 0.1)

Transposon
Class/Family

Up-regulated
(Sense)

Up-regulated
(Antisense)

Down-regulated
(Sense)

Down-regulated
(Antisense)

Class I 84 4 16 0
Class II 3 0 9 0
Gypsy 52 3 6 0
Copia 12 0 2 0
Unclassified LTR 19 1 7 0
L1 LINE 0 0 0 0
Unclassified
LINE 1 0 1 0
PIF/Harbinger 0 0 1 0
Cacta 1 0 3 0
Cacta
noncoding 0 0 0 0
hAT 0 0 1 0
hAT noncoding 1 0 1 0
Stowaway 0 0 0 0
Tourist 0 0 3 0
TIR 1 0 0 0
Total 87 4 25 0
Total
(Combined) 116
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Table 8:  Annotation of TEs transcriptionally altered in rpd1 mutants (pval < 0.05)

Transposon
Class/Family

Up-regulated
(Sense)

Up-regulated
(Antisense)

Down-regulated
(Sense)

Down-regulated
(Antisense)

Class I 790 99 483 66
Class II 145 13 205 16
Gypsy 351 52 153 12
Copia 149 14 66 20
Unclassified
LTR 276 33 229 28
L1 LINE 1 0 3 2
Unclassified
LINE 13 0 32 4
PIF/Harbinger 15 1 20 1
Cacta 21 6 43 5
Cacta
noncoding 6 1 9 0
hAT 14 1 19 1
hAT noncoding 23 1 41 3
Stowaway 9 1 11 1
Tourist 28 0 39 2
TIR 29 2 23 3
Total 935 112 688 82
Total
(Combined) 1817
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Table 9: Analysis of transcriptionally up- and down-regulated filtered gene set
(FGS) genes and flanking genomic regions (pval < 0.05)

List Genes Flanking
Regions

Genes
Paired with
Flanking
Hit*

Ratio
Genes Paired
with 5'
Flanking Hit

Ratio
Genes Paired
with 3'
Flanking Hit

Ratio

1kb up-
regulated
(S) 79 133 33 0.42 4 0.12 29 0.88
1kb up-
regulated
(AS) 61 73 20 0.33 14 0.7 6 0.3
1kb down-
regulated
(S) 420 99 38 0.09 2 0.05 36 0.95
1kb down-
regulated
(AS) 35 46 4 0.11 3 0.75 1 0.25

Totals 595 351 95 0.16 23 0.24 72 0.76
3kb up-
regulated
(S) 78 218 39 0.5 6 0.15 33 0.85
3kb up-
regulated
(AS) 72 153 32 0.44 21 0.66 11 0.34
3kb down-
regulated
(S) 406 199 46 0.11 8 0.17 38 0.83
3kb down-
regulated
(AS) 31 137 8 0.26 3 0.38 5 0.63

Totals 587 707 125 0.21 38 0.3 87 0.7

* Genes in each category were compared with the hits that were affected in the same
manner, eg. up-regulated genes in the sense orientation were compared to up-regulated
flanking regions in the sense orientation, corresponding to the same strand.
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Figures

Fig. 1.

Figure 1.  Representative phenotypes of rpd1-2 mutants introgressed into diverse inbred
maize lines:  feminized tassels in Tx303; adaxialized sheath sectors in CML103; hairy
sheath sectors in Ky21; different disease lesion mimic phenotypes in NC358 and CML52.
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Fig. 2.

Figure 2.  Phylogenetically-related rpd1-2 mutant phenotypes.  Cladogram based based
on Liu et al. showing phylogenetic relationship between inbred lines into which rpd1-2
mutant alleles were introgressed.  Chart to the right shows penetrant phenotypes
associated with rpd1-2 homozygous mutants in indicated inbred backgrounds (see
Materials and Methods for penetrance thresholds used).
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Fig. 3.
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Figure 3.  Genomic distributions of GRO-seq reads from wild-type (WT) and rpd1
mutant backgrounds.  (A) Distributions of total reads in the mappable portions of each
library.  (B) All reads not mapping to rRNAs were mapped directly to FASTA files of
annotated maize genes and those reads not mapping to these sequences were designated
as non-genic. (C-D) For unique reads mapping to the genome, a BEDTools analysis
(Materials and Methods) reported the subset of reads which were contained entirely
within intervals annotated as (C) genes in the sense and antisense orientation and (D)
exons and introns of genes annotated as having single transcripts. (E-G) Same BEDTools
analysis as in (C-D) using (E) all unique reads, (F) unique non-genic reads and (G)
unique genic reads and determining which were contained entirely within intervals
annotated as transposable elements (TEs).  (H) Genomic features of the maize genome
represented as percentages from Schnable et al. Total GRO-seq reads from each library
were mapped directly to FASTA files of TE categories noted to generate statistics in
chart.  LTR – Long terminal repeat.
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Fig. 4.

Figure 4.  Chromosomal distributions of GRO-seq reads.  (A) WT and rpd1 GRO-seq
reads mapping to individual chromosomes divided by the total number of reads in each
respective library. (B) Chart of the ratio of transcription density, defined as the number of
reads mapping to an individual chromosome divided by the total reads from each library,
to sequence representation, defined the size of each chromosome in base pairs (bp)
divided by the size of the genome in bp, for uniquely mapping GRO-seq reads in each
library.  (C) Same comparison as (B) using total reads (uniquely mapping and ambiguous
reads) from each library.
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Fig. 5

Figure 5. Reverse transcriptase polymerase chain reaction (RT-PCR) analysis of genes
transcriptionally up-regulated in rpd1 mutants.  Primers specific to each gene and a
control gene alanine aminotransferase (Aat) (see Materials and Methods) were used to
amplify identical quantities of oligo dT-primed cDNA templates generated from 3
genotyped homozygous rpd1-1 mutants and 3 homozygous wild-type siblings.
Amplifications using control samples prepared with no reverse transcriptase were
performed and used to subtract background intensity from amplicon intensity signals.
Error bars are +/- 1 SEM.
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Fig. 6

A

B
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C

Figure 6.  (A) ocl2 (B) Epoxide hydrolase and (C) NAD-dependent Epimerase GRO-seq
(GRO) and small RNA (sRNA) profiles.  Gray region in (A) highlights transcription of a
Gypsy LTR retrotransposon 5’ of the ocl2 coding region that is present only in the mutant
and correlates with a Pol IV-dependent sRNA cluster.  Gray regions in (B) highlight the
increased transcription in rpd1 at the 3’ end of the epoxide hydrolase gene, where a Class
II En/Spm fragment is present as well as a Pol IV-dependent sRNA cluster. Gray regions
in (C) highlight low abundance WT-only transcription 5’ of the NAD-dependent
Epimerase gene from both strands, which correlate with Pol IV-dependent sRNA
clusters. (S) – Sense; (AS) Antisense; sRNA – small RNA.
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Fig. 7
A

B

Figure 7.  (A) athb-4-like and (B) Histidine kinase cytokinin receptor GRO-seq (GRO)
and small RNA (sRNA) profiles.  Gray regions in (A) highlight antisense transcription
into the 3’ end of the athb-4 gene, which begins from a fragment of an Unclassified LTR
retroelement (milt) and which is correlated with a Pol IV-dependent sRNA cluster, as
well as mostly WT transcription near the Stowaway element further downstream that is
also correlated with a Pol IV-dependent sRNA cluster.  Gray region in (B) highlights
antisense transcription into the 3’ end of the cytokinin receptor gene that is adjacent to
fragments of an Unclassified LTR retroelement (afuv) and is correlated with a robust Pol
IV-dependent sRNA cluster. (S) – Sense; (AS) Antisense; sRNA – small RNA.
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Fig. 8.

Figure 8. Metagene analysis of transcription profiles in WT and rpd1 mutant
backgrounds. Genes 1kb in length or longer (31,820 of 39,656 total genes) were used for
analyses to avoid re-scaling of genes smaller than 1kb. (A) Analysis of 1kb regions
surrounding annotated transcription start sites (TSSs) indicate that transcription of genes
is slightly depressed in rpd1 mutants in the sense orientation but transcription 5’ of genes
is unaffected as well as transcription in the antisense orientation. (B) Analysis of 1kb
regions surrounding annotated gene ends indicates that lower transcription rates of genes
in rpd1 mutant backgrounds shifts to relatively higher transcription rates after the
annotated transcript ends, which correlates with putative 3’ untranslated regions (UTRs).
Normalized read density is defined as the number of reads mapping to each indicated
position divided by the number of total mappable reads in the library (Materials and
Methods).
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Fig. 9.

Figure 9. ein3 GRO-seq (GRO) and small RNA (sRNA) profiles.  Gray regions highlight
the WT-only transcription of the LINE1-15 element 3’ of the ein3 coding region and
rpd1-only antisense transcription 3’ of the ein3 gene. (S) – Sense; (AS) Antisense; sRNA
– small RNA.
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Chapter 5
Perspectives

Heritable Gene Regulatory States in the Eukarya

Multi-cellular organisms are comprised of populations of cells that have identical
genomic information encoded by their DNA sequence, yet vastly different morphological
and physiological phenotypes.  During development, it is the expression of genotypic
information, rather than its mere presence, and the consequent production of gene
products, that accounts for the differences in phenotypes between distinct cell lineages.
Proper gene expression is thus essential for directing tightly regulated developmental
processes, such as tissue specification programs and cell growth and division cycles.  One
aspect of proper gene expression is that certain genes be repressed in certain cell lineages
and stay repressed across cell divisions; such heritable gene repression can be achieved
by diverse cellular mechanisms in eukaryotes many of which involve chromatin
condensation via histone and DNA modifications (Moazed 2011).  The epigenetic
repression of gene expression, the mechanism of which is the focus of this thesis, can
have many potential causes, even at a single genetic locus.  The Pl1-Rhoades haplotype,
which undergoes paramutation, a meiotically heritable form of gene repression that
involves the transfer of epigenetic information between homologs, is one such locus with
a complex regulatory mechanism (Hale 2009).

Paramutation, though distinct in significant aspects from other forms of heritable
gene regulatory states, is nonetheless part of a spectrum of epigenetic phenomena in
eukaryotes that result in deviations from Mendelian inheritance patterns.  How these
different phenomena are interrelated and integrated in the regulation of single,
endogenous genic loci throughout different stages of development is a challenge of future
research in epigenetics.  Determining the relationships between epigenetic regulatory
circuits is crucial to our understanding of how genome homeostasis is maintained and
how genotypes and epi-genotypes control heritable, phenotypic variation.  Many of the
molecular pathways required for epigenetic control of genes and transposable elements
(TEs) often have similar components, such as small RNAs (sRNAs) that direct sequence-
specific chromatin modifications (Moazed 2009) usually termed small interfering RNAs
(siRNAs), suggesting they have a common evolutionary precursor.

The study of epigenetic gene regulation has begun to attract the attention of the
general public as we have learned of human disease states, such as certain forms of
cancer caused by heritable perturbations of normally maintained epigenetic marks
(Hitchins et al. 2007).  However, it was in plants that non-Mendelian inheritance patterns,
such as those defining paramutations, were first described (reviewed in Hollick and
Springer 2009) and plants still dominate research into epigenetic phenomena.  Ironically,
a major reason for this is because plants can sustain perturbations to their epigenomic
programming and remain viable, though this is not always the case, as discussed in this
thesis and elsewhere (Parkinson et al. 2007).  Given the many unique advantages offered
by plant genetic model systems, such as maize and Arabidopsis, it is likely that plant
research will continue to lead the way in discovering novel mechanisms of epigenetic
genome regulation.
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rmr6 encodes the largest subunit of maize Pol IV

The largest subunit of Pol IV was identified in a screen for Arabidopsis mutants
that have lost the ability to maintain transgene-induced post-transcriptional gene silencing
(PTGS) (Dalmay et al. 2000, Herr et al. 2005).  These seminal observations helped
identify a cellular pathway that generates siRNAs that target cytosine methylation at
homologous loci genome-wide (reviewed in Haag and Pikaard et al. 2011).  Further
studies in Arabidopsis indicated that the vast majority of these targets are repetitive
sequences in the genome (reviewed in Haag and Pikaard et al. 2011).  However,
mutations to the Pol IV subunits, as well as other mutations in genes encoding the
majority of RdDM factors, have little effect on the phenotypes of Arabidopsis plants
(discussed in Chapter 2) besides the loss of PTGS, siRNAs and cytosine methylation
patterns.

The identifications of the mop1 (Alleman et al. 2006, Woodhouse et al. 2006) and
rmr6 (Erhard et al. 2009) gene products as encoding maize homologs of Arabidopsis
RdDM factors were the first indications that genes involved in this pathway had any
biological function outside of the biogenesis of siRNAs and the cytosine methylation
patterns they direct.  Mutations defining these two maize loci are associated with
developmental phenotypes (Dorweiler et al. 2000, Parkinson et al. 2007, Chapter 4) that
are severe in comparison to those of their homologs in Arabidopsis.  I propose that the
phenotypic differences resulting from mutations in the largest subunit (RPD1) of maize
Pol IV in Arabidopsis (reviewed in Haag and Pikaard 2011) and maize (Erhard et al.
2009, Parkinson et al. 2007, Chapter 2), two plant species separated by more than 200
million years of divergence (Chaw et al. 2004), lies at the heart of Pol IV biology.

A distinction between Arabidopsis and maize outside of their evolutionary
distance is the structures of their genomes.  While repetitive sequence content comprises
~10% of the Arabidopsis genome, it defines the maize genome in many ways.  The
39,656 predicted maize genes are situated in a genome that is 85% TE-related sequence
(Schnable et al. 2008).  The relationship between TEs and their host organisms has been
proposed as a “parasitic” one, where TEs multiply and expand their domain in the
genome to increase chances of propagation.  However, the parasitic DNA theory of TE
biology does not consider the possibility that co-option of TEs by host species for use as
gene regulatory purposes represents a mechanism by which these species adapt to
environmental conditions and evolve (Dooner and Weil, 2007).  TE mobilization and
dynamic genomic rearrangements themselves provide a rapid mechanism for species to
generate novel coding and regulatory capacity.  Considering TEs can be activated after
“genome shocks” (McClintock 1950), it is enticing to speculate, as McClintock did in
1984 (discussed further below), that the genomic rearrangements TE transpositions bring
about are part of a selected mechanism of plants to cope with changes in their
environment.

A causal relationship has still not been established between cytosine methylation,
whether dependent on Pol IV function or not, and transcription levels in plants, rather
specific patterns of cytosine methylation in different contexts have been correlated with
RNA abundances of TEs and genes in Arabidopsis (Zilberman et al. 2007).  As discussed
below, it is evident that TEs are transcribed despite the presumption that they are densely
methylated.  The hypothesis of differential recruitment of Pol IV coupled with Pol II
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interference proposed in Hale et al. 2009 and advanced in this thesis, could just as likely
explain differences in transcription rates between RdDM-affected regions in rpd1
mutants and wild-type (WT) individuals.

Pol IV control of TE-associated trans-generationally stable epialleles in maize

The concept of allelic diversity within a species is fundamental to our
understanding of natural selection and evolution.  Phenotypic variation within a species is
provided by allelic variants of gene loci that can be polymorphic at the level of the
translated polypeptides they encode as well as at the level of gene expression.  Study of
allelic diversity in maize has traditionally focused on DNA-based polymorphisms (Liu et
al. 2003), as phenotypes conditioned by such relatively static alleles can be selected for
or against either naturally or artificially and tracked genetically.  Results of trans-
generational and genetic analyses presented in Chapter 3 provide evidence that heritable,
epigenetic regulatory states, in this case defined by Pol IV function in maize aleurone
tissue, also contribute to stable, selectable phenotypic variation.  These studies also
indicate that heritable phenotypic variation defined by Pol IV regulation is mediated by
TE sequences that act as regulatory sequences for endogenous genes.  Given the large TE
component of the maize genome (Schnable et al. 2008), it is predicted that there are
many TE-associated epialleles present in maize germplasm, encoding a cryptic source of
phenotypic variation.  That the particular tissue source used for these studies was derived
from the endosperm, the most commercially important tissue of the maize plant, lends
agronomic significance to these findings.

Recently, it has been shown that Pol IV-dependent siRNA-producing loci are
expressed only from maternally-inherited chromosomes in Arabidopsis (Mosher et al.
2009).  However, genetic evidence presented in Chapter 3 shows that, if Pol IV-
dependent siRNAs are involved in Pl1-Rhoades aleurone repression, then paternal-
derived siRNAs can sufficiently perform this function (Chapter 3).  This discrepancy may
indicate that uni-parental expression of endosperm siRNAs is not conserved between
eudicots and monocots, or that the trans-generational enhancement of aleurone
pigmentation in rpd1 mutants is not directly related to siRNA expression.  An extensive
trans-generational comparison has not been undertaken for other siRNA mutants in
which aleurone expression was observed (Chapter 3), such as rmr1 and rmr7, though
limited observations indicate no trans-generational increase in aleurone pigmentation
intensity with increased exposure to rmr1 mutant backgrounds, suggesting the latter
hypothesis is more likely.

A study in Arabidopsis (Teixeiera et al. 2010) of how cytosine methylation
patterns are re-established across several generations after their initial erasure in ddm1
mutants (>70% cytosines de-methylated) may offer a clue as to the mechanism by which
aleurone repression occurs in maize rpd1 mutants.  This study shows that while Pol IV-
dependent asymmetric (CHH) methylation is almost immediately re-established, CG re-
methylation is mostly non-remethylatable (Teixeiera et al. 2010).  As cytosine
methylation in all sequence contexts at the 5’ doppia element is lost in rpd1 mutants
(Hale et al. 2007), this difference in the generations required to re-establish CG
methylation may be relevant to the observations that Pl1-Rhoades aleurone expression is
meiotically heritable across at least two generations (Chapter 3).
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Pl1-Rhoades aleurone expression in siRNA biogenesis mutants is clearly a
distinct phenomenon from paramutation (Chapter 3), therefore it will be interesting to
identify other alleles that exhibit this sensitivity, as well as if this phenomenon of trans-
generational stability of siRNA-controlled epialleles is limited to endosperm tissues or
occurs in embryo-derived tissues as well.  It is an open question as to whether these two
epigenetic regulatory regimes are related at all.  That several siRNA biogenesis factors,
including RPD1, are required for the establishment as well as the maintenance of
paramutant Pl’ states (Hollick et al. 2005) suggests that the siRNA-based mechanism is
in some way related to the interactions required to facilitate paramutations between
homologous alleles.  The structural characteristics of haplotypes whose expression is
controlled by siRNA-based epigenetic pathways are not known, though they are likely to
involve TEs or TE-related sequences in some way, based on the genetic data presented in
Chapter 3.  The long-range interactions between the regulatory sequences required for
paramutation between B1-I alleles are tissue-specific (Louwers et al. 2009).  One
hypothesis that explains the relationship between siRNA-dependent Pl1-Rhoades
regulation and paramutation is that the chromatin modifications directed by Pol IV-
dependent siRNAs at the Pl1-Rhoades locus, presumably at the doppia fragment, are
required for the long-range recruitment of and interaction with the 3’
enhancer/paramutation element defined by the pl1-R30 allele (Gross 2007, Chapter 3).
Identification of this 3’ element will aid in determining the mechanism of this interaction,
as well as the mining for novel paramutation haplotypes.

Transcriptional regulation of endogenous genes by Pol IV in maize

A paradox of RNA-based silencing systems is that the target DNA must be
transcribed first in order for it to be silenced (reviewed in Grewal 2010).  This is evident
in Schizosaccharomyces pombe, where mutations to specific Pol II subunits inhibit the
formation of centromeric heterochromatin (Djupedal et al. 2005, Kato et al. 2005).  S.
pombe solves this paradox partially by transcribing centromeric repeats and assembling
heterochromatin preferentially during the S-phase of the cell cycle (Chen et al. 2008,
Kloc et al. 2008).  The paradox appears to have been solved differently in the plant
lineage by the retention of duplicated polymerase subunits that eventually came to define
the alternative Pols IV and V, though any cell cycle preference for the establishment of
RNA-based silencing in plants has not been addressed experimentally.  These alternative
polymerases are dedicated to the transcription of repetitive genomic regions that a host
genome strives to keep Pol II from transcribing into mature, translated RNAs, such as
TEs and other repeats that can multiply and potentially mutagenize the genome through
their transposing activity.

Analyses of the nascent RNA libraries presented in this thesis indicate that many
TEs are transcribed despite the presence of this conserved RNA-based silencing system.
Several hypotheses may explain this unexpected result, as most TEs are inactive most of
the time (reviewed in Lisch and Bennetzen 2011).  It is possible that Pols IV and V, and
their effector proteins, act at some loci solely in a post-transcriptional mechanism,
therefore the TEs themselves would be transcribed even in the presence of WT Pol IV.
RNA-seq analyses in rpd1 mutant and WT backgrounds can measure under which
circumstances this transcription is productive and generates polyadenylated RNAs; this
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distinction may further differentiate rpd1 mutant backgrounds from WT at discrete
repetitive loci.  It is also possible that a subset of TEs, potentially the younger or more
recently transposed TEs, presumably at lower copy number, have still evaded detection
by the Pol IV system and are thus transcriptionally competent.  A detailed phylogenetic
analysis of the TE-like sequences present in the GRO-seq libraries described may be able
to determine any significant correlation between the age of a TE and its rate of
transcription.  A previous study in maize (Meyers et al. 2001) indicated that the most
abundant TEs are the least abundant at the transcript level, though the analysis was based
on expressed sequence tag (EST) abundance rather than transcription, therefore direct
comparison cannot be made to GRO-seq data.

Some trends indicated by GRO-seq analyses must be further investigated to
determine their biological relevance.  The most novel of these trends is the apparent
increased transcription at the 3’ ends of genes in rpd1 mutants, which occurs in both the
sense and antisense directions (Chapter 4).  While suppressing antisense transcription
from TEs into 3’ gene ends is obviously desirable given the potential for recognition and
cleavage of sense-antisense pairs by double-stranded ribonucleases, the purpose of Pol IV
acting to suppress sense-oriented transcription at 3’ gene ends is unknown, though
several different hypotheses can attempt to explain this unexpected result.  Graduate
student Chris Hale reported (Hale 2009) that transcription rates of Pl1-Rhoades are
increased in rmr1 mutants only at the 3’ end of the gene.  In Arabidopsis it was recently
reported that the RMR1 homolog is associated with Pol IV complexes (Law et al. 2011).
While tenuous, the correlation between these results suggests the potential for two related
though independent molecular mechanisms, both involving Pol IV and only one
involving RMR1, acting to transcriptionally repress Pl1-Rhoades at different ends of the
gene.  The tandem repeat at the 3’ end of the Pl1-Rhoades locus (Cone et al. 1993),
which contains fragments of MuDR TEs (Hale 2009) and which is transcribed in the
antisense direction (Hale 2009), is an interesting feature that could be involved in
recruitment of an RMR1-containing Pol IV complex to the 3’ end of Pl1-Rhoades.  As
many pl1 alleles contain this tandem repeat (Cone et al. 1993), it cannot be sufficient for
paramutation interactions, but may be involved the complex regulation occurring at the
Pl1-Rhoades locus.

Indeed, the close proximity of TEs to genes in maize may require Pol IV
interference to help Pol II terminate transcription at 3’ gene ends that have certain types
of TE sequences adjacent to them.  The metagene profile presented in Chapter 4 indicates
that transcription of most maize genes continues ~1kb further than the annotated gene
ends, where there are undoubtedly TEs located at a subset of maize genes.  As far as a
mechanism for Pol IV recruitment to 3’ gene ends, hypotheses that take into account the
transcription events that normally occur at 3’ gene ends are preferable.  Perhaps Pol IV
takes advantage of chromatin that is accessed at the 3’ gene ends by polyA polymerase
and the RNA processing factors recruited with it (review in Proudfoot 2011).
Transcription at 3’ gene ends appears to be more rapid compared to transcription through
the gene bodies given the relatively higher density of GRO-seq reads over this region
(Chapter 4).  Pol IV may normally assemble promiscuously at certain genomic regions
that are more rapidly transcribed genome-wide, which could correlate with more
accessible or “open” chromatin domains.
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While GRO-seq analyses identified several interesting candidates of endogenous
genes encoding putative developmental regulators whose transcription is altered in rpd1
mutants, the effect that misregulation of these genes has on maize developmental
canalization must be confirmed.  Reverse-genetics approaches are likely to be necessary
to verify that the increased transcription rates in rpd1 mutants of a gene such as ocl2
result in a specific defect.  This may be a difficult task however, given the potential
redundancy of genes within a large gene family, such as the HD-ZIP IV transcription
factors (Javelle et al. 2011), and the possibility that loss-of-function mutants for
important developmental regulators may not be viable.  Nonetheless, the analyses of
GRO-seq libraries presented in this thesis has laid the groundwork for further elucidating
the molecular mechanism of canalization of specific developmental traits by Pol IV.

Controlling Controlling Elements

As we learn more about TE biology and the mechanisms that regulate their
activity, Barbara McClintock’s designation of TEs as controlling elements of the genome
(McClintock 1951) seems more and more prescient.  TEs make up the backbone of the
maize genome and their proliferation throughout its evolutionary history does not appear
to have been impeded by the presence of a conserved molecular pathway dedicated to the
control of repetitive sequences.  Of course, more comprehensive trans-generational
studies in the absence of Pol IV, as well as mutational analyses of Pol IV subunits in
other plant species will be required to understand the evolutionary role of Pol IV in TE
control and genome homeostasis.

A recent study in Arabidopsis (Ito et al. 2011) describing the nexus of Pol IV
regulation of TEs and environmental sensing highlights an emerging paradigm of Pol IV
biology.  This study indicates a role for Pol IV in repressing the transposition only of a
family of LTR retroelements (ONSEN) that have been activated by heat stress; these
same elements do not transpose in NRPD1a (Pol IV) mutants that have not experienced
heat stress (Ito et al. 2011).  Though it is unclear how some TEs escape this transposition
repression by Pol IV, this finding suggests that Pol IV function in plants acts to minimize
the genome reorganization that occurs in response to heat stress via TE transposition,
which constitutes a form of genome shock.  Perhaps Pol IV function represents a
programmed response of plants to genome shocks represented by TE transposition.
McClintock proposed a hypothesis that significant genome shocks and the genome
reorganizations resulting from them can lead to formation of new species (McClintock
1984).

In her Nobel lecture, McClintock notes that species hybridization is one form of
genome shock to which a species must respond.  Two studies in Arabidopsis (Ha et al.
2009) and wheat (Kenan-Eichler et al. 2011) indicate a role for sRNAs in the response to
alloploidization.  While it is not known if these sRNAs are Pol IV dependent, or what the
molecular mode of their action is as “genetic buffers against genome shock”, the
correlations are enticing.  Whatever the mechanism of Pol IV in repressing TEs over
evolutionary time, its role in repressing the transcription of certain TEs in maize, as
described in this thesis, and the transposition of stress-activated TEs (Ito et al. 2011) is
evident.  Future studies of Pol IV biology will increase our understanding of the
epigenetic processes involved in plant genome regulation and evolution.
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Appendix I

Rmr6 Reference Sequence and DNA Oligonucleotide Primers

FASTA listing of Rmr6 sequence and DNA oligonucleotide primers used in analysis of
the Rmr6 gene

The sequence labeled “Rmr6-A619” listed below represents the coding region of
the Rmr6 locus.  Sequence for the DNA oligos used for analysis of the Rmr6 locus in this
thesis are listed in Table 1 in the order that the DNA oligonucleotides align to the Rmr6
sequence 5ʹ′ to 3ʹ′.  DNA oligos used to confirm intron boundaries of the nrpd1a-like gene
candidate are listed in Table 2.  cDNA sequences for Rmr6-A619, rmr6-1, rmr6-7, rmr6-
8, and rmr6-14 are archived in Genbank accessions FJ426107 — FJ426111 respectively.

>Rmr6-A619
ATGGAGCTAC ATCGTGAACC TCCTGAAGCT ATTCTGAATG CCATAAAATT TGATCTCATG
ACGAGTACGG ATATGGAAAA ATTGAGCAGC ATGAGCATAA TCGAAGTGAG TGATGTCACT
AGTCCGAAGC TAGGATTACC AAATGGTTCC CTGCAGTGTG AGACTTGTGG ATCACAACGT
GGACGCGACT GTGATGGGCA TTTTGGTGTG ACTAAACTGG CGGCAACAGT ACACAATCCA
TACTTCATCG ATGACGTTGT TCACTTTCTA AACCGAATAT GTCCTGGCTG TCTCAGCCCA
AGGGAAGGCA TAGATACAAA GAGATTGGAG AGAGAAAAGG TTCAAGCAAC ATGCAAGTAT
TGTTCGAAGG ATGGCTCTAA ACTTTACCCT AGCATAGTCT TTAAGACACT GTCAAGTCCA
AGAGTATTAT TATTCAAGAG TAAACTTCAC AGAAACGCCA GCGTGATGGA AAGAATTTCG
ATTGTTGCAG AAGCTGCTGA CAGAATGCCT AATAGATCAA AGGGTAAAGG TTCGCTTGAA
GGCCTGCCCC TGGATTTTTG GGATTTTGTA CCTTCTGAGA ATAAACAAGT CCAGTCAAAT
ATGACCAAGA TAATATTGTC GCCCTACCAA GTCTTCTACA TGTTGAAGAA AAGTGACCCT
GAACTTATCA AACAATTTGT TTCAAGGCGG GAGCTATTGT TTCTATCATG TTTACCAGTA
ACTCCTAATT GCCATCGTGT TGTAGAAATT GGATATGGGC TTCCAGATGG ACGCCTAACA
TTTGATGACA GAACAAAGGC TTACAAGAGG ATGGTTGATG TCAGTAGGAG AATTGATGAC
TACCGCCAGC ATCCACATTT CAGTGTTCTT GCAAGTTCAC TTGTCTCAAG CCGGGTTTCA
GAATGCCTAA AGTCATCCAA GTTGTACTCT AAAAAGGCAG ATGGAGAGAC ATCCACAGAT
ACATATGGAA TGAAATGGCT AAAGGATGTT GTTCTCAGCA AAAGATCAGA TAATGTTTTT
AGGAGTATTA TGGTTGGAGA CCCAAAAATT AAGTTATGGG AAATTGGCAT TCCTGAAGAT
TTATCCTCAA GCCTGGTTGT TTCTGAGCAC GTCAGTTCTT ATAATTTTCA AAGTACAAAT
CTGAAGTGCA ACCTGCACCT TCTAGCCAAG CAAGAACTAT TTATTCGGCG AAATGGAAAG
CTAATGTTTC TTCGGAAGGC AGACCAGCTA GAAATAGGTG ACATTGCCTA TAGACCATTG
CAGGATGGTG ATATTATTCT CATCAACAGG CCTCCTTCAG TTCATCAACA TTCATTGATT
GCATTATCTG CAAAAATTCT ACCAATTCAC TCTGTCGTAT CAATCAATCC ACTATGCTGT
ACACCTTTTG CAGGAGATTT TGATGGTGAT TGTTTGCATG GATATATCCC ACAATCTATA
CGCTCAAGGG TTGAACTTGA AGAGCTGGTA AGCTTACACA ACCAGCTGTT GAATATGCAA
GACGGTCGAA ATTTGGTGTC ACTAACACAT GACTCTCTAG CTGCTGCACA TTTGTTAACA
AGTACAGATG TTTTTCTGAA GAAATCTGAA TTACAGCAGC TTCAAATGCT ATGCCTTTCA
GTATCAACAC CAGCACCCGC AGTTATTAAA TCTATGAATT TTCAAGGTTC TCTGTGGACT
GGTAAACAAC TTTTCAGCAT GCTTCTTCCT TCAGGCATGA ATTTCAGTTG CGATACGGAG
TTACATATCA TGGACAGTGA GGTGCTTACC TGCTCACTGG GTTCTTCTTG GCTACAAAAT
AACACATCTG GTCTTTTCTC TGTCATGTTC AAACAGTATG GTTGCAAGGC ACTTGACTTC
CTTTCTTCAG CACAAGAAGT ACTATGTGAG TTCTTAACCA TGAGGGGTTT AAGTGTCTCT
CTTTCAGATC TCTACATGTT CTCAGACCAT TACTCAAGGA GAAAACTAGC TGAGGGAGTT
AAGTTGGCAC TGTATGAAGC TGAAGAAGCT TTTCGAGTCA AGAAAATATT GTTAGATCCA
ATTAACATAC CAGTTCTGAA GTGTCACGAT GAAACTGAAG ATGTAACTTA CAGACAATCT
GATTGTATCC AGAGCAATCC ATCAGTTATC AGATCTTCAA TCATGGCATT TAAAGACGTC
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TTCCGTGATC TCTTAAAAAT GGTGCAACAA CATGTTAGTA ATGATAACTC AATGATGGTG
ATGATAAATG CAGGAAGCAA GGGTAGCATG TTGAAATATG CTCAACAAAC TGCATGTATT
GGTCTTCAAC TTCCAGCTAG CAAATTTCCC TTCAGAATTC CTTCCCAACT CTCATGTATT
AGCTGGAATG GACAGAAATC GTTGAACTAT GAAGCTGAGA GTACTAGTGA ACGTGTGGGA
GGTCAAAACC TTTATGCTGT GATAAAGAAT TCCTTCATTG AGGGTTTGAA TCCATTGGAA
TGTCTTCTGC ACGCTATATC TGGCAGGGCA AACTTCTTTA GTGAAAATGC TGATGTACCA
GGGACATTGA CAAGAAAATT AATGTATCAC TTGAGAGATA TACATGTTGC CTATGATGGA
ACTGTTAGAA GTTCTTATGG GCAGCAAATA GTGCAATTCT CTTATGATAG TGTTGATGAC
CTAGTAGATA AACTCGGCGC CCCGGTTGGA TGTCGGGCTG CTTGTTCCAT TTCAGAAGCT
GCATATGGAG CTTTGGAACA CCCGGTCAAT GGTTTAGAGG ACTCCCCTCT CATGAATCTA
CAAGAAGTAT TTAAGTGTCA CAAGGCTACA AATTCAGGGG ATCATATTGG TTTGCTTTTC
CTGTCAAGGC ATTTGAAGAA GTACAGATAC GGTCTGGAAT ATGCATCCCT AGAAGTTAAA
AACCATCTTG AGCGAGTGAA CTTCTCTGAT TTGGTTGAAA CCATCATGAT TATATACGAT
GGACATGACA AAATAAGAAA CGAAGGAATG TGGACCACCC ATTTTCATAT AAACAAGGCA
ATGATGAAGA AAAAAAGATT AGGATTGAGA TTTGTTGTAG ATGAACTTGC AAAAGAGTAT
GACACCACCA GAGATCAGCT AAACAACGCA ATCCCATCAA TTCGTATCTC AAGGAGAAAA
TGTTTAGTAG GTGACGAGGG TGTTAAAAGT TCATCATGCT GTATCGCTGT CGTAGCACAT
GCTGAACGCA ACTCCATCTC TCAGTTGGAC ACTATCAAGA CAAGGGTGAT TCCAAGCATA
CTGGATACAC TGCTGAAAGG TTTTTTGGAA TTTAAGGATG TTGAGATCCA GTGTCCACAT
GATGGTGAAC TTCTTGTTAA AGTTTGTATG TCTGAGCATT GTAAAGGGGG GAGGTTCTGG
CCTACTCTAC AAAATGCTTG CATTCCAGTA ATGGAGTTGA TTGACTGGGA GCTGAGTCAA
CCAAGCAATG TATCTGATAT TTTCTGTTCA TATGGCATAG ACTCAGCATG GAAATACTTT
GTTGAATCCT TGAAATCAGC GACTACTGAT ACTGGGAGGA ACATTCGCCG GGAGCACTTG
CTGGTTATTG CAGATAGCTT GTCTGTAACT GGGCAGTTCC ATGCATTAAG CAGTCAAGGT
TTAAAGCAGC AGCGCACTCG GTTATCGATC TCGTCTCCAT TTTCTGAAGC ATGTTTTTCT
AGGCCTGCAC AAAGTTTTAT AAATGCTGCA AAGCAATGTT CAGTGGACAA TCTGTGTGGA
AGTCTCGATG CAGTTGCTTG GGGCAAAGAG CCTTTCAATG GGACGTCAGG GCCTTTTGAA
ATTATGCACT CAGGAAAGCC ACATGAACCA GAACAAAATG AGAGCATCTA TGATTTCCTA
TGCAGCTCTA AAGTTCGGAA TTTTGAAAAG AATCATTTGG ATACCCGTAG ACAAAGTACT
GAAAATGCTT CGATATGTAG ATTAGCATGC AAGTCTTCTA AAGGCAGTAC GACCGTCAAT
GGTGTTGCTA TAACTATCGA CCAGGACTTT CTTCATGCTA AAGTCAGTAT ATGGGATAAC
ATTATCGATA TGCGTACTTC CTTACAAAAC ATGCTAAGAG AGTACCCGTT AAATGGATAT
GTGGCGGAGC CAGATAAATC ACAGTTAATC GAGGCCCTGA AATTTCATTC CAGAGGTGCT
GAAAAGATCG GTGTGGGAGT AAGAGAAATT AAGATCGGGT TGAATCCTAG TCACCCAGGT
ACAAGGTGCT TCATTTTGCT GAGAAACGAT GATACCACTG AAGACTTTTC TTACCACAAG
TGTGTTCAGG GTGCTGCAGA CTCTATCTCA CCCCAGCTCG GAAGTTATTT GAAGAAACTA
TATTACAGAG CATAA
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dCAPS marker for rmr6-1 lesion

In order to identify rmr6-1 mutants from segregating progeny at early
developmental stages before the induction of Pl1-Rhoades-dependent anthocyanin
production, or in genetic backgrounds lacking the appropriate color factors, I designed
derived cleaved amplified polymorphic sequence (dCAPS) primers (Neff et al 1998,
Table 3) to recognize the rmr6-1 lesion.  During the polymerase chain reaction (PCR),
the forward primer introduces a Bgl1 restriction site only when amplifying genomic DNA
containing the wild-type sequence over the region containing the rmr6-1 lesion.  For each
PCR amplification, the following program was run after a 2 minute incubation at 94°C:

6 cycles:
30 sec @ 94°C;
30 sec @ 58°C;
30 sec @ 72°C;
34 cycles:
30 sec @ 94°C;
30 sec @ 63°C;
30 sec @ 72°C;
10 min @ 72°C

PCR amplification products (139 bp) are cut with the Bgl1 endonuclease and
analysed by agarose gel electrophoresis (at least 2% agarose) to identify the restriction
polymorphisms (Fig. 1).
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Tables

Table 1: PCR primers designed to amplify the predicted coding regions of the
nrpd1a-like gene candidate from genomic DNA sequence

Exon(s)
Amplified Forward Reverse

1->2 GGTGTGTTATTCCTTCTGTCTGG TCACACCAAAATGCCCTAAA
2->3 CCCCAACTAAATTGTTGAGCA TGCAGCAAACAAACTCATCA
4->5 TGACCCAATGGTCCACTGTT ACCAACATGGAACAGCCTCT

6 AGGGCAATCTGCTCCTTGTA GGCTAGCATTCCATAGGGTTA
7 TACTCATGCGACATGGTGTG GCGGTCAGGTTAAGTTCCAA
8 GAGGGCAAGAGGGTAAAACA ACCAAATTTCGACCGTCTTG
8 TCAACAGGCCTCCTTCAGTT AAGTCAAGTGCCTTGCAACC
8 ACCAGCACCCGCAGTTATTA GTTTTGACCTCCCACACGTT

8->9 AAATGCAGGAAGCAAGGGTA GTGGTCCACATTCCTTCGTT
9->11 CCGGTCAATGGTTTAGAGGA TTCCCCTCCTTTGCTTGTAA

12 CGCCACATCTCTGCTCATTA CGCACTGCAGTTTAGAAAGG
13->14 GGTTTCCCCTACAGCCTTTC CGCTGCTGCTTTAAACCTTG
14->15 AATGTTTGGGAGCCTGATTG TCTGGGAGTGCATTGAAGTG
16->17 TGGTTGTGGCTGATGAAAAT GCTGCCGTATAGGTTTCTCAA

18 AAAGCTTCTCGTGGTTGAGC AGAATTGCAGGCATGAAACC

Table 2: PCR primers spanning intron boundaries used to amplify cDNA products
to verify predicted intron boundaries of the nrpd1a-like gene candidate

Exon(s)
Amplified Forward Reverse

1->3 GCTACATCGTGAACCTCCTGA GCTGAGACAGCCAGGACATA
2->8 TTGTGGATCACAACGTGGAC TGACGTGCTCAGAAACAACC

8->13 CCGGTCAATGGTTTAGAGGA TCAGATACATTGCTTGGTTGAC
11->14 TAAACAACGCAATCCCATCA TGCTTAATGCATGGAACTGC
14->17 GGGCAGTTCCATGCATTAAG CACCGATCTTTTCAGCACCT

16->3' UTR
region GACCGTCAATGGTGTTGCTA GCCAGGAACACTTTCCAAAA

Table 3: dCAPS primers recognizing the rmr6-1 lesion

Primer Names Forward Reverse
6-1 Bgl1 F /
Pol IV 38 R

TAGAAGTTCTTATGGGCAGC
CAATAGGG GGGTGTTCCAAAGCTCCATA
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Figures

Figure 1. Typical rmr6-1 dCAPS genotyping results, showing Bgl1 restriction
polymorphisms for a homozygous wild-type (+/+), heterozygous (+/rmr6-1) and
homozygous mutant (rmr6-1/rmr6-1) individual

References
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Appendix II

Plasmid constructs generated for this thesis

Below is a listing of the constructs I have created during the course of this thesis
and the primers used to generate the amplicons that were inserted into plasmids.  Details
are given for the generation methods for each plasmid.  Additionally FASTA formatted
insert sequence is given for each plasmid for ease of introducing a given sequence into
sequence editing software. Note: The FASTA formatted sequences are presented in an
orientation relative to the cloning vector itself, not the endogenous genes from which the
insert is derived.
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Plasmid Designation: pHM1
Vector description: pCRII-TOPO (Invitrogen)
Insert DNA Size and Origin:  323 bp PCR amplicon from genomic DNA using
Zm45S.4 / -Zm45S.5 primer set (See Table I below)
Selection Notes: X-gal and kanamycin
Cloning Method Used: Direct ligation of subclone
GCK File: none
Date Created: 081008
Confirmation Method: Digest w/ gel and sequencing
Sequencher Files: Zm45S
Comments: 1 isolate of this probe. Insert is in T7->3ʹ′->5ʹ′->Sp6 orientation relative to
the 45S precursor transcript.
Bacterial Strain: TOP 10 (Invitrogen)
Enzymes to excise insert: EcoRI
Referenced: Chapter 2
Glycerol stock and location: -80 KFE Glycerol 1
Bacterial strain growth conditions: Standard

>pHM1_insert T7->insert->Sp6 orientation
TTGAGAAGTGCTTGCGTGCTGCTACCCGTCCCACGGGAAGCCGTGCTCGATACACGTTG
CCTTCGTCGAGCTCACCCCCCGGGGTGCGGCTCGTCGGCTCGAGAGCGCCCGCGGCGTT
TGCCTCGTGCCGCCGTTGGCCTATGGCCGGCGGCACCGAGGACACCTCGCTGGCGCTTT
TGGTCTCGGATGTGGCTCACGCTGAAGGCCGGAGACGCGTTGGCGTCACGCGCCCAAGA
ATCGGTCCGCCCGAACGAACGACGTCCAGCCCGGCACGACGCCTCCGCGCGGAGGCCGG
CGCTGGCCCGTCTGCGAGGACGTGCTAC
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Plasmid Designation: pHBr
Vector description: pCR4-TOPO (Invitrogen)
Insert DNA Size and Origin: 321 bp PCR amplicon from genomic DNA using MITE
1F / MITE 1R primer set (See Table I below).
Selection Notes: X-gal and kanamycin
Cloning Method Used: TOPO PCR cloning
GCK File: none
Date Created: 081104
Confirmation Method: Sequencing
Sequencher Files: c1 sequencing jana
Comments: 10 replicates of this pHBr were made. pHBr3, pHBr4, pHBr5, pHBr7,
pHBr8, pHBr9 and pHBr10 were sequenced from either T3 or T7 primer and inserts for
all were T7->5ʹ′->3ʹ′->T3 orientation relative to c1-Hbr locus.
Bacterial Strain: TOP 10 (Invitrogen)
Enzymes to excise insert: EcoRI
Referenced: Chapter 2
Glycerol stock and location: -80 KFE Glycerol 1
Bacterial strain growth conditions: Standard

>pHbr_insert T7->insert->T3 orientation
CCATGTTTGTTTCGGCTTCTGGCAGCTTCTGGCCACCAAAAGTTGCTGCGGACTGCCAA
ACGCTCAGCTTTTCAGCCAAATTCTATAAAATTCGTTGGGACAAAAACCATTCAAAATC
AACATAAACACATAATCGGTTGAGTCGTTGTAATAGTAGAAATCCGTCACTTTGTAGAT
CCTGAGCCCTATGAACAACTTTATCTTCCTCTACACGTAATCGTAATGATACTCAAATT
CTCCCCACAGCCAGATTCTCCCCACAGCCAGATTTTCAGAAAAGCTGGTCAGAACAAAG
CTGAACCAAACAAGCCCAACATCTCC
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Tables

Table 1: PCR primers used to amplify genomic DNA fragments for cloning into
vectors described for use as riboprobes for either run-on transcription or Northern
blot experiments

Probe Forward Reverse
45S TTGAGAAGTGCTTGCGTGC GTAGCACGTCCTCGCAGAC
Hbr CCATGTTTGTTTCGGCTTCT GGAGATGTTGGGCTTGTTTG
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Appendix III

c1 and pl1 Allele Sequences and DNA Oligonucleotide Primers

FASTA listing of c1 and pl1 sequence and DNA oligonucleotide primers used in analysis
of the c1 and pl1 genes

Sequence for the DNA oligos used to identify polymorphisms between c1 alleles
analysed in this thesis are listed in Table 1 and their alignment with respect to the c1
locus is described in Figure 1.  DNA oligos used to sequence the Pl1-CML52 allele have
been described (Hale 2009) and are listed in Table 2.

>c1-Hbr
ATGCATGCACGCATCATTCGATCAGTTTTCGTTCTGATGCAGTTTTCGAT
AAATGCCAATTTTTTAACTGCATACGTTGCCCTTGCTCAGCACCAGCACA
GCAGTGTCGTCCATGCATGCACTTTAGGTGCAGGGCCTCAACTCGGCCAC
GTAGTTAGCGCCACTGCTACAGATCGAGGCACCGGTCAGCCGGCCACGCA
CGTCGACCGCGCGCGTGCATTTAAATACGCCGACGACGGAGCTTGATCGA
CGAGAGAGCGAGCGCGATGGGGAGGAGGGCGTGCTGCGCGAAGGAAGGCG
TTAAGAGAGGGGCGTGGACGAGCAAGGAGGACGATGCCTTGGCCGCCTAC
GTCAAGGCCCATGGCGAAGGCAAATGGAGGGAAGTGCCCCAGAAAGCCGG
TAAAACTAGCTAGTCTTTTTATTTCATTTTGGCATCATATATATACCCCC
GAGGCAAGACCGGAGGACGATCACGTGTGTGGGTGCAGGTTTGCGTCGGT
GCGGCAAGAGCTGCCGGCTGCGGTGGCTGAACTACCTCCGGCCCAACATC
AGGCGCGGCAACGGCCATGTTTGTTTCGGCTTCTGGCAGCTTCTGGCCAC
CAAAAGTTGCTGCGGACTGCCAAACGCTCAGCTTTTCAGCCAAATTCTAT
AAAATTCGTTGGGACAAAAACCATTCAAAATCAACATAAACACATAATCG
GTTGAGTCGTTGTAATAGTAGAAATCCGTCACTTTGTAGATCCTGAGCCC
TATGAACAACTTTATCTTCCTCTACACGTAATCGTAATGATACTCAAATT
CTCCCCACAGCCAGATTCTCCCCACAGCCAGATTTTCAGAAAAGCTGGTC
AGAACAAAGCTGAACCAAACAAGCCCAACATCTCCTACGACGAGGAGGAT
CTCATCATCCGCCTCCACAGGCTCCTCGGCAACAGGTCGGTGCAGTGGCC
AGTGGTGGGCTAGCTTATTACACGAGCTGACGACGAGGCGATCGAGCATC
TGCTGCGAATTCATCTGTTCCGGTTCCGGTGTCGCCGTGCATGTGAGAGT
GAGCTCATATGTACATGCGTGTTGGCACGCAGGTGGTCGCTGATTGCAGG
CAGGCTGCCTGGCCGAACAGACAATGAAATCAAGAACTACTGGAACAGCA
CGCTGGGCCGGAGGGCCGGCGCCGGCGGCAGCAGCAGGGTCGTCGTCGCG
CCGGACACCGGCTCGCACGCCACCCCGGCCGCGACGTCGGGCACCTGCGA
GATCGGCCAGAAGGGCGCCGCTCCTCGCGCGGACCCCGACTCAGCCGGGA
CGACGACGACCTCGGCAGCGGCGGTGTGGGCGCCCAAGGCCGTGCGGTGC
ACGGGCGGACTCTTCTTCTTCCACCGGGACACGACGCCGGCGCACGCGGG
CGAGACGGCGACGCCAACAATGGCCGGTGGAGGTGGAGGAGGAGGAGGAG
AAGCAGGATCGTCGGAAGATTGCAGCTCGGCGGCTTCGGTATCGCCTCGC
GTCGGAAGCCACGACGAGCCGTGCTTCTCC

>Pl1-CML52
TCAGGCCGACGAAAATATGTTCCAGGGTATTTTCGTCGGCCACCACCTAT
GCCGACGAAAATATCCTGAGCTATTTTCGTCGGCCACCTAGGCCGACGAA
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AATAAATGGTCGCCTCATTATTTTCGTCGGTTTGCTCAATGCCGACGAAA
ATAGGTGATTTTCGTCGGTACCGACGAAAATAGATGCCTATTTTCGTCGA
AATTATTTTCGGCGGCTATTTTCGTCGGCCTGCCGACGAAAATACTGTAT
GTTCGTCGGTTTAGGCCTATTTTCGTGGGTTTTTGGCCCACGAAAATTTA
GGCGTTTCCTGTAGTGGGGCCTGGGCCACGCACGTCGACAGCGTGCATTT
AAATACGCCGGCGGAGCTCGATCAACGAAAGTCGATCGAGAGACCCTGCT
GCTAGCTAGCTGGACACCGAGAGAGAAAGAGAGAGAGAGCGAGAGATGGG
CAGGAGGGCGTGCTGCGCCAAGGAAGGGGTGAAGAGAGGGGCGTGGACGG
CCAAGGAAGACGATACCTTGGCCGCCTACGTCAAGGCCCACGGCGAAGGC
AAATGGAGGGAGGTGCCCCAGAAAGCCGGTAAATAAATTTATTAGCTTTT
CTTTCAGATTTCGTTTTGGGATCATATCATGTATATATATACCAAGACAA
GATCGACGACGACGCGGCTGATGGTGTGTGTGCAGGTTTGCGTCGGTGCG
GCAAGAGCTGCCGGCTGCGGTGGCTGAACTACCTCCGGCCCAACATCAAG
CGCGGCAACATCTCCTACGACGAGGAGGATCTCATCGTCCGGCTCCACAA
GCTCCTCGGCAACAGGTTACATGAGCTGACGACGAGCAGCCATCTGCTAC
GAATTCATCCGTTCCGGTGTTTGTCTACTCCTTTACATACGTACGTACGT
ACGTACGTACGTGTTGGCATGCAGGTGGTCGCTGATTGCAGGCAGGCTGC
CGGGCCGAACAGATAATGAAATCA
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Tables

Table 1: PCR primers designed to amplify c1 sequences from genomic DNA to
detect Hbr size polymorphism

Primer Names
(Region Amplified) Forward Reverse

c1 3F(c1 5’ UTR) /
MITE 3R (c1 intron2) CGTAGTTAGCGCCACTGCTA GAACAGATGAATTCGCAGCA

Table 2: PCR Primers for region upstream of pl1 coding sequence

Region
Amplified Forward Reverse
-617 F/
229 R TGTTTTGTCTTGACTGAGGGAGAAG AAACCTGCACACACACCATC
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Figures

Figure 1. Diagram of the c1-Hbr allele showing the insertion site of the Hbr element.
Black boxes indicate c1 exons, and open arrows indicate PCR primers (Table 1) used to
detect size polymorphisms between c1-Hbr alleles and c1-n alleles.
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Appendix IV

Lists of differentially transcribed genes and TEs

Below are tables of the full lists consisting of genes found to be differentially
transcribed in rpd1 mutants by GRO-seq analysis (Chapter 4).  Lists contain GRMZM
gene identifiers, unless otherwise indicated, chromosomes and coordinates of genes, and
statistical data generated by DESeq.  Statistical thresholds used (see Materials and
Methods) were p-value < 0.05 for analyses on genes and padj < 0.1 for TEs.



Table 1:  Genes transcriptionally up-regulated in rpd1 mutants in the sense orientation (pval < 0.05)

Id chr start end
Base
Mean

BaseMean
WT

BaseMean
rpd1

Fold
Change

log2
FoldChange pval padj

GRMZM2G430455 1 188855847 188859402 113.7 0 227.4 Inf Inf 3.50E-24 1.53E-19

GRMZM2G361633 6 83438763 83444788 6.174 0 12.35 Inf Inf 0.048231 1

GRMZM2G340619 9 42437433 42440146 6.688 0 13.38 Inf Inf 0.036397 1

AC208895.3_FG004 3 33198291 33204399 13.86 0.97 26.75 27.5 4.78 0.003786 0.881144

GRMZM2G100726 1 267338895 267339587 10.26 0.97 19.55 20.1 4.33 0.021245 1

GRMZM5G858784 3 87344791 87346554 8.718 0.97 16.46 16.9 4.08 0.043934 1

GRMZM2G110742 7 57059839 57064670 46.13 5.83 86.44 14.8 3.89 9.05E-07 0.001273

GRMZM2G062716 4 234873379 234874456 22.01 3.89 40.13 10.3 3.37 0.002194 0.604092

GRMZM2G401700 7 135627274 135628657 22.01 3.89 40.13 10.3 3.37 0.002194 0.604092

GRMZM2G161233 1 192730986 192732596 33.76 6.8 60.71 8.92 3.16 0.000258 0.148896

GRMZM2G303010 1 173142735 173144264 35.79 7.77 63.8 8.21 3.04 0.000256 0.148896

GRMZM2G070575 10 66168601 66179083 17.89 3.89 31.9 8.21 3.04 0.01108 1

GRMZM2G005678 3 49312844 49313338 13.29 2.92 23.67 8.12 3.02 0.032522 1

GRMZM2G450935 4 26697620 26700474 13.29 2.92 23.67 8.12 3.02 0.032522 1

GRMZM2G143082 1 86260377 86261631 130.8 30.1 231.5 7.69 2.94 1.23E-10 4.12E-07

AC235534.1_FG007 10 136932960 136939534 86.86 20.4 153.3 7.51 2.91 7.87E-08 0.000149

GRMZM2G161658 3 36217073 36226741 616.9 156 1077 6.89 2.78 7.98E-24 1.74E-19

GRMZM2G453985 4 24485781 24486680 18.38 4.86 31.9 6.56 2.71 0.018049 1

GRMZM2G176834 7 38961855 38963373 53.59 14.6 92.61 6.35 2.67 5.71E-05 0.049834

GRMZM5G866269 3 151450891 151451823 51.54 14.6 88.49 6.07 2.6 0.000108 0.080573

GRMZM2G407760 7 135637457 135638842 19.89 5.83 33.96 5.82 2.54 0.019217 1

GRMZM5G832375 1 45510990 45511749 57.62 17.5 97.75 5.59 2.48 8.61E-05 0.067717

GRMZM2G088413 1 254419042 254422294 43.33 13.6 73.06 5.37 2.42 0.000777 0.306818

GRMZM2G132763 1 187587612 187591058 21.41 6.8 36.01 5.29 2.4 0.020022 1

GRMZM5G830269 6 11200705 11201863 55.05 17.5 92.61 5.29 2.4 0.000182 0.125198
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GRMZM2G701553 3 65912277 65913487 52.96 18.5 87.46 4.74 2.24 0.000529 0.2497

GRMZM2G047105 9 43122694 43125766 44.3 15.5 73.06 4.7 2.23 0.001541 0.483764

GRMZM2G147724 1 147013445 147016840 95.72 34 157.4 4.63 2.21 7.90E-06 0.009069

GRMZM2G158305 10 97629055 97630447 30.04 10.7 49.39 4.62 2.21 0.009768 1

GRMZM2G088747 5 178582149 178582811 20.87 7.77 33.96 4.37 2.13 0.03908 1

GRMZM2G149104 8 174297682 174298281 23.41 8.75 38.07 4.35 2.12 0.028484 1

GRMZM2G466993 1 115616723 115617507 25.44 9.72 41.16 4.24 2.08 0.024358 1

GRMZM2G333140 5 19298125 19301282 27.98 10.7 45.28 4.24 2.08 0.017959 1

GRMZM2G043242 4 218998953 219053414 301.1 120 482.6 4.04 2.01 3.09E-10 9.31E-07

GRMZM2G355021 6 80437396 80439841 36.1 14.6 57.62 3.95 1.98 0.009886 1

GRMZM2G009080 6 84050523 84051872 63.51 27.2 99.81 3.67 1.88 0.001287 0.427214

GRMZM2G112524 1 47172055 47173159 30.98 13.6 48.36 3.55 1.83 0.026438 1

GRMZM2G045155 7 164234830 164235658 37.59 16.5 58.65 3.55 1.83 0.014466 1

GRMZM2G093404 8 124841672 124843159 33.01 14.6 51.45 3.53 1.82 0.022545 1

GRMZM2G147399 9 20665757 20666996 43.67 19.4 67.91 3.49 1.8 0.009234 1

GRMZM2G081363 3 127968485 127969840 80.23 36 124.5 3.46 1.79 0.000598 0.270488

AF546187.1_FG011 1 162103210 162104912 27.41 12.6 42.19 3.34 1.74 0.046789 1

GRMZM2G174449 4 25070680 25072205 56.34 26.2 86.44 3.29 1.72 0.004902 1

GRMZM2G110997 8 84611897 84612637 49.73 23.3 76.15 3.26 1.71 0.008453 1

GRMZM2G131421 9 20693835 20695096 98.95 46.6 151.3 3.24 1.7 0.000348 0.18207

GRMZM2G153368 5 186965962 186966859 32.47 15.5 49.39 3.18 1.67 0.03695 1

GRMZM2G046885 5 209524640 209532711 50.22 24.3 76.15 3.13 1.65 0.01044 1

GRMZM2G136372 1 177876178 177877100 42.1 20.4 63.8 3.13 1.64 0.01898 1

GRMZM2G145909 10 50581408 50583416 31.96 15.5 48.36 3.11 1.64 0.041954 1

GRMZM2G143142 1 273032625 273036627 99.41 48.6 150.2 3.09 1.63 0.000563 0.259974

GRMZM2G028677 5 159912586 159914501 37.53 18.5 56.59 3.07 1.62 0.029266 1

AC197705.4_FG001 8 118165588 118167724 81.63 40.8 122.4 3 1.58 0.002014 0.568723

GRMZM2G025132 2 107501622 107503164 32.96 16.5 49.39 2.99 1.58 0.045676 1

GRMZM2G578659 7 10426416 10455464 207.8 106 309.7 2.92 1.55 1.19E-05 0.012673
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GRMZM2G045560 8 168823637 168828313 78.06 39.8 116.3 2.92 1.55 0.003114 0.788442

GRMZM2G107299 10 123225505 123226861 38.02 19.4 56.59 2.91 1.54 0.035805 1

GRMZM2G098438 5 70050931 70063152 215.4 112 319 2.85 1.51 1.42E-05 0.014788

GRMZM2G110304 1 248123703 248141382 65.86 35 96.73 2.76 1.47 0.00913 1

GRMZM2G151668 3 15160974 15162943 45.59 24.3 66.88 2.75 1.46 0.029127 1

GRMZM2G100060 1 160524177 160592788 77.97 42.8 113.2 2.65 1.4 0.006937 1

GRMZM2G038677 1 259380036 259382124 52.65 29.2 76.15 2.61 1.39 0.026251 1

GRMZM2G300965 10 24649645 24653324 261.2 145 377.6 2.61 1.38 2.13E-05 0.019996

GRMZM2G053503 8 35561736 35562916 126.5 70.9 182.1 2.57 1.36 0.001298 0.427471

GRMZM2G430029 4 107889207 107890926 53.14 30.1 76.15 2.53 1.34 0.030851 1

GRMZM2G046528 9 25386483 25390940 102.7 59.3 146.1 2.46 1.3 0.004664 1

GRMZM2G081151 1 160287318 160457160 166.9 97.2 236.7 2.44 1.28 0.000701 0.293994

GRMZM5G845018 1 83058188 83059582 73.34 42.8 103.9 2.43 1.28 0.01614 1

GRMZM2G091228 8 23772107 23775892 71.29 42.8 99.81 2.33 1.22 0.023183 1

GRMZM2G168747 5 74612262 74615918 186.5 113 260.3 2.31 1.21 0.000876 0.329511

GRMZM2G104741 4 122559231 122561637 62.68 37.9 87.46 2.31 1.21 0.034693 1

GRMZM2G087063 1 80620045 80622805 123.8 75.8 171.8 2.27 1.18 0.005382 1

GRMZM2G145213 4 5962321 5967839 487.7 300 675 2.25 1.17 1.62E-05 0.015571

GRMZM2G048616 1 182391232 182393687 61.14 37.9 84.38 2.23 1.15 0.045501 1

GRMZM2G017237 1 240379493 240383889 68.71 42.8 94.67 2.21 1.15 0.036001 1

GRMZM5G814164 7 85874277 85881002 461.2 289 633.9 2.2 1.13 3.56E-05 0.03237

GRMZM2G024996 9 134749957 134751048 199.5 125 273.7 2.18 1.13 0.001435 0.467421

GRMZM2G051683 3 205694156 205695856 239.9 152 328.2 2.17 1.11 0.00078 0.306818

GRMZM2G005624 1 23241091 23244476 79.8 50.5 109.1 2.16 1.11 0.029727 1

GRMZM2G065953 2 118477442 118478506 100.5 64.1 136.9 2.13 1.09 0.017863 1

GRMZM2G407146 2 6916861 6917347 92.38 60.3 124.5 2.07 1.05 0.028541 1

GRMZM2G019799 1 286358278 286366211 77.23 50.5 103.9 2.06 1.04 0.044426 1

GRMZM2G455476 10 100023074 100028475 106.5 70 143 2.04 1.03 0.021857 1

GRMZM2G152417 9 136016928 136020802 204.9 135 274.7 2.03 1.02 0.00336 0.826099
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GRMZM2G031827 8 70136197 70144793 331.1 219 443.5 2.03 1.02 0.000654 0.27945

GRMZM2G543070 6 90044328 90045333 87.81 58.3 117.3 2.01 1.01 0.039011 1

GRMZM2G162486 9 138752306 138754760 166.5 111 222.3 2.01 1 0.007609 1

GRMZM5G894518 1 193168152 193173514 114.5 76.8 152.3 1.98 0.99 0.023455 1

GRMZM2G071253 2 18811363 18815099 91.32 61.2 121.4 1.98 0.99 0.039639 1

AC203430.3_FG007 5 205388870 205391737 88.29 59.3 117.3 1.98 0.98 0.043293 1

GRMZM2G141392 3 183573031 183574810 83.75 56.4 111.1 1.97 0.98 0.049539 1

GRMZM2G392791 1 179988453 179990792 191.2 129 253.1 1.96 0.97 0.00668 1

GRMZM2G052344 1 85896058 85898559 169 115 223.3 1.95 0.96 0.010149 1

GRMZM2G146004 8 5186351 5187295 336.5 228 444.5 1.95 0.96 0.001241 0.418108

GRMZM2G467520 6 115360923 115361902 111 75.8 146.1 1.93 0.95 0.032018 1

GRMZM2G447795 6 129086004 129087221 113 77.7 148.2 1.91 0.93 0.033719 1

GRMZM2G083538 1 194674440 194677737 347.9 240 455.8 1.9 0.93 0.001677 0.500254

GRMZM2G135387 2 37191003 37193038 126.6 87.5 165.7 1.89 0.92 0.027544 1

GRMZM2G106511 2 6972021 6972995 129.1 89.4 168.8 1.89 0.92 0.027159 1

GRMZM2G450163 1 221739128 221743951 102.8 71.9 133.8 1.86 0.9 0.049403 1

GRMZM2G073312 6 98000549 98014552 182 127 236.7 1.86 0.89 0.013845 1

GRMZM2G116812 2 144045456 144049566 106.9 74.8 138.9 1.86 0.89 0.046482 1

GRMZM2G376085 3 170771541 170775469 140.1 98.2 182.1 1.86 0.89 0.026265 1

GRMZM2G064962 1 195146468 195151440 223.3 156 290.2 1.85 0.89 0.008398 1

GRMZM2G376416 9 58140575 58143428 154.7 109 200.7 1.84 0.88 0.022284 1

GRMZM2G074857 8 3661794 3665926 192.5 136 249 1.83 0.87 0.014298 1

GRMZM2G019411 1 242432528 242434998 136.6 97.2 176 1.81 0.86 0.034572 1

GRMZM2G061884 7 124947090 124954022 167.8 121 215.1 1.78 0.84 0.025547 1

GRMZM2G098346 4 13395375 13398777 223.2 160 286.1 1.78 0.84 0.013445 1

GRMZM2G477205 4 216318361 216322227 132.5 95.2 169.8 1.78 0.83 0.041954 1

GRMZM2G004795 6 160013893 160016282 126.5 91.4 161.6 1.77 0.82 0.049017 1

GRMZM2G389362 2 152168102 152171963 263 190 335.5 1.76 0.82 0.010704 1

GRMZM2G013465 8 66473072 66475799 138 100 176 1.76 0.81 0.043646 1
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GRMZM2G149756 3 175549082 175552284 176.8 128 225.3 1.76 0.81 0.026722 1

GRMZM2G021369 5 210273706 210275023 421.5 309 534 1.73 0.79 0.004642 1

GRMZM2G102021 5 135581287 135586683 153.6 113 194.5 1.73 0.79 0.041947 1

GRMZM2G092137 7 83764958 83767371 141.5 104 179 1.72 0.78 0.049628 1

GRMZM2G071846 5 184168891 184173292 167.7 123 212 1.72 0.78 0.036981 1

GRMZM2G442658 1 273983252 273987146 716 530 902.4 1.7 0.77 0.001872 0.535663

GRMZM2G137366 1 2937205 2942164 198.4 148 249 1.69 0.75 0.032172 1

GRMZM2G035749 9 114176716 114179596 242.7 181 304.6 1.69 0.75 0.021786 1

GRMZM2G141136 10 72608367 72610773 274.4 205 343.7 1.68 0.75 0.018131 1

GRMZM2G051012 6 105545646 105547189 183.2 137 229.5 1.67 0.74 0.039828 1

GRMZM2G013448 8 138861203 138862890 349.4 261 437.3 1.67 0.74 0.011353 1

GRMZM2G129444 3 172446635 172480430 709.8 532 888 1.67 0.74 0.002783 0.729322

GRMZM2G079196 3 45051056 45068816 193.3 145 241.8 1.67 0.74 0.037112 1

GRMZM2G146386 9 141479742 141485999 367 275 458.9 1.67 0.74 0.010632 1

GRMZM2G060544 1 72351668 72352962 185.2 139 231.5 1.67 0.74 0.041036 1

GRMZM2G113355 6 167471007 167473659 222 167 276.8 1.66 0.73 0.031358 1

GRMZM2G023650 3 176676857 176678050 171.6 129 214 1.66 0.73 0.049649 1

GRMZM2G087186 1 45512802 45515978 468 356 580.4 1.63 0.71 0.009194 1

GRMZM2G700208 10 33349087 33352992 200.3 153 248 1.63 0.7 0.045486 1

GRMZM2G092595 1 215203589 215208721 243 187 299.4 1.6 0.68 0.037354 1

GRMZM2G040689 9 94474143 94476046 220.9 170 271.7 1.6 0.68 0.045944 1

GRMZM2G092497 9 154459411 154485751 492.5 380 605 1.59 0.67 0.012179 1

GRMZM2G161459 1 92784602 92788875 830.1 640 1020 1.59 0.67 0.005217 1

GRMZM2G132547 8 147644958 147652344 571.4 444 698.7 1.57 0.65 0.011489 1

GRMZM2G176307 5 181520274 181525066 560.6 443 678.1 1.53 0.61 0.018088 1

GRMZM2G057116 8 88963901 88965293 315.8 250 381.8 1.53 0.61 0.042435 1

GRMZM2G015804 1 25704471 25711793 394.6 315 474.4 1.51 0.59 0.036746 1

GRMZM2G126900 9 56422201 56425505 924.7 764 1086 1.42 0.51 0.031305 1
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Table 2: Genes transcriptionally down-regulated in rpd1 mutants in the sense orientation (pval < 0.05)

Id chr start end
Base
Mean

Base
Mean
WT

Base
Mean
rpd1

Fold
Change

log2
FoldChange pval padj

GRMZM2G454797 1 185326738 185327997 6.8 13.6 0 0 - 0.03736 1

GRMZM2G391281 1 186674312 186675233 7.77 15.5 0 0 - 0.02226 1

GRMZM2G124797 1 192613104 192614115 7.29 14.6 0 0 - 0.02883 1

GRMZM2G007928 3 179632947 179634101 6.8 13.6 0 0 - 0.03736 1

AC234163.1_FG002 7 108253198 108254882 6.32 12.6 0 0 - 0.04842 1

GRMZM2G061791 1 186995763 186999056 17 33 1.029 0.031 -5.01 0.00101 0.368

GRMZM2G072820 2 6190524 6191628 9.75 18.5 1.029 0.056 -4.17 0.03073 1

GRMZM2G430371 1 184379488 184381431 9.26 17.5 1.029 0.059 -4.09 0.03839 1

GRMZM2G062531 3 101735928 101737972 9.26 17.5 1.029 0.059 -4.09 0.03839 1

GRMZM5G814441 1 195772389 195774183 21.5 39.8 3.087 0.077 -3.69 0.00146 0.46951

GRMZM2G337190 1 191584715 191585572 46.4 82.6 10.29 0.125 -3.01 4.18E-05 0.03718

GRMZM2G072298 3 35353116 35357015 61.6 109 14.41 0.132 -2.92 4.60E-06 0.0059

GRMZM2G331770 10 145019145 145021434 12.7 22.4 3.087 0.138 -2.86 0.04769 1

GRMZM2G429128 1 157173981 157177692 104 183 25.72 0.141 -2.83 1.60E-08 3.76E-05

GRMZM2G043813 10 130620219 130622989 32.3 56.4 8.232 0.146 -2.78 0.00128 0.42721

GRMZM2G030080 3 215763997 215766655 19.1 33 5.145 0.156 -2.68 0.01753 1

GRMZM2G038846 10 91359222 91360805 15.2 26.2 4.116 0.157 -2.67 0.03731 1

GRMZM2G300424 1 115761153 115763178 37.2 64.1 10.29 0.16 -2.64 0.00089 0.33053

GRMZM2G059012 1 187055101 187062082 14.7 25.3 4.116 0.163 -2.62 0.04439 1

GRMZM2G337387 4 30678789 30681127 51.4 88.4 14.41 0.163 -2.62 0.00011 0.08135

GRMZM2G067929 1 124817067 124821052 120 206 33.96 0.165 -2.6 2.08E-08 4.64E-05

GRMZM2G168371 5 214904316 214906236 18.1 31.1 5.145 0.165 -2.6 0.02462 1

GRMZM2G141289 7 167638521 167640715 17.1 29.2 5.145 0.176 -2.5 0.0344 1

GRMZM2G374302 4 144835678 144840927 179 297 60.71 0.204 -2.29 3.73E-09 1.05E-05
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GRMZM2G083128 1 189688136 189689321 32.4 53.5 11.32 0.212 -2.24 0.00686 1

GRMZM2G038973 1 117114680 117142745 430 709 151.3 0.213 -2.23 2.81E-14 2.72E-10

GRMZM2G120619 3 223353958 223355345 29 47.6 10.29 0.216 -2.21 0.0116 1

GRMZM2G100754 4 193021942 193023853 26 42.8 9.261 0.217 -2.21 0.01714 1

GRMZM2G449123 1 190752665 190762129 446 731 160.5 0.22 -2.19 4.46E-14 3.54E-10

GRMZM2G137868 1 184907845 184910534 74.1 121 26.75 0.22 -2.18 8.38E-05 0.06772

GRMZM2G104534 1 46576198 46582130 33.4 54.4 12.35 0.227 -2.14 0.0083 1

GRMZM2G155253 4 204599067 204601218 63.8 104 23.67 0.228 -2.14 0.00031 0.17332

GRMZM2G114354 1 44996488 45005676 24.6 39.8 9.261 0.232 -2.11 0.02649 1

GRMZM2G026930 3 216304734 216306568 24.6 39.8 9.261 0.232 -2.11 0.02649 1

GRMZM2G020320 5 69114970 69116904 65.3 106 24.7 0.233 -2.1 0.00033 0.17676

GRMZM2G177424 7 44803178 44815872 103 167 39.1 0.234 -2.1 1.16E-05 0.01267

GRMZM2G093038 1 156872706 156873991 56.5 91.4 21.61 0.237 -2.08 0.00087 0.32951

GRMZM2G022804 1 123254749 123256442 74.2 120 28.81 0.241 -2.05 0.00019 0.12799

GRMZM5G841743 1 123015378 123016357 46.7 74.8 18.52 0.248 -2.01 0.00313 0.78844

GRMZM5G829831 1 200682904 200694792 186 297 74.09 0.249 -2.01 1.06E-07 0.00018

AC217050.4_FG007 1 214886200 214892746 129 205 52.48 0.256 -1.97 5.61E-06 0.00686

GRMZM2G121878 3 215466579 215473931 418 661 176 0.266 -1.91 4.92E-11 1.79E-07

GRMZM5G818983 1 124280451 124281409 36.4 57.3 15.43 0.269 -1.89 0.0134 1

GRMZM2G022866 1 204867050 204870273 50.2 78.7 21.61 0.275 -1.87 0.00429 0.95775

GRMZM2G455869 5 10172933 10174782 47.7 74.8 20.58 0.275 -1.86 0.00537 1

GRMZM2G031660 10 130301051 130304967 132 207 57.62 0.278 -1.84 1.46E-05 0.01479

GRMZM2G461716 6 61601766 61603753 42.3 66.1 18.52 0.28 -1.84 0.00957 1

GRMZM2G117627 4 16984002 16985612 34.9 54.4 15.43 0.284 -1.82 0.01954 1

GRMZM2G016088 1 189771388 189773158 50.7 78.7 22.64 0.288 -1.8 0.00551 1

GRMZM2G396674 1 42807194 42808721 54.6 84.5 24.7 0.292 -1.78 0.00446 0.98484

GRMZM2G046750 7 9201072 9202357 76.3 118 34.99 0.298 -1.75 0.00107 0.38347

GRMZM2G138258 3 147397873 147401506 257 395 119.4 0.303 -1.72 2.13E-07 0.00031

GRMZM2G028570 8 71714905 71721778 75.3 115 36.01 0.314 -1.67 0.00181 0.52405
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GRMZM2G047626 3 127296669 127298318 30 45.7 14.41 0.315 -1.66 0.04627 1

GRMZM2G429807 1 158630354 158634416 38.4 58.3 18.52 0.318 -1.65 0.02472 1

GRMZM2G181546 10 2402129 2403240 85.2 129 41.16 0.318 -1.65 0.00112 0.38942

GRMZM2G121937 1 177612068 177620505 46.8 70.9 22.64 0.319 -1.65 0.01368 1

GRMZM2G152189 2 209536404 209537584 40.4 61.2 19.55 0.319 -1.65 0.02188 1

GRMZM2G079490 10 120671025 120672700 36 54.4 17.49 0.321 -1.64 0.03144 1

GRMZM2G003501 4 166828995 166830916 60.6 91.4 29.84 0.327 -1.61 0.00624 1

GRMZM2G028134 8 141293857 141294830 54.2 81.6 26.75 0.328 -1.61 0.00966 1

GRMZM2G168474 2 18460858 18463365 79.8 120 40.13 0.336 -1.57 0.00245 0.67042

GRMZM2G147172 5 136581652 136583153 108 162 54.54 0.336 -1.57 0.00055 0.25703

GRMZM2G131756 6 149824318 149835274 55.2 82.6 27.78 0.336 -1.57 0.01066 1

GRMZM2G163925 4 153318407 153320975 80.8 121 41.16 0.342 -1.55 0.00269 0.71535

GRMZM2G496991 1 17624743 17625481 77.9 116 40.13 0.347 -1.53 0.0036 0.84971

GRMZM2G097851 5 190958912 190960019 39.9 59.3 20.58 0.347 -1.53 0.03378 1

GRMZM2G169005 10 132612020 132613898 49.8 73.9 25.72 0.348 -1.52 0.01837 1

GRMZM2G083841 9 61296279 61301686 480 711 248 0.349 -1.52 3.53E-08 7.16E-05

GRMZM2G130149 1 150708020 150712855 65.1 96.2 33.96 0.353 -1.5 0.00821 1

GRMZM2G357455 1 181241954 181245076 65.1 96.2 33.96 0.353 -1.5 0.00821 1

GRMZM2G110135 1 182542564 182543903 37.5 55.4 19.55 0.353 -1.5 0.04278 1

GRMZM5G862633 3 64132981 64133566 35.5 52.5 18.52 0.353 -1.5 0.04869 1

GRMZM2G389582 5 63277951 63280101 35.5 52.5 18.52 0.353 -1.5 0.04869 1

GRMZM2G465046 9 4308985 4310333 51.3 75.8 26.75 0.353 -1.5 0.01811 1

GRMZM2G136453 1 195331030 195338316 715 1049 380.7 0.363 -1.46 6.68E-09 1.71E-05

GRMZM2G166979 1 107008904 107011400 44.4 65.1 23.67 0.363 -1.46 0.03198 1

GRMZM2G083130 3 135756395 135758356 49.8 72.9 26.75 0.367 -1.45 0.0246 1

GRMZM2G475380 1 4767327 4772060 243 356 130.7 0.367 -1.44 1.57E-05 0.01557

GRMZM2G000166 2 13712123 13713766 125 183 67.91 0.372 -1.43 0.00082 0.31845

GRMZM2G162755 6 119876153 119878032 88.8 129 48.36 0.374 -1.42 0.00401 0.9186

GRMZM2G085019 3 7275169 7280519 551 802 300.5 0.375 -1.42 1.00E-07 0.00018
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GRMZM2G059637 6 151462209 151465411 69.6 101 38.07 0.377 -1.41 0.01035 1

GRMZM2G038243 4 151478038 151481556 304 442 166.7 0.377 -1.41 6.06E-06 0.00716

GRMZM2G331902 1 160808686 160810744 48.8 70.9 26.75 0.377 -1.41 0.03007 1

GRMZM2G035444 1 172897703 172899238 56.3 81.6 30.87 0.378 -1.4 0.02065 1

GRMZM2G089812 1 34594746 34596756 52.3 75.8 28.81 0.38 -1.4 0.02612 1

GRMZM2G027479 4 204275345 204276126 95.2 138 52.48 0.38 -1.39 0.00351 0.84564

GRMZM2G162529 5 199592727 199595057 91.3 132 50.42 0.381 -1.39 0.00427 0.95775

AC147602.5_FG004 3 178846540 178848005 57.7 83.6 31.9 0.382 -1.39 0.02025 1

GRMZM2G142345 6 63430823 63436487 72.5 105 40.13 0.382 -1.39 0.01002 1

GRMZM2G031120 1 254075089 254076572 42.4 61.2 23.67 0.387 -1.37 0.04818 1

AC217910.3_FG004 1 217279821 217280603 60.7 87.5 33.96 0.388 -1.36 0.01945 1

GRMZM2G052422 5 210776511 210779081 607 875 339.6 0.388 -1.36 1.48E-07 0.00024

GRMZM2G056500 2 102750321 102752520 398 573 223.3 0.389 -1.36 2.23E-06 0.00295

GRMZM2G158890 1 206384264 206385241 58.7 84.5 32.93 0.389 -1.36 0.02181 1

GRMZM2G159547 5 208349356 208350976 47.4 68 26.75 0.393 -1.35 0.04043 1

GRMZM2G088501 6 133868502 133877776 76.5 110 43.22 0.394 -1.35 0.0104 1

AC234528.1_FG001 1 204225531 204240139 225 323 127.6 0.395 -1.34 9.06E-05 0.07001

GRMZM2G337242 1 117155139 117165079 165 236 93.64 0.397 -1.33 0.00048 0.23088

GRMZM2G089282 2 9587226 9588772 97.8 140 55.57 0.397 -1.33 0.00471 1

GRMZM2G116840 1 256367147 256407916 150 215 85.41 0.398 -1.33 0.00078 0.30682

GRMZM2G022686 9 136175680 136180522 63.2 90.4 36.01 0.398 -1.33 0.02044 1

GRMZM2G162537 1 87622522 87627429 52.3 74.8 29.84 0.399 -1.33 0.03407 1

GRMZM2G081977 1 149708692 149715244 89.4 127 51.45 0.404 -1.31 0.00759 1

GRMZM2G017382 2 156399475 156401268 46.4 66.1 26.75 0.405 -1.3 0.04907 1

GRMZM2G036007 7 157202404 157207982 88.9 126 51.45 0.407 -1.3 0.00825 1

GRMZM2G082376 8 162182482 162183632 51.4 72.9 29.84 0.409 -1.29 0.04113 1

GRMZM2G090576 5 20793754 20796073 49.4 70 28.81 0.412 -1.28 0.04642 1

GRMZM2G175423 1 197267922 197271011 225 319 131.7 0.413 -1.28 0.00019 0.12543

GRMZM2G329047 2 189225428 189226150 56.3 79.7 32.93 0.413 -1.28 0.03463 1
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GRMZM2G339866 3 32466336 32467145 105 149 61.74 0.415 -1.27 0.00542 1

GRMZM2G049877 3 181816685 181819465 70.1 99.1 41.16 0.415 -1.27 0.01994 1

GRMZM2G010034 1 275382091 275384621 96.3 136 56.59 0.416 -1.27 0.00751 1

GRMZM5G843141 2 43434582 43441085 52.4 73.9 30.87 0.418 -1.26 0.04389 1

GRMZM2G466309 5 202304835 202305876 81.5 115 48.36 0.422 -1.25 0.01437 1

GRMZM2G030636 1 82022572 82026326 70.7 99.1 42.19 0.426 -1.23 0.02309 1

GRMZM2G316136 2 216883296 216886028 56.8 79.7 33.96 0.426 -1.23 0.04033 1

GRMZM2G371793 6 129787844 129789708 53.4 74.8 31.9 0.426 -1.23 0.0467 1

GRMZM5G800723 1 245275497 245280985 105 147 62.77 0.428 -1.23 0.00724 1

GRMZM2G107886 9 106201175 106203143 306 428 184.2 0.431 -1.22 8.23E-05 0.06772

GRMZM2G114140 7 154898661 154901107 59.8 83.6 36.01 0.431 -1.21 0.03813 1

GRMZM2G349749 1 200159715 200161758 160 224 96.73 0.433 -1.21 0.00169 0.50025

GRMZM2G132169 3 183644921 183647436 143 199 86.44 0.434 -1.2 0.00273 0.71734

GRMZM2G154124 1 206155710 206160274 78.1 109 47.33 0.435 -1.2 0.02039 1

GRMZM2G058310 7 155357370 155360570 168 233 101.9 0.437 -1.2 0.00157 0.49012

GRMZM2G056056 1 189088108 189090646 72.7 101 44.25 0.438 -1.19 0.02591 1

GRMZM2G142357 1 193590125 193592156 92.9 129 56.59 0.438 -1.19 0.013 1

GRMZM2G121579 7 165824939 165909567 57.3 79.7 34.99 0.439 -1.19 0.04669 1

GRMZM2G115646 1 235645071 235668787 822 1136 508.3 0.447 -1.16 1.84E-06 0.00252

GRMZM2G166721 3 6938390 6944754 130 179 80.26 0.449 -1.16 0.00561 1

GRMZM2G165461 4 4861353 4862432 64.8 89.4 40.13 0.449 -1.16 0.04027 1

GRMZM2G137535 6 142310594 142315324 67.7 93.3 42.19 0.452 -1.14 0.03799 1

GRMZM2G153184 1 213652786 213654502 358 494 223.3 0.452 -1.14 9.88E-05 0.07496

GRMZM2G143373 4 17332223 17339190 299 411 187.3 0.456 -1.13 0.00025 0.1489

GRMZM5G833406 8 154028733 154034508 189 259 118.3 0.456 -1.13 0.00171 0.50238

GRMZM2G145008 1 52764295 52769331 133 183 83.35 0.456 -1.13 0.00606 1

GRMZM2G442763 1 200000913 200006500 308 422 193.5 0.459 -1.12 0.00025 0.1489

GRMZM2G058404 8 6358798 6360117 86.5 119 54.54 0.46 -1.12 0.02331 1

GRMZM2G107406 1 142724848 142730486 170 232 107 0.461 -1.12 0.00291 0.74888
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GRMZM2G132704 1 187635249 187640520 376 515 237.7 0.461 -1.12 0.00012 0.08525

GRMZM2G013842 1 177553026 177554285 81.1 111 51.45 0.464 -1.11 0.02942 1

GRMZM2G162200 4 693736 696087 180 246 114.2 0.465 -1.11 0.00259 0.70025

GRMZM2G118497 1 31055320 31060153 69.7 95.2 44.25 0.465 -1.11 0.04205 1

GRMZM2G024331 4 169616705 169618715 69.7 95.2 44.25 0.465 -1.11 0.04205 1

GRMZM2G150248 10 147593063 147597356 421 575 267.5 0.465 -1.1 8.48E-05 0.06772

GRMZM2G134264 2 102136620 102139245 726 991 461 0.465 -1.1 8.82E-06 0.00987

GRMZM2G169458 5 190228137 190232283 311 424 197.6 0.466 -1.1 0.00032 0.17631

GRMZM2G367650 9 26933283 26934420 66.3 90.4 42.19 0.467 -1.1 0.04839 1

GRMZM2G113252 4 40690520 40694645 113 154 72.03 0.469 -1.09 0.01322 1

GRMZM2G441903 1 187398921 187400738 368 500 235.6 0.472 -1.08 0.0002 0.13107

GRMZM2G090028 2 102279931 102283830 314 427 201.7 0.473 -1.08 0.00039 0.20045

GRMZM2G093526 2 10568344 10572400 223 302 144.1 0.477 -1.07 0.00167 0.50025

GRMZM2G095404 6 118788607 118790352 108 147 69.97 0.477 -1.07 0.01706 1

GRMZM2G012140 9 126718179 126723107 293 397 189.3 0.478 -1.07 0.00061 0.27393

GRMZM2G037431 3 215929238 215932695 77.7 105 50.42 0.48 -1.06 0.04097 1

GRMZM2G026523 6 146816123 146821147 122 164 79.23 0.482 -1.05 0.01372 1

GRMZM2G103101 5 209873678 209875630 208 281 135.8 0.484 -1.05 0.0026 0.70025

GRMZM2G060742 1 235973873 235982962 401 540 261.4 0.484 -1.05 0.00023 0.14478

GRMZM2G088951 6 156249134 156253222 128 172 83.35 0.485 -1.05 0.0125 1

GRMZM2G398807 5 192613610 192614489 116 156 76.15 0.487 -1.04 0.01683 1

GRMZM5G826658 2 69710324 69714457 91.1 122 59.68 0.487 -1.04 0.03152 1

GRMZM5G882078 3 168959356 168962676 199 267 130.7 0.489 -1.03 0.00351 0.84564

GRMZM2G121312 1 187883668 187885516 86.1 116 56.59 0.489 -1.03 0.0369 1

GRMZM2G018631 10 134566707 134567642 81.2 109 53.51 0.492 -1.02 0.04337 1

GRMZM2G129246 7 5523491 5527292 362 485 238.7 0.492 -1.02 0.00047 0.22811

GRMZM2G042758 5 48384381 48390703 399 535 263.4 0.493 -1.02 0.00033 0.17743

GRMZM2G405094 8 165875616 165876842 84.1 113 55.57 0.493 -1.02 0.04083 1

GRMZM2G169321 6 96919201 96922279 315 421 208.9 0.496 -1.01 0.00089 0.33053
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GRMZM2G086258 1 181868560 181880941 492 657 326.2 0.497 -1.01 0.00018 0.1252

GRMZM2G070271 1 103264053 103316049 165 221 110.1 0.499 -1 0.00799 1

GRMZM2G077333 3 174825201 174827787 278 369 186.2 0.504 -0.99 0.00177 0.51491

GRMZM2G337113 2 42257261 42259297 225 299 151.3 0.505 -0.98 0.0036 0.84971

GRMZM2G460861 1 209180557 209181568 84.2 112 56.59 0.506 -0.98 0.04899 1

GRMZM2G032219 1 6233827 6237469 102 136 68.94 0.507 -0.98 0.03215 1

GRMZM2G401521 6 159824142 159825486 87.1 116 58.65 0.507 -0.98 0.04608 1

GRMZM2G048129 1 196052141 196054040 501 664 337.5 0.508 -0.98 0.00028 0.15793

GRMZM2G092427 10 147890562 147891878 128 169 86.44 0.511 -0.97 0.02045 1

GRMZM2G012397 7 5129273 5130176 212 281 144.1 0.513 -0.96 0.00524 1

GRMZM2G038153 1 61012519 61018961 183 242 124.5 0.515 -0.96 0.00837 1

GRMZM2G436986 7 1139895 1142388 112 148 76.15 0.515 -0.96 0.03013 1

GRMZM2G035268 4 84106470 84111658 142 188 96.73 0.516 -0.96 0.01698 1

GRMZM2G109526 3 168480648 168483295 115 152 78.2 0.516 -0.96 0.02853 1

GRMZM2G072280 7 160255313 160258286 427 563 291.2 0.518 -0.95 0.00066 0.27945

GRMZM2G121573 7 165815700 165820702 185 244 126.6 0.519 -0.95 0.00893 1

GRMZM2G164974 1 27506254 27508489 252 331 172.9 0.522 -0.94 0.00392 0.90245

GRMZM2G129513 1 203170067 203174226 431 567 296.3 0.523 -0.93 0.00078 0.30682

GRMZM2G112681 8 20827673 20834211 142 186 97.75 0.527 -0.93 0.0209 1

GRMZM2G029039 10 142791476 142794430 169 222 117.3 0.529 -0.92 0.01413 1

GRMZM2G068436 6 139917883 139926409 201 262 139.9 0.533 -0.91 0.00982 1

GRMZM2G030583 6 107307539 107312261 250 326 173.9 0.534 -0.9 0.00556 1

GRMZM5G800598 5 215558485 215562160 204 265 142 0.535 -0.9 0.00991 1

GRMZM2G137293 1 162536751 162540432 127 165 88.49 0.536 -0.9 0.03135 1

GRMZM2G472852 7 172675158 172675868 168 219 117.3 0.536 -0.9 0.01658 1

GRMZM5G894916 5 215841082 215843115 230 299 161.6 0.54 -0.89 0.00791 1

GRMZM2G137421 6 103602046 103609491 107 139 75.12 0.541 -0.89 0.04795 1

GRMZM2G014844 10 34726007 34730010 106 137 74.09 0.541 -0.89 0.04939 1

GRMZM2G079082 2 209124511 209128692 160 207 112.2 0.542 -0.88 0.02073 1
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GRMZM2G046284 10 10194502 10196450 344 446 241.8 0.542 -0.88 0.0028 0.72952

GRMZM2G113349 5 51868631 51870222 123 159 86.44 0.542 -0.88 0.03721 1

GRMZM2G104639 3 66943762 66949675 169 220 119.4 0.543 -0.88 0.01854 1

GRMZM2G081603 5 197512599 197514262 133 172 93.64 0.544 -0.88 0.03261 1

GRMZM2G043632 8 170032982 170035951 123 158 87.46 0.552 -0.86 0.04305 1

GRMZM2G003595 1 165814484 165965196 467 602 332.4 0.553 -0.86 0.00167 0.50025

GRMZM2G090675 2 102897151 102905974 543 700 386.9 0.553 -0.85 0.00113 0.38942

AC212219.3_FG005 1 44955003 44960551 211 271 150.2 0.554 -0.85 0.01361 1

GRMZM2G024668 1 184242132 184246791 1056 1359 753.2 0.554 -0.85 0.00024 0.14883

GRMZM2G449779 1 141269683 141284918 370 476 264.5 0.555 -0.85 0.00335 0.8261

GRMZM2G054332 1 43054782 43057900 177 227 126.6 0.557 -0.85 0.02141 1

GRMZM2G021589 3 185967825 185972557 466 599 333.4 0.557 -0.84 0.00193 0.54781

GRMZM2G351786 9 48266924 48312195 197 253 141 0.558 -0.84 0.01726 1

GRMZM2G043396 8 170061870 170062790 126 162 90.55 0.558 -0.84 0.04435 1

GRMZM5G858417 1 262997924 263003009 405 520 290.2 0.558 -0.84 0.00287 0.74442

GRMZM2G013957 1 48657509 48660814 287 367 205.8 0.56 -0.84 0.00735 1

GRMZM2G143883 1 232400407 232405547 597 765 429.1 0.561 -0.83 0.00118 0.40223

GRMZM2G007372 5 84840183 84843411 190 244 136.9 0.561 -0.83 0.01977 1

GRMZM2G136803 7 171699375 171703593 178 227 127.6 0.561 -0.83 0.02311 1

AC194974.3_FG005 5 207662288 207665389 138 177 99.81 0.564 -0.83 0.0409 1

GRMZM2G377341 5 38567212 38578529 1372 1753 989.9 0.565 -0.82 0.00023 0.14478

GRMZM2G478212 1 105460648 105471879 130 166 94.67 0.57 -0.81 0.04949 1

GRMZM2G160268 4 83173196 83174639 245 312 178 0.571 -0.81 0.01354 1

GRMZM2G154628 5 195187060 195190075 323 411 234.6 0.571 -0.81 0.00711 1

GRMZM2G110277 3 171439582 171443994 154 196 112.2 0.571 -0.81 0.03683 1

GRMZM2G179677 1 206117307 206124458 289 367 209.9 0.571 -0.81 0.00943 1

GRMZM5G804323 2 204174723 204176131 140 178 101.9 0.573 -0.8 0.04547 1

GRMZM2G071021 3 221687099 221691249 456 580 332.4 0.573 -0.8 0.0033 0.82282

GRMZM2G009188 2 222270518 222276029 974 1237 711 0.575 -0.8 0.00066 0.27945
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GRMZM2G034360 8 166481614 166484307 255 324 186.2 0.576 -0.8 0.01373 1

GRMZM2G135654 1 194731583 194735038 267 339 195.5 0.576 -0.79 0.01259 1

GRMZM2G003930 8 10287956 10291623 336 427 245.9 0.576 -0.79 0.00745 1

GRMZM2G170522 2 19365673 19375405 202 257 148.2 0.578 -0.79 0.02357 1

GRMZM2G170044 7 16096163 16099019 236 299 172.9 0.578 -0.79 0.01696 1

GRMZM2G115960 3 48804985 48808667 166 210 121.4 0.578 -0.79 0.03586 1

GRMZM5G845611 1 6410461 6413123 361 457 264.5 0.579 -0.79 0.00676 1

GRMZM2G422750 4 192580450 192583847 227 288 166.7 0.579 -0.79 0.01916 1

GRMZM5G852177 1 172903811 172907768 196 248 144.1 0.581 -0.78 0.02698 1

GRMZM5G817964 7 30871447 30878448 155 196 114.2 0.582 -0.78 0.04281 1

GRMZM2G006884 9 136583501 136589780 178 224 130.7 0.582 -0.78 0.03327 1

GRMZM2G037650 1 207176666 207182370 176 223 129.7 0.583 -0.78 0.03408 1

GRMZM2G169617 4 180434457 180444011 278 351 204.8 0.584 -0.78 0.01354 1

GRMZM2G401040 5 8334393 8335549 230 291 169.8 0.584 -0.78 0.02047 1

GRMZM2G155370 4 237597922 237601553 668 843 493.9 0.586 -0.77 0.00212 0.5923

GRMZM5G873519 1 105228789 105231470 214 270 158.5 0.587 -0.77 0.02473 1

GRMZM2G116584 3 220520716 220524593 227 286 167.7 0.587 -0.77 0.02226 1

GRMZM2G041613 1 109387174 109437074 459 578 339.6 0.587 -0.77 0.0049 1

GRMZM2G155753 1 210841573 210847241 168 212 124.5 0.588 -0.77 0.0404 1

GRMZM5G892758 2 5839323 5844032 452 569 335.5 0.589 -0.76 0.00531 1

GRMZM5G858454 10 96330046 96338713 458 576 339.6 0.589 -0.76 0.0052 1

GRMZM2G396114 1 273091163 273101408 1321 1661 980.6 0.59 -0.76 0.00071 0.29408

GRMZM2G361074 4 160562273 160566345 245 308 182.1 0.591 -0.76 0.02058 1

GRMZM2G160927 1 212287664 212305641 1512 1899 1126 0.593 -0.75 0.00063 0.27832

GRMZM2G043162 4 40157243 40157996 217 272 161.6 0.594 -0.75 0.02753 1

GRMZM2G134279 9 133791821 133794038 240 301 179 0.594 -0.75 0.02277 1

GRMZM2G008247 10 37754967 37759771 234 293 174.9 0.598 -0.74 0.02575 1

GRMZM2G158147 2 112635028 112643280 221 277 165.7 0.598 -0.74 0.02867 1

GRMZM2G054870 7 159421567 159427289 232 290 173.9 0.6 -0.74 0.02739 1
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GRMZM2G336908 8 116849469 116853604 274 342 205.8 0.602 -0.73 0.02026 1

GRMZM2G451224 6 163973641 163974980 245 306 184.2 0.602 -0.73 0.02516 1

GRMZM2G480516 7 62973027 62979436 304 379 228.4 0.603 -0.73 0.01692 1

GRMZM2G039586 9 80170947 80173134 269 336 202.7 0.603 -0.73 0.02144 1

GRMZM2G445575 10 144522746 144530387 319 397 240.8 0.606 -0.72 0.01639 1

GRMZM5G862467 1 71144718 71148005 281 350 212 0.606 -0.72 0.02102 1

GRMZM2G140078 2 177272817 177275377 347 432 262.4 0.607 -0.72 0.01418 1

GRMZM2G143235 3 5580132 5586653 259 322 195.5 0.608 -0.72 0.02551 1

GRMZM2G318662 5 213264683 213268374 435 540 329.3 0.609 -0.71 0.00976 1

GRMZM2G346263 1 264953283 264960056 218 271 165.7 0.611 -0.71 0.03675 1

GRMZM2G060507 9 153738014 153741717 355 441 269.6 0.611 -0.71 0.01493 1

GRMZM2G061681 3 225446387 225454483 579 718 439.4 0.612 -0.71 0.00606 1

AC234203.1_FG010 1 188063594 188066385 259 321 196.5 0.613 -0.71 0.02803 1

GRMZM2G003635 1 173219421 173225579 800 992 608.1 0.613 -0.71 0.00353 0.84564

GRMZM2G153434 8 3883767 3891170 278 345 212 0.614 -0.7 0.02524 1

GRMZM2G149480 1 190743911 190748466 452 559 344.7 0.617 -0.7 0.01091 1

GRMZM2G464491 8 2422996 2428668 260 322 198.6 0.617 -0.7 0.03016 1

GRMZM2G062788 1 158313837 158325193 476 588 363.2 0.618 -0.69 0.01015 1

AC205703.4_FG006 5 181197346 181200367 249 307 190.4 0.62 -0.69 0.03412 1

GRMZM2G108133 7 138376670 138381094 472 582 361.2 0.62 -0.69 0.011 1

GRMZM2G084806 6 141275230 141278793 203 250 155.4 0.622 -0.68 0.04997 1

GRMZM2G102483 1 34386070 34400554 292 360 224.3 0.624 -0.68 0.02779 1

GRMZM2G157564 8 111823880 111830792 581 715 447.6 0.626 -0.68 0.00874 1

GRMZM2G127490 10 87787611 87790767 307 378 236.7 0.626 -0.68 0.02651 1

GRMZM2G043493 1 56575210 56577035 258 317 198.6 0.627 -0.67 0.0363 1

GRMZM2G123122 2 26133098 26137491 332 408 256.2 0.628 -0.67 0.02397 1

GRMZM2G057779 2 183198559 183200448 400 492 308.7 0.628 -0.67 0.0174 1

GRMZM5G896082 1 299559538 299566152 366 450 283 0.629 -0.67 0.02074 1

GRMZM2G039365 3 171748815 171752467 649 796 501.1 0.63 -0.67 0.00807 1
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GRMZM2G095114 8 5029176 5038529 227 279 176 0.631 -0.66 0.0476 1

GRMZM2G174990 6 162119858 162125455 368 451 285 0.632 -0.66 0.02201 1

GRMZM2G031952 5 190734008 190738904 286 350 221.2 0.632 -0.66 0.03377 1

GRMZM2G108609 2 96921487 96983637 357 437 276.8 0.633 -0.66 0.02356 1

GRMZM2G372074 2 5924234 5926085 297 363 230.5 0.634 -0.66 0.03272 1

GRMZM2G136158 8 3296559 3299546 452 553 350.9 0.635 -0.66 0.01647 1

GRMZM2G021055 1 253715474 253720824 244 298 189.3 0.635 -0.66 0.04528 1

GRMZM2G075002 2 213164779 213169415 375 459 291.2 0.635 -0.66 0.02258 1

GRMZM2G113432 7 156212342 156216943 431 527 334.4 0.635 -0.66 0.01798 1

GRMZM2G148744 1 193791442 193794419 374 458 291.2 0.636 -0.65 0.02326 1

GRMZM2G005954 2 183999667 184002069 384 469 299.4 0.638 -0.65 0.02309 1

GRMZM2G032171 1 118999756 119024315 446 545 347.8 0.638 -0.65 0.01812 1

GRMZM2G032351 1 220307458 220339987 964 1175 752.2 0.64 -0.64 0.00605 1

GRMZM2G138881 4 216244642 216248780 396 482 309.7 0.643 -0.64 0.02423 1

GRMZM2G141535 1 286448581 286456365 512 623 400.3 0.643 -0.64 0.01621 1

GRMZM2G094978 2 222723206 222731476 317 386 248 0.643 -0.64 0.03453 1

GRMZM2G318635 5 213291570 213301733 1073 1306 840.7 0.644 -0.64 0.00582 1

GRMZM2G089136 6 156255713 156258890 331 402 259.3 0.645 -0.63 0.03335 1

GRMZM2G091540 3 204579171 204584065 1466 1782 1149 0.645 -0.63 0.00422 0.95739

GRMZM2G170079 8 173926493 173929222 418 508 328.2 0.646 -0.63 0.02379 1

GRMZM2G068917 1 102244449 102248245 552 671 433.2 0.646 -0.63 0.01564 1

GRMZM2G105644 5 206890298 206892838 385 467 302.5 0.647 -0.63 0.02778 1

GRMZM2G153103 6 144704958 144708231 486 589 383.8 0.652 -0.62 0.02146 1

GRMZM2G351577 10 147819803 147839080 476 576 375.6 0.652 -0.62 0.02216 1

GRMZM2G113073 10 5756326 5761182 417 504 329.3 0.653 -0.62 0.02759 1

GRMZM2G149428 2 219389302 219391782 797 964 630.8 0.654 -0.61 0.01142 1

GRMZM2G124963 2 211515837 211521135 662 798 525.8 0.659 -0.6 0.01642 1

GRMZM2G079308 6 103148466 103158547 404 487 321 0.659 -0.6 0.03285 1

GRMZM2G306345 6 145987055 145997616 2613 3147 2079 0.661 -0.6 0.00429 0.95775
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GRMZM2G074401 1 44800825 44803738 915 1101 729.6 0.663 -0.59 0.01193 1

GRMZM2G059392 3 221538724 221542863 805 967 642.1 0.664 -0.59 0.01445 1

GRMZM2G158252 5 38752228 38809303 497 598 397.2 0.665 -0.59 0.02728 1

GRMZM2G173315 1 237177684 237183630 481 577 383.8 0.665 -0.59 0.02878 1

GRMZM2G101875 10 85188397 85193819 960 1153 766.6 0.665 -0.59 0.01207 1

GRMZM2G104443 7 169202600 169206692 385 462 307.7 0.667 -0.59 0.04019 1

GRMZM2G139374 8 171754927 171760569 422 506 337.5 0.667 -0.59 0.03551 1

GRMZM2G172396 8 13260487 13270435 648 777 518.6 0.667 -0.58 0.02034 1

GRMZM2G127117 3 176562862 176565444 543 651 435.3 0.668 -0.58 0.02634 1

GRMZM2G014695 2 62376418 62378814 403 483 323.1 0.669 -0.58 0.03948 1

GRMZM2G068943 8 123601206 123609481 520 622 417.8 0.672 -0.57 0.0298 1

GRMZM2G038519 2 206948292 206955094 490 586 394.1 0.673 -0.57 0.0327 1

GRMZM2G147243 6 133196856 133200588 586 701 471.3 0.673 -0.57 0.02609 1

GRMZM2G177412 10 144614306 144619343 825 985 663.7 0.674 -0.57 0.01769 1

AC205730.3_FG002 1 166324700 166341219 456 545 367.3 0.674 -0.57 0.03676 1

GRMZM2G073351 5 24860812 24864132 471 563 379.7 0.675 -0.57 0.03596 1

GRMZM2G323024 10 147954762 147960936 861 1026 695.6 0.678 -0.56 0.01868 1

GRMZM2G147014 5 193849196 193850728 504 601 407.5 0.678 -0.56 0.0355 1

GRMZM2G081462 8 1889241 1891615 543 647 439.4 0.679 -0.56 0.03262 1

GRMZM2G030628 4 66899011 66909708 655 779 531 0.681 -0.55 0.02745 1

GRMZM2G137582 6 102228979 102231988 470 559 380.7 0.681 -0.55 0.04089 1

GRMZM2G019317 5 204589912 204594285 434 516 351.9 0.682 -0.55 0.04557 1

GRMZM2G166767 9 139381433 139385689 1252 1488 1017 0.683 -0.55 0.01478 1

GRMZM2G131205 1 211520099 211526173 603 715 489.8 0.685 -0.55 0.03256 1

GRMZM2G139852 1 24225117 24229054 538 638 438.4 0.688 -0.54 0.03924 1

GRMZM2G136534 1 194570543 194573688 967 1145 788.2 0.689 -0.54 0.02138 1

GRMZM2G069095 5 95903606 95910954 853 1007 698.7 0.694 -0.53 0.02736 1

GRMZM2G109431 1 17694593 17698633 560 661 458.9 0.694 -0.53 0.04282 1

GRMZM2G348512 3 215424737 215437638 877 1035 719.3 0.695 -0.53 0.02721 1

164



GRMZM2G094165 8 146550301 146557260 780 920 640 0.695 -0.52 0.03086 1

GRMZM2G062885 5 79857859 79861902 752 886 617.4 0.697 -0.52 0.03281 1

GRMZM2G159431 1 5009414 5014052 887 1040 733.7 0.706 -0.5 0.03394 1

GRMZM2G415529 7 153705463 153719885 924 1083 765.6 0.707 -0.5 0.03387 1

GRMZM2G114642 7 118517870 118523644 966 1130 801.6 0.709 -0.5 0.0341 1

GRMZM2G044132 2 53844493 53846005 695 813 577.3 0.71 -0.49 0.04608 1

GRMZM2G167549 4 2998634 3001404 900 1052 747 0.71 -0.49 0.03666 1

GRMZM2G172491 4 3046687 3049508 978 1141 815 0.714 -0.49 0.03761 1
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Table 3: Genes transcriptionally up-regulated genes in rpd1 mutants in the antisense orientation (pval < 0.05)

Id chr start end
Base
Mean

Base
Mean
WT

Base
Mean
rpd1

Fold
Change

log2
FoldChange pval padj

GRMZM2G466982 1 115646152 115646733 11.5 0 23 Inf Inf 0.00645028 1

GRMZM2G357455 1 181241954 181245076 7.5 0 15 Inf Inf 0.04184027 1

GRMZM2G497438 2 46058343 46067169 11 0 22 Inf Inf 0.00814499 1

AC234203.1_FG004 1 188083185 188089513 12.5 1 24 24 4.585 0.01593324 1

AC208895.3_FG004 3 33198291 33204399 10 1 19 19 4.2479 0.04391026 1

GRMZM2G084473 10 146545112 146548756 49 5 93 18.6 4.2172 9.81E-07 0.00297414

GRMZM2G052365 3 193637409 193648778 19 2 36 18 4.1699 0.00335576 1

GRMZM2G173192 5 67473287 67474604 17 2 32 16 4 0.00722632 1

GRMZM2G094900 5 14650208 14653205 65 8 122 15.25 3.9307 6.75E-08 0.00026584

GRMZM5G872568 9 139536440 139543922 23.5 3 44 14.66667 3.8745 0.0015758 1

GRMZM2G171408 7 115182036 115185167 83 11 155 14.09091 3.8167 2.53E-09 1.25E-05

GRMZM5G824938 7 130097614 130101719 162.5 23 302 13.13043 3.7148 1.95E-15 2.56E-11

GRMZM2G472346 5 67476538 67482854 181.5 27 336 12.44444 3.6374 2.20E-16 8.67E-12

GRMZM2G066469 10 146691747 146699922 12.5 2 23 11.5 3.5236 0.03877359 1

GRMZM2G130034 1 167851430 167863929 17.5 3 32 10.66667 3.415 0.01368017 1

GRMZM5G823162 9 15263106 15264636 17 3 31 10.33333 3.3692 0.01629602 1

GRMZM5G874832 7 135627703 135628657 21.5 4 39 9.75 3.2854 0.00707285 1

AC225205.3_FG003 7 130092349 130094061 53.5 11 96 8.727273 3.1255 2.86E-05 0.0703129

GRMZM5G837822 3 176570295 176571270 36.5 8 65 8.125 3.0224 0.00077738 0.95716349

GRMZM2G510796 8 168817914 168818496 26.5 6 47 7.833333 2.9696 0.0051035 1

GRMZM2G107540 1 270053078 270054144 70.5 16 125 7.8125 2.9658 4.18E-06 0.01096682

GRMZM2G045560 8 168823637 168828313 176 43 309 7.186047 2.8452 1.50E-11 1.18E-07

GRMZM2G181266 8 14597519 14604732 213.5 54 373 6.907407 2.7881 6.37E-13 6.28E-09

GRMZM2G421579 1 193768325 193775666 30 8 52 6.5 2.7004 0.0054964 1
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GRMZM2G396246 8 166909761 166911646 49 14 84 6 2.585 0.00056153 0.79814825

GRMZM2G009894 8 36503543 36505405 134.5 42 227 5.404762 2.4342 1.25E-07 0.00044743

GRMZM2G385021 1 45510990 45511749 56.5 18 95 5.277778 2.3999 0.00050117 0.78986064

GRMZM2G180258 10 2137242 2141058 117 38 196 5.157895 2.3668 1.23E-06 0.00345949

GRMZM2G082365 7 168403976 168405995 83 28 138 4.928571 2.3012 5.29E-05 0.12266027

GRMZM2G131683 1 230186289 230191174 148 50 246 4.92 2.2987 1.53E-07 0.00050183

GRMZM2G430936 3 176597396 176598753 35.5 12 59 4.916667 2.2977 0.00804549 1

GRMZM2G149105 8 174306169 174306927 59 20 98 4.9 2.2928 0.00062798 0.79814825

GRMZM2G701888 5 152158341 152159047 28 10 46 4.6 2.2016 0.02424703 1

GRMZM2G396248 8 166900774 166902970 44 16 72 4.5 2.1699 0.00486737 1

GRMZM2G703575 1 55816121 55816806 57 21 93 4.428571 2.1468 0.001498 1

GRMZM5G896114 7 35282140 35283342 37.5 14 61 4.357143 2.1234 0.01091839 1

GRMZM5G884151 9 142015409 142016063 56 21 91 4.333333 2.1155 0.00189 1

GRMZM2G126239 3 214857327 214861719 89 34 144 4.235294 2.0825 0.00012877 0.26704062

GRMZM2G181378 7 132186216 132203350 49 20 78 3.9 1.9635 0.00652128 1

GRMZM2G013555 3 201178986 201181785 48.5 20 77 3.85 1.9449 0.00729111 1

GRMZM2G074634 5 84101452 84105175 81.5 34 129 3.794118 1.9238 0.00062024 0.79814825

GRMZM2G136534 1 194570543 194573688 28.5 12 45 3.75 1.9069 0.04548167 1

GRMZM2G167698 1 60966702 60970186 30.5 13 48 3.692308 1.8845 0.04019699 1

GRMZM2G061545 6 98814544 98816293 37 16 58 3.625 1.858 0.02497992 1

GRMZM2G043141 1 75147439 75151689 73 32 114 3.5625 1.8329 0.0018813 1

GRMZM2G040902 10 132507829 132511210 33 15 51 3.4 1.7655 0.0439618 1

GRMZM2G131715 1 230198773 230199704 95 44 146 3.318182 1.7304 0.00084154 1

GRMZM5G891855 2 224015038 224047387 359 170 548 3.223529 1.6886 1.63E-08 7.13E-05

GRMZM2G039978 1 280977781 280980496 131.5 65 198 3.046154 1.607 0.00030371 0.5439252

GRMZM5G855396 1 193246785 193247386 54.5 31 78 2.516129 1.3312 0.04606342 1

GRMZM2G103892 7 147719977 147727860 152.5 91 214 2.351648 1.2337 0.0027115 1

GRMZM2G119566 5 172806460 172809693 72.5 44 101 2.295455 1.1988 0.03807066 1

GRMZM2G092165 1 3138276 3139738 130 80 180 2.25 1.1699 0.00789159 1
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GRMZM2G357620 4 186942188 186948318 113 70 156 2.228571 1.1561 0.0136611 1

GRMZM2G028986 8 134465096 134467408 114.5 71 158 2.225352 1.154 0.01326734 1

GRMZM2G132238 9 120365364 120366799 86.5 54 119 2.203704 1.1399 0.03163683 1

GRMZM2G007157 2 9998300 10002274 173 124 222 1.790323 0.8402 0.02968254 1

GRMZM5G806638 5 210273762 210275023 403.5 305 502 1.645902 0.7189 0.01001201 1

GRMZM2G427106 10 134057764 134059399 486 371 601 1.619946 0.6959 0.00805807 1

GRMZM2G434363 8 172251862 172254705 304 239 369 1.543933 0.6266 0.04204852 1
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Table 4: Genes transcriptionally down-regulated genes in rpd1 mutants in the antisense orientation (pval < 0.05)

Id chr start end
Base
Mean

Base
Mean
WT

Base
Mean
rpd1

Fold
Change

log2
FoldChange pval padj

GRMZM2G454797 1 185326738 185327997 9 18 0 0 - 0.02074 1

AC197432.4_FG001 1 185554731 185555657 13.5 27 0 0 - 0.00254 1

AC234203.1_FG009 1 188060402 188062129 44 88 0 0 - 2.48E-09 1.25E-05

GRMZM2G034945 8 173314596 173318725 9 18 0 0 - 0.02074 1

GRMZM2G062777 1 158329691 158336220 11.5 22 1 0.045 -4.46 0.02396 1

GRMZM2G050952 3 4137007 4137644 10.5 20 1 0.05 -4.32 0.03591 1

GRMZM2G080110 8 62838040 62840177 10 19 1 0.053 -4.25 0.04391 1

GRMZM2G023033 2 33036267 33037791 12.5 23 2 0.087 -3.52 0.03877 1

GRMZM2G703749 1 138012930 138021022 20.5 37 4 0.108 -3.21 0.00991 1

GRMZM2G145451 9 138320795 138328639 23 38 8 0.211 -2.25 0.03918 1

GRMZM5G819500 1 148364112 148364951 37 60 14 0.233 -2.1 0.01233 1

GRMZM2G135654 1 194731583 194735038 32.5 52 13 0.25 -2 0.02513 1

GRMZM2G135617 1 194729005 194732205 92 147 37 0.252 -1.99 0.00019 0.369898

GRMZM2G033785 4 190671567 190682144 33.5 53 14 0.264 -1.92 0.02827 1

GRMZM2G061988 1 140039425 140056837 125 195 54 0.277 -1.85 5.86E-05 0.128231

GRMZM2G329901 3 92619759 92622461 54 84 24 0.286 -1.81 0.00808 1

GRMZM2G447617 9 138313207 138318850 103 159 47 0.296 -1.76 0.00044 0.716806

GRMZM2G164672 1 174565242 174567097 41 63 19 0.302 -1.73 0.02692 1

GRMZM2G567165 8 175368134 175368905 84 126 42 0.333 -1.58 0.00367 1

GRMZM5G820460 8 115129008 115132520 47 69 25 0.362 -1.46 0.04245 1

GRMZM2G003509 1 173228625 173239064 87.5 126 49 0.389 -1.36 0.01026 1

GRMZM2G160454 1 100582509 100597087 97.5 139 56 0.403 -1.31 0.00924 1

GRMZM2G358467 7 155357127 155362685 229 324 134 0.414 -1.27 0.00025 0.474774

GRMZM2G055785 9 154892656 154908620 102 142 62 0.437 -1.2 0.01506 1
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GRMZM2G162749 1 14850871 14853754 106 140 72 0.514 -0.96 0.04601 1

GRMZM5G824689 2 169527689 169528070 153 201 104 0.517 -0.95 0.01998 1

GRMZM2G372870 8 29714274 29717537 150 197 103 0.523 -0.94 0.02296 1

GRMZM2G344991 4 82192846 82197276 126 164 87 0.53 -0.91 0.03984 1

GRMZM2G081907 5 215618421 215626793 157 202 111 0.55 -0.86 0.03228 1

GRMZM2G012324 7 5128016 5130109 284 353 214 0.606 -0.72 0.02257 1

GRMZM2G107739 6 153498773 153503669 204 253 154 0.609 -0.72 0.04707 1

GRMZM2G017868 5 213289130 213295320 511 615 406 0.66 -0.6 0.02042 1

GRMZM2G100391 5 8334096 8337341 619 745 492 0.66 -0.6 0.0142 1

GRMZM5G806182 2 53844508 53845943 694 829 558 0.673 -0.57 0.01572 1
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Table 5: Transposable Elements (TEs) transcriptionally up-regulated in rpd1 mutants in the sense orientation (padj < 0.1)

ID* chr start_pos end_pos

Base
Mean
WT

Base
Mean
rpd1

Fold
Change

log2
Fold
Change pval padj

RLG_riiryl_AC193745_3743_5_68537942_68538317 5 68537942 68538317 0 51 - - 2.59E-10 1.13E-05

RLG_ubid_AC210086_10583_10_136930048_136931238 10 136930048 136931238 0 47 - - 1.14E-09 3.11E-05

RLG_riiryl_AC193745_3743_5_68537942_68538470 5 68537942 68538470 0 40 - - 1.62E-08 0.000237

RLX_uwum_AC177933_415_2_98552904_98553550 2 98552904 98553550 0 39 - - 2.39E-08 0.000328

RLX_name_AC197689_5725_7_10972520_10972677 7 10972520 10972677 0 38 - - 3.54E-08 0.00043

RLG_flip_AC208040_9765_7_141400946_141402346 7 141400946 141402346 0 33 - - 2.57E-07 0.002083

RLX_uwum_AC177933_415_2_46097293_46097977 2 46097293 46097977 0 33 - - 2.57E-07 0.002083

RLX_uwum_AC177933_415_7_69583612_69584091 7 69583612 69584091 0 32 - - 3.84E-07 0.002807

RLG_gati_AC195589_4669_5_64523813_64527763 5 64523813 64527763 0 30 - - 8.69E-07 0.004879

RLG_huck_AC186603_1556_2_201489236_201498070 2 201489236 201498070 0 29 - - 1.31E-06 0.007179

RLG_gati_AC195589_4669_5_64523813_64527210 5 64523813 64527210 0 27 - - 3.01E-06 0.013744

RLC_debeh_AC177840_246_3_6664909_6670393 3 6664909 6670393 0 26 - - 4.58E-06 0.016729

RLG_cinful-zeon_AC186530_1513_6_43779174_43783397 6 43779174 43783397 0 26 - - 4.58E-06 0.016729

RLG_flip_AC213672_12280_9_98106655_98108053 9 98106655 98108053 0 26 - - 4.58E-06 0.016729

RLG_flip_AC213672_12280_9_98114011_98115598 9 98114011 98115598 0 26 - - 4.58E-06 0.016729

RLX_uwum_AC177933_415_1_281817434_281817995 1 281817434 281817995 0 26 - - 4.58E-06 0.016729

RLG_grande_AC214148_12520_9_114500688_114507635 9 114500688 114507635 0 25 - - 7.00E-06 0.023241

RLG_gyma_AC190530_2365_7_141393291_141393431 7 141393291 141393431 0 24 - - 1.07E-05 0.033577

RLX_uwum_AC177933_415_9_114512918_114513464 9 114512918 114513464 0 23 - - 1.65E-05 0.047547

RLG_prem1_AC200105_6751_1_212119679_212121103 1 212119679 212121103 0 22 - - 2.55E-05 0.066376

RLG_flip_AC208040_9765_3_33191773_33193399 3 33191773 33193399 0 21 - - 3.94E-05 0.079951

RLG_flip_AC208040_9765_5_164690415_164691806 5 164690415 164691806 0 21 - - 3.94E-05 0.079951

RLG_flip_AC208040_9765_5_164690415_164691815 5 164690415 164691815 0 21 - - 3.94E-05 0.079951

RLG_gyma_AC189750_2238_7_141394299_141394484 7 141394299 141394484 0 21 - - 3.94E-05 0.079951

RLX_uwum_AC177933_415_9_98108785_98109335 9 98108785 98109335 0 21 - - 3.94E-05 0.079951



RLG_gyma_AC197250_5506_7_69580617_69581914 7 69580617 69581914 1 78 78 6.29 3.98E-13 4.36E-08

RLG_flip_AC193970_3791_7_141392495_141393270 7 141392495 141393270 1 50 50 5.64 4.95E-09 0.000108

RLG_neha_AC215285_13046_8_143766280_143766943 8 143766280 143766943 1 47 47 5.55 1.44E-08 0.000226

RLX_ikukob_AC185251_1004_9_98105607_98106654 9 98105607 98106654 1 39 39 5.29 2.68E-07 0.002097

RLG_flip_AC208040_9765_5_64531532_64533157 5 64531532 64533157 1 33 33 5.04 2.57E-06 0.012499

RLG_xilon-diguus_AC203313_7774_8_143767124_143775830 8 143767124 143775830 1 32 32 5 3.77E-06 0.016174

RLG_huck_AC199418_6452_5_152163413_152170580 5 152163413 152170580 2 61 30.5 4.93 8.65E-10 3.11E-05

RIX_ogepy_AC198740-0_10_142977228_142979196 10 142977228 142979196 1 28 28 4.81 1.78E-05 0.050531

RLG_flip_AC203163_7675_8_109451925_109453518 8 109451925 109453518 1 27 27 4.75 2.63E-05 0.066432

RLX_uwum_AC177933_415_7_69583263_69583915 7 69583263 69583915 1 27 27 4.75 2.63E-05 0.066432

RLG_gyma_AC190530_2365_7_135630814_135630904 7 135630814 135630904 1 26 26 4.7 3.91E-05 0.079951

RLG_gyma_AC190530_2365_8_143627455_143627592 8 143627455 143627592 1 26 26 4.7 3.91E-05 0.079951

RLX_uwum_AC177933_415_7_141399418_141399975 7 141399418 141399975 1 26 26 4.7 3.91E-05 0.079951

RLX_uwum_AC177933_415_7_141399418_141400069 7 141399418 141400069 1 26 26 4.7 3.91E-05 0.079951

RLG_gyma_AC190530_2365_2_81295347_81295764 2 81295347 81295764 2 41 20.5 4.36 7.86E-07 0.004761

RLC_ji_AC213834_12382_1_86254553_86256292 1 86254553 86256292 2 36 18 4.17 4.66E-06 0.016729

RLG_gyma_AC189750_2238_7_135630991_135631204 7 135630991 135631204 2 36 18 4.17 4.66E-06 0.016729

RLX_name_AC197689_5725_7_130087045_130087943 7 130087045 130087943 2 35 17.5 4.13 6.67E-06 0.022844

RLG_cinful-zeon_AC186614_1565_7_141402347_141408009 7 141402347 141408009 4 67 16.8 4.07 3.29E-09 8.01E-05

RLG_flip_AC208040_9765_2_98554443_98555843 2 98554443 98555843 2 32 16 4 1.98E-05 0.053501

RLX_uwum_AC177933_415_7_141399242_141399720 7 141399242 141399720 3 47 15.7 3.97 4.57E-07 0.003129

RLG_huck_AC210079_10574_5_152170570_152173940 5 152170570 152173940 2 31 15.5 3.95 2.85E-05 0.06935

RLG_gyma_AC197250_5506_9_69638164_69639472 9 69638164 69639472 3 36 12 3.58 1.87E-05 0.051206

RLG_flip_AC203163_7675_1_86315511_86316534 1 86315511 86316534 4 42 10.5 3.39 8.49E-06 0.027774

RLG_flip_AC213672_12280_2_158752424_158754021 2 158752424 158754021 5 51 10.2 3.35 1.56E-06 0.00833

RLG_huck_AC186603_1556_2_224027111_224035177 2 224027111 224035177 4 40 10 3.32 1.62E-05 0.047424

RLG_huck_AC213042_12069_2_224027323_224035211 2 224027323 224035211 4 40 10 3.32 1.62E-05 0.047424

RLG_flip_AC211750_11412_3_75893792_75902543 3 75893792 75902543 6 57 9.5 3.25 7.61E-07 0.004761

RLG_gyma_AC197250_5506_4_132485370_132488538 4 132485370 132488538 4 38 9.5 3.25 3.11E-05 0.074875

RLG_gyma_AC206653_9288_3_122968565_122969796 3 122968565 122969796 11 100 9.09 3.18 1.05E-09 3.11E-05
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RLC_ufonah_AC194064_3852_3_36224716_36225104 3 36224716 36225104 6 54 9 3.17 1.84E-06 0.009579

RLG_fege_AC205532_8884_3_36224420_36224976 3 36224420 36224976 10 89 8.9 3.15 6.52E-09 0.00013

RLC_eninu_AC191055_2893_7_23251321_23252206 7 23251321 23252206 5 43 8.6 3.1 1.83E-05 0.050746

RLG_gyma_AC206653_9288_3_122968841_122969796 3 122968841 122969796 10 82 8.2 3.04 3.89E-08 0.000448

RLG_gyma_AC197250_5506_4_132480451_132487368 4 132480451 132487368 5 41 8.2 3.04 3.40E-05 0.079951

RLG_doke_AC186158_1307_2_156333325_156335934 2 156333325 156335934 5 40 8 3 4.64E-05 0.091632

RLX_naseup_AC196428_5108_9_69638177_69640432 9 69638177 69640432 11 87 7.91 2.98 2.64E-08 0.00034

ZM_hAT_noncoding_50_9_134748879_134749613 9 134748879 134749613 6 47 7.83 2.97 1.45E-05 0.043576

RLC_stonor_AC212476_11849_1_270055675_270058949 1 270055675 270058949 9 67 7.44 2.9 8.04E-07 0.004761

RLG_kubi_AC196180_5016_5_123948436_123953884 5 123948436 123953884 11 81 7.36 2.88 1.18E-07 0.001176

RLC_ruda_AC202870_7495_3_106634563_106637367 3 106634563 106637367 6 44 7.33 2.87 3.54E-05 0.079951

RLC_ufonah_AC194064_3852_3_36223389_36224416 3 36223389 36224416 10 72 7.2 2.85 5.07E-07 0.003365

RLX_tekay_AC200856_6996_2_81357062_81359342 2 81357062 81359342 7 48 6.86 2.78 2.67E-05 0.066458

RLG_yfages_AC197085_5383_3_36221587_36223382 3 36221587 36223382 29 196 6.76 2.76 1.04E-12 7.63E-08

ZM_CACTA_72_7_130096081_130096236 7 130096081 130096236 7 47 6.71 2.75 3.55E-05 0.079951

RLG_cinful-zeon_AC200200_6794_9_114399763_114404771 9 114399763 114404771 8 51 6.38 2.67 2.64E-05 0.066432

RLX_wihov_AC205351_8739_5_37681535_37685633 5 37681535 37685633 20 121 6.05 2.6 8.87E-09 0.000162

RLX_milt_AC211742_11402_3_122962737_122968593 3 122962737 122968593 96 565 5.89 2.56 1.84E-21 4.02E-16

RLG_grande_AC214148_12520_3_122969795_122974009 3 122969795 122974009 12 68 5.67 2.5 6.31E-06 0.021932

RLX_uwum_AC177933_415_1_55814686_55814995 1 55814686 55814995 14 76 5.43 2.44 3.58E-06 0.015669

RLG_cinful-zeon_AC207332_9527_1_55862366_55865795 1 55862366 55865795 28 144 5.14 2.36 1.02E-08 0.000172

RLG_xilon-diguus_AC195486_4629_2_224041158_224043549 2 224041158 224043549 18 82 4.56 2.19 1.01E-05 0.032598

RLC_opie_AC187207_1792_2_45609280_45609761 2 45609280 45609761 21 89 4.24 2.08 1.13E-05 0.034789

RLC_ji_AC213834_12382_2_107514920_107521693 2 107514920 107521693 26 108 4.15 2.05 3.10E-06 0.013864

RLC_opie_AC187207_1792_2_45609280_45613173 2 45609280 45613173 27 111 4.11 2.04 2.81E-06 0.013372

RLG_xilon-diguus_AC203313_7774_2_107510853_107513945 2 107510853 107513945 43 166 3.86 1.95 1.75E-07 0.001668

RLC_ji_AC213834_12382_2_107514360_107521693 2 107514360 107521693 31 118 3.81 1.93 4.50E-06 0.016729

RLG_xilon-diguus_AC203313_7774_2_107511946_107514359 2 107511946 107514359 26 95 3.65 1.87 3.45E-05 0.079951

RLG_xilon-diguus_AC195486_4629_2_224039282_224045408 2 224039282 224045408 51 183 3.59 1.84 2.35E-07 0.002083

Type II Transposons/TIR_5_98657883_98658114 5 98657883 98658114 30 107 3.57 1.83 2.04E-05 0.054403

173
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RLC_stonor_AC212476_11849_4_232057482_232060741 4 232057482 232060741 32 107 3.34 1.74 4.33E-05 0.086643

RLX_milt_AC209648_10275_9_148227395_148228110 9 148227395 148228110 56 172 3.07 1.62 5.15E-06 0.018194

* IDs in this table correspond to the TE family designation generated by the Maize Transposable Element Consortium (MTEC)
followed by the chromosome number, followed by the start and end position, separated by underscores.
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Table 6: Transposable Elements (TEs) transcriptionally down-regulated in rpd1 mutants in the sense orientation
(padj < 0.1)

ID* chr start_pos end_pos

Base
Mean
WT

Base
Mean
rpd1

Fold
Change

log2
Fold
Change pval padj

ZM_hAT_8_1_187649736_187649974 1 187649736 187649974 65 0 0 - 1.79E-12 9.80E-08

ZM_Tourist_52_1_187398065_187398205 1 187398065 187398205 35 0 0 - 1.15E-07 0.00118

ZM_Tourist_36_1_187398002_187398180 1 187398002 187398180 33 0 0 - 2.57E-07 0.00208

ZM_Tourist_36_1_187398002_187398113 1 187398002 187398113 26 0 0 - 4.58E-06 0.01673

ZM_CACTA_72_1_183985174_183985297 1 183985174 183985297 25 0 0 - 7.00E-06 0.02324

RLC_udav_AC196188_5022_1_213652763_213652908 1 213652763 213652908 24 0 0 - 1.07E-05 0.03358

ZM_hAT_noncoding_27_9_142961901_142962077 9 142961901 142962077 26 1 0.038 -4.7 3.91E-05 0.07995

RLG_prem1_AC191715_3282_1_140036824_140038266 1 140036824 140038266 48 3 0.063 -4 3.28E-07 0.00248

RLG_gyma_AC197250_5506_1_124277699_124278340 1 124277699 124278340 31 2 0.065 -3.95 2.85E-05 0.06935

ZM_PIF/Harbinger_20_1_195336736_195336934 1 195336736 195336934 34 3 0.088 -3.5 3.71E-05 0.07995

RLX_uwum_AC177933_415_1_185224889_185225695 1 185224889 185225695 44 4 0.091 -3.46 4.46E-06 0.01673

RLX_uwum_AC177933_415_1_145057824_145058473 1 145057824 145058473 59 6 0.102 -3.3 4.24E-07 0.003

RLG_gyma_AC189750_2238_1_114471080_114472780 1 114471080 114472780 49 5 0.102 -3.29 2.88E-06 0.01341

RLG_doke_AC197224_5479_1_116025050_116036390 1 116025050 116036390 72 8 0.111 -3.17 8.39E-08 0.00092

RLG_muojo_AC186807_1674_1_117112957_117113960 1 117112957 117113960 43 5 0.116 -3.1 1.83E-05 0.05075

RIX_nugimu_AC203843-0_1_117139820_117140614 1 117139820 117140614 43 6 0.14 -2.84 4.76E-05 0.09319

RLX_maono_AC208340_9832_1_195765197_195767278 1 195765197 195767278 50 8 0.16 -2.64 3.47E-05 0.07995

ZM_CACTA_53_4_204597084_204599171 4 204597084 204599171 52 9 0.173 -2.53 4.35E-05 0.08664

RLX_uwum_AC177933_415_1_145057824_145058623 1 145057824 145058623 75 13 0.173 -2.53 2.32E-06 0.01154

ZM_CACTA_50_1_202435391_202435514 1 202435391 202435514 57 10 0.175 -2.51 2.44E-05 0.06427

RLX_naseup_AC196428_5108_2_102194035_102195050 2 102194035 102195050 99 20 0.202 -2.31 8.61E-07 0.00488

RLC_opie_AC198173_5898_5_82419694_82421297 5 82419694 82421297 81 18 0.222 -2.17 1.25E-05 0.03809

RLX_ebel_AC213044_12072_1_158320241_158324014 1 158320241 158324014 116 26 0.224 -2.16 6.91E-07 0.00445

RLG_prem1_AC184142_802_1_107313044_107313422 1 107313044 107313422 81 20 0.247 -2.02 3.48E-05 0.07995

RLX_naseup_AC196428_5108_2_102192015_102194076 2 102192015 102194076 150 43 0.287 -1.8 2.09E-06 0.01063
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Table 7: Transposable Elements (TEs) transcriptionally up-regulated in rpd1 mutants in the antisense orientation
(padj < 0.1)

ID* chr start_pos end_pos

Base
Mean
WT

Base
Mean
rpd1

Fold
Change

log2
Fold
Change pval padj

RLG_xilon-diguus_AC195486_4629_2_158762498_158763219 2 158762498 158763219 4 93 23.3 4.54 1.47E-07 0.010244

RLG_dagaf_AC208646_9966_9_69644374_69648016 9 69644374 69648016 13 187 14.4 3.85 4.66E-12 9.74E-07

RLX_avahi_AC191363_3084_4_63005326_63007571 4 63005326 63007571 13 118 9.08 3.18 9.61E-07 0.050276

RLG_dagaf_AC195302_4533_6_21482822_21491470 6 21482822 21491470 48 223 4.65 2.22 1.33E-07 0.010244
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Appendix V

Custom Perl scripts used for GRO-seq library analyses

Below are the Perl scripts I have written during the course of this thesis for
analyzing GRO-seq data sets (Chapter 4).

Table of Contents

metagene_windows_1kbup_S_AS.pl…………………………………………………..176
metagene_windows_1kbdown_S_AS.pl……………………………………………….183
list_flanks_2_genes_compare.pl…………………………………………..…………....190
list_genes_2_flanks_compare.pl………………………………………………...……...192
1kb_flanks_asIDs.pl……………………………………………………………...…….194
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#!/usr/local/bin/perl

# metagene_windows_1kbup_S_AS.pl made by Karl Erhard September 28th, 2011
#
# Performs sliding "metagene" analysis on a set of aligned, sorted reads in SAM format
using a Gff3 file of annotated genes and 1kb of flanking sequence, for both sense- and
antisense-oriented reads, with respect to 1kb UPSTREAM (5') of genes and the first 1000
bp of annotated genes where the start site is considered to be the annotated transcription
start site (TSS)
#
# Status: functional
#
# NOTES:
#
# 1. if the $WINDOW_SIZE and $WINDOW_STEP parameters are changed, the number
of windows specified in the sense (line 51) and antisense (line 59) hashes must be
changed as well.  391 is the number of 5 bp sliding 50 bp windows that are contained
across 2kb
# 2. to save reads and corresponding gff entry that map to specific windows, remove
comment hashes from lines 30-32, 34, 104, 220, 232 and specify windows of interest on
line 30
#
# Input:  argument1 - aligned, sorted reads from one chromosome in SAM format
(usually from Bowtie, #but could be any alignment method, as long as the file is in SAM
format)
#   argument2 - Gff3 file of genes only from the same chromosome
#   argument3 - tab delimited counts table for each window (391)

#
# Output: two (sense and antisense) tab delimited lists with the columns:
# 1. metagene position
# 2. number of reads mapping to metagene position (position 1 of alignment
counted)
#
# use strict; use warnings;

# constants
$START = 3;
$END = 4;
$WINDOW_SIZE = 49;
$WINDOW_STEP = 5;

#for($z = 126; $z < 136; $z++){
# $saveregion{$z}=1;
#}
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#open (OUTSAVEREGION,">>hitstofavoritewindows.txt");

# defines input and output variables and files
$sam = $ARGV[0];
$gff = $ARGV[1];
$outfile = $ARGV[2];
#print "sam = $sam\n";
#appends output of program to output file, specified at command line as third argument
open(OUTPUT_S, ">>". $outfile."_S");
#appends output of program to output file, specified at command line as third argument
open(OUTPUT_AS, ">>". $outfile."_AS");
# opens input file as the $sam variable, specified at command line as first argument
open(INPUT1, "<". $sam);
# opens input file as the $gff variable, specified at command line as second argument
open(INPUT2, "<". $gff);

# defines %counts_S hash:  keys are 1 through 391 (corresponding to 5bp shifting 50 bp
windows over 2kb, see gff_read subroutine below) and values are set to zero initially
for ($a = 1; $a < 392; $a++) {

$counts_S{$a} = 0;
}
#foreach $sense_counts (sort {$a <=> $b} keys %counts_S) {
# print "$sense_counts $counts_S{$sense_counts}\n";
#}
print "sense counts hash made\n";
# defines %counts_AS hash:  keys are 1 through 391 (corresponding to 5bp shifting 50
bp windows over 2kb, made by gff_read subroutine below) and values are set to zero
initially
for ($b = 1; $b < 392; $b++) {

$counts_AS{$b} = 0;
}
#foreach $antisense_counts (sort {$a <=> $b} keys %counts_AS) {
# print "$antisense_counts $counts_AS{$antisense_counts}\n";
#}
print "antisense counts hash made\n";

# reads a line of gff3 file from INPUT2 and defines it as the variable $line_gff
$line_gff = <INPUT2>;
# defines each line of INPUT1 as the variable $line_sam, for each time program loops
over file
while ($line_sam = <INPUT1>) {
# removes \n returns from ends of lines

chomp ($line_sam);
# takes care of SAM header:  if line DOES not start with the symbol "@", move on to
next line of code, otherwise exit

if (substr($line_sam,0,1) ne "@") {
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# splits the string $line_sam into the array @columns_sam by tabs (\t) - these tabs are lost
in the array that is made

@columns_sam = split("\t", $line_sam);
# defines variables as different columns of the line being read from the SAM file:
# $strand_sam variable defines the strand of the read, located in 2nd column of SAM file
($columns_sam[1])
# $x variable defines the "position" of the read, the first base pair of the alignment,
located in the 4th column of the SAM file ($columns_sam[3])

$strand_sam = $columns_sam[1];
$x = $columns_sam[3];

# if the read maps to the reverse strand (value of 16 in the 2nd column of the SAM file),
the position of the read is defined as $x + 40

if ($strand_sam == 16) {
$x = $x + 40;

}
#print "position is $x\tstrand is $strand_sam \n";

# calls sub routine gff_read (see below)
gff_read();

} #if sam line not a header
else {

print "sam header\n";
}

} #while sam line to read
foreach my $key_S (sort {$a <=> $b} keys %counts_S) {

print OUTPUT_S "$key_S $counts_S{$key_S}\n";
}
foreach my $key_AS (sort {$a <=> $b} keys %counts_AS) {

print OUTPUT_AS "$key_AS $counts_AS{$key_AS}\n";
}
close INPUT1;
close INPUT2;
close OUTPUT_S;
close OUTPUT_AS;
#close OUTSAVEREGION;

#############
sub gff_read {

#print "gff_read subroutine was called\n";
# defines $hitfound variable as 0 each time gff_read is run to clear it

$hitfound = 0;
# deals with looping issue:  IF the $hitfound variable has been changed somewhere in this
loop (eg., if the previous $x position was less than the $effective_start position of the gff
line being read [see line 138], OR if the $x position was within the $start-$end interval
[see line 144]) THEN the while loop is exited and a new line of the SAM file is read

while ($hitfound == 0 && $line_gff) {
chomp ($line_gff);
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# takes care of gff3 header:  if line does not start with the symbol "#", move on to next
line of code, otherwise exit

if (substr($line_gff,0,1) ne "#") {
# splits the string $line_gff into the array @columns_gff by tabs (\t) - these tabs are lost
in the array that is made

@columns_gff = split("\t", $line_gff);
# defines variables as different columns of the line being read from the GFF3 file:
# $start variable defines the start position of the window, located in the 4th column of the
GFF3 file ($columns_gff[3])
# $end variable defines the end position of the window, located in the 5th column of the
GFF3 file ($columns_gff[4])
# $strand_gff variable defines the strand of the window, located in the 7th column of the
GFF3 file ($columns_gff[6])

$start = $columns_gff[3];
  $end = $columns_gff[4];
  $strand_gff = $columns_gff[6];

# DEFINES EFFECTIVE STARTS AND ENDS of gff3 line for search function
  if ($strand_gff eq "+") {
  #print "gff line was + stranded\n";
  $effective_start = $start - 1000;
  $effective_end = $start + 1000;
  }
  else { # strand eq "-"

  #print "gff line was - stranded\n";
  $effective_start = $end - 1000;
  $effective_end = $end + 1000;
  }
# SEARCH FUNCTION for $x position from sam line
# if $x position is less than the $start position of the gff line being read….

if ($x < $effective_start) {
$hitfound = 4;

# ...then forces escape from gff_read subroutine while loop since $hitfound will not equal
0 (see line 112) - a new line from SAM file will be read as a result

#print "$x was less than or equal to the effective
start of the gff line $effective_start\n";

}
# IF $x position is NOT greater than $start position AND is ALSO less than the $end
position of the gff line being read, THEN the $x position will be evaluated further...

elsif ($x < $effective_end) {
# defining $hitfound = 1 forces exit from the while loop within the gff_read subroutine
(see line 112) and a new line of the SAM file to be read

$hitfound = 1;
#print "read is within gene interval \n";

#################  INITIALIZES AND CLEARS %WINDOWS HASH EVERY
TIME A READ IS FOUND IN A GENE INTERVAL
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%windows = ();
# makes windows from plus stranded gff lines

if ($strand_gff eq "+") {
#print "strand of gff line was +\n";

# subtracts 1000 from the fourth element of the array (in the [3] position, specified by the
constant $START in line 25) and assigns it to the variable $newstart

$newstart = $columns_gff[$START] - 1000;
# adds 1000 to the fourth element of the array (in the [3] position, specified by the
constant $START in line 25) and assigns it to the variable $newend

$newend = $columns_gff[$START] + 1000;
# starts $i variable (counter) at 0

$c = 0;
while ((($newstart + $WINDOW_SIZE) + ($c *

$WINDOW_STEP)) < $newend) {
$window_start = $newstart + ($c *

$WINDOW_STEP);
#$window_end = ($newstart +

$WINDOW_SIZE) + ($i * $WINDOW_STEP);
$c++;
$window_id = $c;
#print "window_id is $i\n";
#print

"$i\t$window_start\t$window_end\n";
# defines the %windows hash

$windows{$window_id} = $window_start;
} # while loop for - strand
#foreach $key_plus (sort {$a <=> $b} keys

%windows) {
# print "$key_plus $windows{$key_plus}\n";
#}

} # if $strand_gff eq "+"
# makes windows from minus stranded gff lines

else { #$strand_gff eq "-"
# adds 1000 to the fifth element of the array (in the [4] position, specified by the constant
$END in line 26) and assigns it to the variable $newstart

#print "strand of gff line was -\n";
$newstart = $columns_gff[$END] + 1000;

# subtracts 1000 from the fifth element of the array (in the [4] position, specified by the
constant $END in line 26) and assigns it to the variable $newend

$newend = $columns_gff[$END] - 1000;
# starts $i variable (counter) at 0

$d = 0;
while ((($newstart - $WINDOW_SIZE) - ($d *

$WINDOW_STEP)) > $newend) {
$window_start = ($newstart -

$WINDOW_SIZE) - ($d * $WINDOW_STEP);
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#$window_end = $newstart - ($i *
$WINDOW_STEP);

$d++;
$window_id = $d;
#print "window_id is $i\n";
#print

"$i\t$window_start\t$window_end\n";
# defines the %windows hash

$windows{$window_id} = $window_start;
} # while loop for - strand
#foreach $key_minus (sort {$a <=> $b} keys

%windows) {
# print "$key_minus

$windows{$key_minus}\n";
#}

} # else $strand_gff eq "-"

############ DEFINES @WINDOW_KEYS ARRAY AS THE KEYS OF THE
%WINDOWS HASH (for counting)

@window_keys = keys %windows;
# for loop to generate keys to %windows hash

for ($hashkey = 1; $hashkey < 392; $hashkey++) {
#print "$hashkey\t$windows{$hashkey}\n";

# defines $window_end variable as the value $windows{$hashkey} + 49
$window_end = $windows{$hashkey} + 49;
#print

"$windows{$hashkey}\t$x\t$window_end\n";
# IF the $x position value is greater than the $window_start, defined by the value
$windows{$hashkey} AND less than the $window_start, defined above as
$windows{$hashkey} + 49 (ie., if read position is located in window interval of hash
entry being read), go on to next line of code

if ($windows{$hashkey} < $x && $x <
$window_end) {

#print "read is within window\n";
if ($strand_sam == 0) {

#print "read was on forward
strand\n";

if ($strand_gff eq "+") {
#print "gff line was on

forward strand\n";
$counts_S{$hashkey}++;
#print "sense hit\n";

}
else { # $strand_gff eq "-"

#print "gff line was on
reverse strand\n";
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$counts_AS{$hashkey}++;
if ($saveregion{$hashkey}){

#print
OUTSAVEREGION "$line_sam\n$line_gff\n";

}
#print "antisense hit\n";

}
}
else { # $strand_sam == 16

#print "read was on reverse
strand\n";

if ($strand_gff eq "+") {
#print "gff line was on

forward strand\n";
$counts_AS{$hashkey}++;
#print "antisense hit\n";
if ($saveregion{$hashkey}){

#print
OUTSAVEREGION "$line_sam\n$line_gff\n";

}
}
else { #$strand_gff eq "-"

#print "gff line was on
reverse strand\n";

$counts_S{$hashkey}++;
#print "sense hit\n";

}
}

}
# read was located in interval, read next hash entry

else {
#print "read was not in window\n";

}
} # for loop over %window hash

} # elsif $x < $end
else {

$line_gff = <INPUT2>;
#print "$x was greater than or equal to the effective end of

the gff line $effective_end\n";
}

}#if header
else {

$line_gff = <INPUT2>;
}

}#while
}#sub
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#!/usr/local/bin/perl

# metagene_windows_1kbdown_S_AS.pl made by Karl Erhard October 4th, 2011
#
# Performs "metagene" analysis on a set of aligned, sorted reads in SAM format using a
Gff3 file of annotated genes and 1kb of flanking sequence, for both sense- and antisense-
oriented reads, with respect to 1kb DOWNSTREAM (3') of genes and the last 1000 bp of
annotated genes where the end site is considered to be the TRANSCRIPT END (NOT
THE TRANSLATION TERMINATION END).
#
# Status: functional
#
# NOTES:
#
# 1. if the $WINDOW_SIZE and $WINDOW_STEP parameters are changed, the number
of windows specified in the sense (line 51) and antisense (line 59) hashes must be
changed as well.  391 is the number of 5 bp sliding 50 bp windows that are contained
across 2kb
# 2. to save reads and corresponding gff entry that map to specific windows, remove
comment hashes from lines 30-32, 34, 104, 220, 232 and specify windows of interest on
line 30
#
# Input:  argument1 - aligned, sorted reads from one chromosome in SAM format
(usually from Bowtie, #but could be any alignment method, as long as the file is in SAM
format)
#   argument2 - Gff3 file of genes only from the same chromosome
#   argument3 - name of output file
#
# Output: two (sense and antisense) tab delimited lists with the columns:
# 1. metagene position
# 2. number of reads mapping to metagene position (position 1 of alignment
counted)
#
# use strict; use warnings;

# constants
$START = 3;
$END = 4;
$WINDOW_SIZE = 49;
$WINDOW_STEP = 5;

#for($z = 206; $z < 216; $z++){
# $saveregion{$z}=1;
#}

#open (OUTSAVEREGION,">>hitstofavoritewindows.txt");
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# defines input and output variables and files
$sam = $ARGV[0];
$gff = $ARGV[1];
$outfile = $ARGV[2];
#print "sam = $sam\n";
#appends output of program to output file, specified at command line as third argument
open(OUTPUT_S, ">>". $outfile."_S");
#appends output of program to output file, specified at command line as third argument
open(OUTPUT_AS, ">>". $outfile."_AS");
# opens input file as the $sam variable, specified at command line as first argument
open(INPUT1, "<". $sam);
# opens input file as the $gff variable, specified at command line as second argument
open(INPUT2, "<". $gff);

# defines %counts_S hash:  keys are 1 through 396 (corresponding to 5bp shifting 50 bp
windows over 2kb, see gff_window subroutine below) and values are set to zero initially
for ($a = 1; $a < 392; $a++) {

$counts_S{$a} = 0;
}
#foreach $sense_counts (sort {$a <=> $b} keys %counts_S) {
# print "$sense_counts $counts_S{$sense_counts}\n";
#}
print "sense counts hash made\n";
# defines %counts_AS hash:  keys are 1 through 396 (corresponding to 5bp shifting 50
bp windows over 2kb, made by gff_window subroutine below) and values are set to zero
initially
for ($b = 1; $b < 392; $b++) {

$counts_AS{$b} = 0;
}
#foreach $antisense_counts (sort {$a <=> $b} keys %counts_AS) {
# print "$antisense_counts $counts_AS{$antisense_counts}\n";
#}
print "antisense counts hash made\n";

# reads a line of gff3 file from INPUT2 and defines it as the variable $line_gff
$line_gff = <INPUT2>;
# defines each line of INPUT1 as the variable $line_sam, for each time program loops
over file
while ($line_sam = <INPUT1>) {
# removes \n returns from ends of lines

chomp ($line_sam);
# takes care of SAM header:  if line DOES not start with the symbol "@", move on to
next line of code, otherwise exit

if (substr($line_sam,0,1) ne "@") {
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# splits the string $line_sam into the array @columns_sam by tabs (\t) - these tabs are lost
in the array that is made

@columns_sam = split("\t", $line_sam);
# defines variables as different columns of the line being read from the SAM file:
# $strand_sam variable defines the strand of the read, located in 2nd column of SAM file
($columns_sam[1])
# $x variable defines the "position" of the read, the first base pair of the alignment,
located in the 4th column of the SAM file ($columns_sam[3])

$strand_sam = $columns_sam[1];
$x = $columns_sam[3];

# if the read maps to the reverse strand (value of 16 in the 2nd column of the SAM file),
the position of the read is defined as $x + 40

if ($strand_sam == 16) {
$x = $x + 40;

}
#print "position is $x\tstrand is $strand_sam \n";

# calls sub routine gff_read (see below)
gff_read();

} #if sam line not a header
else {

print "sam header\n";
}

} #while sam line to read
foreach my $key_S (sort {$a <=> $b} keys %counts_S) {

print OUTPUT_S "$key_S $counts_S{$key_S}\n";
}
foreach my $key_AS (sort {$a <=> $b} keys %counts_AS) {

print OUTPUT_AS "$key_AS $counts_AS{$key_AS}\n";
}
close INPUT1;
close INPUT2;
close OUTPUT_S;
close OUTPUT_AS;
#close OUTSAVEREGION;

#############
sub gff_read {

#print "gff_read subroutine was called\n";
# defines $hitfound variable as 0 each time gff_read is run to clear it

$hitfound = 0;
# deals with looping issue:  IF the $hitfound variable has been changed somewhere in this
loop (eg., if the previous $x position was less than the $effective_start position of the gff
line being read [see line 138], OR if the $x position was within the $start-$end interval
[see line 144]) THEN the while loop is exited and a new line of the SAM file is read

while ($hitfound == 0 && $line_gff) {
chomp ($line_gff);
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# takes care of gff3 header:  if line does not start with the symbol "#", move on to next
line of code, otherwise exit

if (substr($line_gff,0,1) ne "#") {
# splits the string $line_gff into the array @columns_gff by tabs (\t) - these tabs are lost
in the array that is made

@columns_gff = split("\t", $line_gff);
# defines variables as different columns of the line being read from the GFF3 file:
# $start variable defines the start position of the window, located in the 4th column of the
GFF3 file ($columns_gff[3])
# $end variable defines the end position of the window, located in the 5th column of the
GFF3 file ($columns_gff[4])
# $strand_gff variable defines the strand of the window, located in the 7th column of the
GFF3 file ($columns_gff[6])

$start = $columns_gff[3];
  $end = $columns_gff[4];
  $strand_gff = $columns_gff[6];

# DEFINES EFFECTIVE STARTS AND ENDS of gff3 line for search function
  if ($strand_gff eq "+") {
  #print "gff line was + stranded\n";
  $effective_start = $end - 1000;
  $effective_end = $end + 1000;
  }
  else { # strand eq "-"

  #print "gff line was - stranded\n";
  $effective_start = $start - 1000;
  $effective_end = $start + 1000;
  }
# SEARCH FUNCTION for $x position from sam line
# if $x position is less than the $start position of the gff line being read….

if ($x < $effective_start) {
$hitfound = 4;

# ...then forces escape from gff_read subroutine while loop since $hitfound will not equal
0 (see line 112) - a new line from SAM file will be read as a result

#print "$x was less than or equal to the effective
start of the gff line $effective_start\n";

}
# IF $x position is NOT greater than $start position AND is ALSO less than the $end
position of the gff line being read, THEN the $x position will be evaluated further...

elsif ($x < $effective_end) {
# defining $hitfound = 1 forces exit from the while loop within the gff_read subroutine
(see line 112) and a new line of the SAM file to be read

$hitfound = 1;
#print "read is within gene interval \n";

#################  INITIALIZES AND CLEARS %WINDOWS HASH EVERY
TIME A READ IS FOUND IN A GENE INTERVAL
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%windows = ();
# makes windows from plus stranded gff lines

if ($strand_gff eq "+") {
#print "strand of gff line was +\n";

# subtracts 1000 from the fourth element of the array (in the [3] position, specified by the
constant $END in line 26) and assigns it to the variable $newstart

$newstart = $columns_gff[$END] - 1000;
# adds 1000 to the fourth element of the array (in the [3] position, specified by the
constant $END in line 26) and assigns it to the variable $newend

$newend = $columns_gff[$END] + 1000;
# starts $c variable (counter) at 0

$c = 0;
while ((($newstart + $WINDOW_SIZE) + ($c *

$WINDOW_STEP)) < $newend) {
$window_start = $newstart + ($c *

$WINDOW_STEP);
#$window_end = ($newstart +

$WINDOW_SIZE) + ($i * $WINDOW_STEP);
$c++;
$window_id = $c;
#print "window_id is $i\n";
#print

"$i\t$window_start\t$window_end\n";
# defines the %windows hash

$windows{$window_id} = $window_start;
} # while loop for - strand
#foreach $key_plus (sort {$a <=> $b} keys

%windows) {
# print "$key_plus $windows{$key_plus}\n";
#}

} # if $strand_gff eq "+"
# makes windows from minus stranded gff lines

else { #$strand_gff eq "-"
# adds 1000 to the fifth element of the array (in the [4] position, specified by the constant
$START in line 26) and assigns it to the variable $newstart

#print "strand of gff line was -\n";
$newstart = $columns_gff[$START] + 1000;

# subtracts 1000 from the fifth element of the array (in the [4] position, specified by the
constant $START in line 26) and assigns it to the variable $newend

$newend = $columns_gff[$START] - 1000;
# starts $d variable (counter) at 0

$d = 0;
while ((($newstart - $WINDOW_SIZE) - ($d *

$WINDOW_STEP)) > $newend) {
$window_start = ($newstart -

$WINDOW_SIZE) - ($d * $WINDOW_STEP);
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#$window_end = $newstart - ($i *
$WINDOW_STEP);

$d++;
$window_id = $d;
#print "window_id is $i\n";
#print

"$i\t$window_start\t$window_end\n";
# defines the %windows hash

$windows{$window_id} = $window_start;
} # while loop for - strand
#foreach $key_minus (sort {$a <=> $b} keys

%windows) {
# print "$key_minus

$windows{$key_minus}\n";
#}

} # else $strand_gff eq "-"

############DEFINES @WINDOW_KEYS ARRAY AS THE KEYS OF THE
%WINDOWS HASH FOR COUNTING

@window_keys = keys %windows;
# for loop to generate keys to %windows hash

for ($hashkey = 1; $hashkey < 392; $hashkey++) {
#print "$hashkey\t$windows{$hashkey}\n";

# defines $window_end variable as the value $windows{$hashkey} + 49
$window_end = $windows{$hashkey} + 49;
#print

"$windows{$hashkey}\t$x\t$window_end\n";
# IF the $x position value is greater than the $window_start, defined by the value
$windows{$hashkey} AND less than the $window_start, defined above as
$windows{$hashkey} + 49 (ie., if read position is located in window interval of hash
entry being read), go on to next line of code

if ($windows{$hashkey} < $x && $x <
$window_end) {

#print "read is within window\n";
if ($strand_sam == 0) {

#print "read was on forward
strand\n";

if ($strand_gff eq "+") {
#print "gff line was on

forward strand\n";
$counts_S{$hashkey}++;
#print "sense hit\n";

}
else { # $strand_gff eq "-"

#print "gff line was on
reverse strand\n";
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$counts_AS{$hashkey}++;
if ($saveregion{$hashkey}){

#print
OUTSAVEREGION "$line_sam\n$line_gff\n";

}
#print "antisense hit\n";

}
}
else { # $strand_sam == 16

#print "read was on reverse
strand\n";

if ($strand_gff eq "+") {
#print "gff line was on

forward strand\n";
$counts_AS{$hashkey}++;
#print "antisense hit\n";
if ($saveregion{$hashkey}){

#print
OUTSAVEREGION "$line_sam\n$line_gff\n";

}
}
else { #$strand_gff eq "-"

$counts_S{$hashkey}++;
#print "sense hit\n";

}
}

}
# read was located in interval, read next hash entry

else {
#print "read was not in window\n";

}
} # for loop over %window hash

} # elsif $x < $end
else {

$line_gff = <INPUT2>;
#print "$x was greater than or equal to the effective end of

the gff line $effective_end\n";
#print "getting new gff line\n";

}
}#if header
else {

$line_gff = <INPUT2>;
#print "new gff line read because last one was gff header line\n";

}
}#while

}#sub
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#!/usr/local/bin/perl

# list_flanks_2_genes_compare.pl made by Karl Erhard May 9, 2011
# Compares column 1 of 2 differential expression lists and prints string from second input
that matches string from first input to output match and strings from second input that do
not match strings from first input to output nomatch

#Status:  Functional

# N.B. - tab-delimited files derived from "Save As" from MS excel (or MS word) can be
incorrectly formatted.  Use script perl -pi -we 's/\015/\n/g' filename to reformat them
correctly

# N.B. 2 - this script will not work in the opposite direction:  file with flanking lines
(genename_1b or genename_1a) must be input1 and file with gene lines must be input2 -
THIS SCRIPT PRINTS GENE FILES!!!

# Input: argument1 - list1 tab-delimited
#   argument2 - list2 tab-delimited
# argument3 - output (two files are generated, only one output
should be specified at command line)
#
# Output: tab delimited text file with only entries that match between the two lists

# use strict; use warnings;

# defines input and output variables and files
$list1 = $ARGV[0];
$list2 = $ARGV[1];
$outfile1 = $ARGV[2];

open(OUTPUT_MATCH, ">>". $outfile1."_match");
#appends output of program to output file, specified at command line as third argument
open(OUTPUT_NOMATCH, ">>". $outfile1."_nomatch");
# opens input file as the $list variable, specified at command line as first argument
open(INPUT1, "<". $list1);
# opens input file as the $list2 variable, specified at command line as second argument
open(INPUT2, "<". $list2);

# declares names hash
%names = ();

# defines each line of INPUT1 as the variable $list, for each time program loops over file
while ($list1 = <INPUT1>) {

chomp ($list1);
@id = split("_", $list1); 
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$names{$id[0]} = 1;
}

# defines each line of INPUT2 as the variable $list2, for each time program loops over
file
while ($list2 = <INPUT2>) {

chomp ($list2);
# defines the substring of the first 13 characters - processing GRMZM2G designations

if ($names{$list2}) {
print "match found\n";
print OUTPUT_MATCH "$list2\n";f

}
else {

print "no match found\n";
print OUTPUT_NOMATCH "$list2\n";

# read another line from INPUT2
}

}# while

close INPUT1;
close INPUT2;
close OUTPUT_MATCH;
close OUTPUT_NOMATCH;
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#!/usr/local/bin/perl

# list_genes_2_flanks_compare.pl made by Karl Erhard May 9, 2011
# Compares column1 of two differential expression lists generated by DESeq and prints
string from second input that matches string from first input to output_match and strings
from second input that do not match strings from first input to output_nomatch

# Status:  functional

# N.B. - tab-delimited files derived from "Save As" from MS excel (or MS word) are
incorrectly formatted.  Use script perl -pi -we 's/\015/\n/g' filename to reformat them
correctly

# N.B. 2 - this script will not work in the opposite direction:  file with flanking lines
(genename_1b or genename_1a) must be input2 and file with gene lines must be input1 -
THIS SCRIPT PRINTS FLANKING LINE FILES!!!

# Input: argument1 - list1 tab-delimited
#   argument2 - list2 tab-delimited
# argument3 - output (two files are generated, only one output
should be specified at command line)
#
# Output: tab delimited text file with only entries that match between the two lists

# use strict; use warnings;

# defines input and output variables and files
$list1 = $ARGV[0];
$list2 = $ARGV[1];
$outfile1 = $ARGV[2];

open(OUTPUT_MATCH, ">>". $outfile1."_match");
#appends output of program to output file, specified at command line as third argument
open(OUTPUT_NOMATCH, ">>". $outfile1."_nomatch");
# opens input file as the $list variable, specified at command line as first argument
open(INPUT1, "<". $list1);
# opens input file as the $list2 variable, specified at command line as second argument
open(INPUT2, "<". $list2);

# declares names hash
%names = ();

# defines each line of INPUT1 as the variable $list, for each time program loops over file
while ($list1 = <INPUT1>) {

chomp ($list1);
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# the $list variable (corresponding to the gene name or gene ID) is made into the key of
the names hash with a value of 1

$names{$list1} = 1;
}

# defines each line of INPUT2 as the variable $list2, for each time program loops over
file
while ($list2 = <INPUT2>) {

chomp ($list2);
# defines the substring of the first 13 characters - processing GRMZM2G designations

if (substr($list2,0,1) eq "G") {
print "GRMZM designation\n";
$id = substr($list2,0,13);
print "$id\n";
if ($names{$id}) {

print "match found\n";
print OUTPUT_MATCH "$list2\n";

}
else {

print "no match found\n";
print OUTPUT_NOMATCH "$list2\n";

# read another line from INPUT2
}

}
# deals with AC-type and AY-type designations (eg. AC214002.2_FG003), which are
longer

else {
print "AC or AY designation\n";
$id_alt = substr($list2,0,16);
print "$id_alt\n";
if ($names{$id_alt}) {

print "match found\n";
print OUTPUT_MATCH "$list2\n";f

}
else {

print "no match found\n";
print OUTPUT_NOMATCH "$list2\n";

}
}

} # while

close INPUT1;
close INPUT2;
close OUTPUT_MATCH;
close OUTPUT_NOMATCH;
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#!/usr/local/bin/perl
# 1kb_flanks_asIDs.pl made by Karl Erhard April 29, 2011
# Adds two daughter entries to each gene entry in a gff3 file:
# 1kb upstream (1000 subtracted from gene start)
# 1kb downstream (1000 added to gene end)
# Input:  argument1 - gff3 file with "genes" only (from gff_genes_only.pl program)
#   argument2 - name of output file
#
# Output: gff3 file consisting of "genes" copied from input gff3 file and two daughter
objects of each gene:  coordinates of the interval containing 1kb upstream of gene and
that containing 1kb downstream
# use strict; use warnings;
# constants
$GENE_ID = 1;
$START = 3;
$END = 4;
$ATTRIBUTES = 8;

# defines input and output variables and files
$gff3 = $ARGV[0];
$outfile = $ARGV[1];

# opens input file as the $gff3 variable, specified at command line as first argument
open(INPUT, "<". $gff3);
# appends output of program to output file, specified at command line as second
argument
open(OUTPUT, ">>". $outfile);

# defines each line of INPUT as the variable $line, for each time program loops over file
while ($line = <INPUT>)
{
# takes care of header:  using substring command, reads the first element of the $line
variable and if the first element of the $line is a # sign, a comment line describing the
output file will be printed

if (substr($line,0,1) eq "#")
{

# prints description of gff3 file as first line of output file
print OUTPUT "\##ZmB73_5b_FGS_1kb_flanks.gff3 \n";

}
# if there is no # sign in $line...

else
{

# removes \n returns from ends of lines
chomp ($line);

# prints the line being read unchanged
# N.B. - "." is used to append the \n character to the $line variable
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print OUTPUT $line."\n";
# splits the string $line into the array @columns by tabs (\t) - these tabs are lost in the
array that is made

@columns = split("\t", $line);
# subtracts 1 from the fourth element of the array (in the [3] position, specified by the
constant $START in line 17) and assigns it to the variable $newstart2

$newstart2 = $columns[$START] - 1;
# subtracts 1000 from the fourth element of the array (in the [3] position, specified by the
constant $START in line 17) and assigns it to the variable $newstart

$newstart = $newstart2 - 1000;
# adds 1 to the fifth element of the array (in the [4] position, specified by the constant
$END in line 18) and assigns it to the variable $newend

$newend2 = $columns[$END] + 1;
# adds 1000 to the fifth element of the array (in the [4] position, specified by the constant
$END in line 18) and assigns it to the variable $newend

$newend = $newend2 + 1000;

@attributes = split(";", $columns[$ATTRIBUTES]);

@id = split("=", $attributes[$GENE_ID]);

print OUTPUT
"$columns[0]\t$columns[1]\t1kbup\t$newstart\t$newstart2\t$columns[5]\t$columns[6]\t$
columns[7]\tID=$id[1]_1a\n";

print OUTPUT
"$columns[0]\t$columns[1]\t1kbdown\t$newend2\t$newend\t$columns[5]\t$columns[6]\t
$columns[7]\tID=$id[1]_1b\n";

}
}

close INPUT;
close OUTPUT;
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