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THESIS ABSTRACT

Eukaryotic gene expression is transcriptionally regulated by cis- and trans-regulatory
inputs. The interactions between cis-regulatory elements (CREs) and transcription factor
(TF) trans-regulators that recognize CREs coordinate regulation of gene expression.
Much work has been done to identify these protein-DNA interactions because they
represent interactions that can directly change transcriptional activity. Interactions
between TFs and target genes can be predicted by representative gene-regulatory
networks (GRNSs) to derive these causal relationships. In crop species, the rewiring of
GRNs by either selecting for existing variants or introducing new genetic variants is a
potential strategy for trait improvement. However, the predictive power of inferred GRNs
must be determined experimentally. One method to test whether GRN predicted TF-
target gene interactions represent functionally important interactions is to perturb the

networks.

In maize, a family of DNA transposons, Mutator, can be used to disrupt gene function
and are known to contain cis-regulatory sequences that may influence gene expression.
Transposable elements (TEs) or transposons are mobile repetitive DNA sequences that
have proliferated in the genomes of many crop species. To maintain gene function, host
genomes have found ways to silence TEs and TEs have adapted to persist regardless of
this silencing. TEs may carry potential cryptic regulatory sequences that were once used
in their ancestral state to facilitate their own transposition. It is important to determine
how these TE-derived CREs have contributed to TE evolution and gene regulation via

cis-trans interactions.

In this thesis we use Mutator in maize to study TF-target gene interactions and
transposon biology. The central questions we ask in these thesis chapters are (1) what
is the relative accuracy of predicted GRNs in maize (2) can we determine the value of
GRN predictions by perturbation with TF loss-of-function mutants in maize (3) what is
the frequency and function of putative cryptic promoters in Mutator (4) can we study
Mutator to learn more about how the effects of TE insertion can be masked when

regulatory sequences within TEs are co-opted by the host genome.
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To address these thesis questions, | first present background information on both
Mutator transposons and their use for reverse genetics studies in maize (Chapter |). It is
pertinent to understand why Mutator is used in maize for insertional mutagenesis and
how properties of Mutator can impact downstream analyses. In addition, | will provide
brief background information on why it is necessary to determine the functional
relevance of inferred GRNs in vivo. | will then present two research studies that were
conducted in maize for this thesis. TF mutant alleles were isolated from a Mutator
transposon-indexed population in maize, UniformMu. We utilized these mutant alleles to
study how Mutator may provide novel alternative promoters that can impact gene
expression patterns and levels and influence TE-host genome evolution (Chapter Il). We
also used these mutant alleles to perturb predicted GRNs in maize and test expression
of predicted targets (Chapter IIl). To summarize these studies, we provide insight into
what should be known when using Mutator insertion stocks for future reverse genetics

studies in maize.
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CHAPTERI

Transcriptional regulation of gene expression in maize: Contributions from
Mutator transposons and transcription factors

Introduction

Eukaryotic genomes are composed of mostly non-coding DNA. Embedded within this
non-coding DNA are cis-regulatory elements (CREs) that are recognized by trans-
regulators, such as transcription factors (TFs), to regulate gene expression . However,
for most genes the full complement of cis-regulatory sequences and trans-factors that
influence gene expression have not been characterized. Along with CREs, transposable
elements (TEs) make up a large proportion of non-coding DNA 2. These TEs, as part of
the non-coding landscape of the genome, may contain CREs within their sequence .
For trait improvement efforts in crop species, it has become increasingly important to
identify interactions between CREs and TFs that can directly influence regulation of
gene expression. For this brief review, we will focus on the relevance of using Mutator
transposon insertion stocks in maize to understand more about how TE-derived CREs

and TF-target interactions influence regulation of gene expression.

TEs are relatively large repetitive genetic elements (ranging from 100-10,000 bp) that
can move and replicate within the host genome 8. Eukaryotic TEs can be divided into two
classes based on their transposition intermediates and mobilization mechanism. Class |
retrotransposons replicate via an RNA intermediate and integrate into the genome by a
“copy and paste” mechanism. Class Il elements or DNA transposons replicate and
mobilize via a DNA intermediate and “cut and paste” mechanism. TEs are further
classified into two categories based on their ability to mobilize on their own,
autonomously, or not. Transposons that encode the proteins necessary for transposition
are referred to as autonomous, while those that require an autonomous element to

transpose are non-autonomous 8.

Transposons have been used as a source of insertional mutagenesis in many plant
species, including Arabidopsis *'°, Zea mays (maize) "', and Medicago '°. Most of the
transposons used for insertional mutagenesis are Class Il elements or DNA
transposons. One family of DNA transposons that is highly mutagenic and active

exclusively in maize is Mutator (Mu) **='°. The properties of Mu that make this element
1



so mutagenic include preferential insertion into low copy sequences or genic regions,
high transposition frequency, and high forward mutation rate in the germline '*?'. These
properties of Mu also make it an excellent system to disrupt genes for reverse-genetics
studies. Several populations of Mu-indexed stocks have been developed in maize and
are publicly available ?>2°, In maize, Mu-insertion stocks are used as a main resource for

isolating loss-of-function mutations in many genes.

The genetic properties of Mu that have been advantageous for insertional mutagenesis
can also be utilized to study DNA transposon-genome dynamics. Due to the preference
of Mu to insert into or near genes, like some other DNA transposon families, Mu can
provide a system to study how transposons contribute to the evolution of gene
regulation. Here we will describe more about what is known of Mu behavior and
regulation, mechanisms for how Mu co-exists with the maize genome, and potential
benefits/consequences of using Mu for insertional mutagenesis. We will focus
particularly on how Mu elements may impact gene expression and how this may
influence the use of these Mu stocks for generating loss of function alleles. Furthermore,
we will introduce how we used Mu-insertion stocks in maize to perturb predicted gene-

regulatory networks (GRNSs) for functional validation in vivo.

Genetic properties of Mu in maize

Mu is a highly mutagenic plant transposon. The family of Mu TEs are only active in
maize, but MULEs (Mu-like elements) are widespread in angiosperms '*. Mu-induced
mutations were first identified by Donald Robertson in 1978 when he described a maize
line with a very high spontaneous mutation rate '°. Upon selfing this line, many mutants
were somatically unstable and had phenotypes with visible somatic sectors on the seed
aleurone, which is characteristic of transposon excision or late somatic reversion events.
Robertson referred to these lines with a high mutation rate as “mutator” active. When
these “mutator” active lines were outcrossed to non-mutator active plants 90% of
progeny maintained a high mutation rate/had “mutator” activity, which suggested this
activity is inherited with non-Mendelian genetics. The “mutator” mutations in Robertson’s
lines were caused by a novel class of transposons called Mutator (Mu) "#78.26-29,
Robertson found that only when these Mu lines were selfed for many generations

“mutator” activity could be lost ™. It is now known that Mu transposons can be so
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mutagenic because they prefer to transpose into low copy sequences or genic regions,
have a high transposition frequency in the germline and germinal excisions or revertants

17:21.2230-33 One of the reasons why Mu does not exhibit Mendelian genetics is

are rare
because Mu is a multigenic trait or a two-component system with two types of elements,
autonomous and non-autonomous, and many highly active stocks contain multiple

autonomous elements 434,

Mu element family

DNA transposons can include both autonomous and non-autonomous elements. The Mu
element family in maize consists of non-autonomous elements that have conserved
~220 bp terminal inverted repeats (TIRs), but each specific Mu element within the family
has a unique internal sequence '>'*. To date, there are 9 Mu elements that have been
characterized with complete sequence (Mu1, Mu2 /Mu1.7, Mu3, Mu4, Mu5, Mu6/7, Mu8,
Mu9/MuDR, Mu13) #:2°3%-37 gand 3 with TIR sequence alone (Mu10, Mu11 and Mu12) 3.
The ability for Mu elements to transpose is entirely dependent on the presence and
activity of the autonomous MuDR element. MuDR elements encode two genes mudrA
and mudrB: mudrA encodes the putative transposase-MURA and mudrB encodes a
helper protein-MURB that may be required for integration of new insertions. The Mu
element family is only active in maize because MuDR, with mudrA and mudrB, is only
intact and active in the genus Zea mays. The putative mechanism for Mu transposition is
described by Mu TIRs being bound and brought together by MURA to catalyze a DNA

double-strand break and reintegrate Mu into the genome with the help of MURB ™.

Target site preferences

The genome-wide distribution of some DNA transposons provides evidence for
preferential insertion into genic regions with specific chromatin, DNA methylation, and
recombination activity ****3. Mu provides a clear example of preferential insertion near or
into genes; however, the mechanism by which Mu targets genic regions remains
unknown #2241 Unlike another DNA transposon family in maize, Ac/Ds
(Activator/Dissociator), Mu inserts into regions that are genetically unlinked to the donor
loci (relatively non-specific) and prefers 5' UTR or promoter regions of genes. Ac/Ds
elements more frequently insert into exon or intron regions, but new insertions are

usually linked to the donor loci 34!, Mu/MuDR and Ac/Ds are the most widely used

3



elements to develop transposon insertion stocks for insertional mutagenesis in maize.
Although Ac/Ds might result in recovery of more loss-of-function mutations due to
insertion site preferences into exon regions of genes, Mu stocks are more widely used

because many more insertions in or near genes can be recovered 224",

Mu-suppressible alleles and an outward-reading promoter in Mu

The activity of Mu or ability to actively transpose can be described by two states: Mu-
active and Mu-inactive. The Mu-active state is characterized by expression of MuDR and
active transposition of Mu elements. Loss of MuDR activity and subsequent lack of
transposition describes the Mu-inactive state **¢. The Mu-inactive state can occur
either through genetic loss or segregation of MuDR or epigenetic silencing of MuDR
224447 1t has been discovered that some Mu-induced mutations and phenotypes can be
suppressed, but this suppression is dependent on the state of Mu activity. When a Mu-
induced mutation is suppressed, this allele is referred to as a Mu-suppressible allele. Mu
suppression occurs when in the absence of Mu activity (MuDR activity) the phenotype
caused by the Mu-induced mutation reverts to that of wild-type. In contrast, when Mu
activity is present the Mu-induced mutant phenotype is observed “-*°. Mu-suppressible
alleles have been described for several mutant alleles in maize, including hcf106-mum1
9 Les28*" a1-mum2 52 rs1and Ig3 %3, kn1 %, and rf2a *°. Suppression of these Mu-
induced mutations resulted from both alterations in gene transcript structure and/or

abundance and mRNA processing.

The molecular basis for Mu-suppressible alleles was first described for Mu-induced
mutations in High Chlorophyll Fluorescence 106 (HCF106), a gene in maize required for
chloroplast membrane biogenesis “4*°. The hcf106-mum1 mutant allele is a recessive
loss-of-function mutation caused by insertion of a Mu1 element in the promoter of
HCF106 “8. Homozygous hcf106-mum1 maize seedlings are non-photosynthetic due to
a defect in the chloroplast electron transport chain and exhibit a pale green phenotype
which is lethal 3 weeks post-germination “¢°%%, Barkan and Martienessen 1991
discovered that the hcf106-mum1 mutant phenotype is expressed only in the Mu-active
state. In contrast, when Mu is inactive, plants homozygous for hcf106-mum1 exhibit a
normal phenotype and the mutant phenotype is suppressed. The mutant phenotype is

suppressed when Mu becomes inactive due to the activation of a promoter near the
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termini of Mu that can direct transcription outward into the adjacent gene, an active
outward-reading promoter *°. In the Mu-inactive state, the hcf106:Mu mutant promoter
could substitute for the HCF106 wild-type promoter by generating transcripts encoding
the entire wild-type ORF. To determine if the Mu promoter and the wild-type promoter
are regulated similarly, the condition- and tissue-specific expression level of the
hcf106:Mu promoter transcript in a Mu-inactive background was compared to that of the
HCF106:promoter *°. HCF106 gene expression was known to be light-induced and
greater in immature cobs compared to roots. Transcripts from both the hcf106:Mu
promoter and HCF106:promoter were more abundant by a similar fold change after 24
hours of light exposure in leaf tissue and under normal conditions in immature cobs
relative to roots. However, the HCF106:promoter can direct higher levels of transcript
abundance than that of the hcf106:Mu promoter in leaf tissue under normal conditions *°.
In summary, these results demonstrate that regulation of the Mu promoter resembles
that of the normal promoter, which suggests there is crosstalk between the Mu promoter

and regulatory signals that control expression of the normal gene promoter .

Previously Mu suppression was thought to be the result of Mu inserting near the 5’ of the
gene, which would enable transcription initiation in Mu to read outwards and encode the
entire ORF. However, Mu suppression has been described by other mechanisms for
promoter, 5' UTR, intron and 3' UTR insertions %°°%"_ Evidence of the activity of an
outward-reading promoter that can mimic normal gene expression has only been
reported for 5' UTR and promoter insertions. The mechanism of Mu suppression is still
not fully understood, but it has been proposed to be a result of Mu promoter activity
when there is not a transcriptional block from proteins (potentially transposases) bound

to the ends of the Mu element in the Mu-active state *°.

Epigenetic regulation of Mu activity

There is consistent correlation of Mu elements becoming methylated when Mu activity is
lost 47:588% Methylation of active MuDR elements is associated with transcriptional
silencing of MuDR, which leads to the absence of Mu transposition (i.e., no new Mu
insertions). Due to the dependence of Mu element transposition on MuDR activity, in the
absence of transposase (encoded by MuDR) there is often methylation of non-

autonomous Mu elements. The presence of DNA methylation in non-autonomous
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elements is reversible (lost) when MuDR elements are introduced through genetic
crosses. In contrast, MuDR methylation appears to provide stable epigenetic silencing,
even when non-silenced MuDR elements are introduced through crossing 315256162,
Like non-autonomous Mu elements that exhibit heritable, reversible inactivation,
transposons may favor existing in highly methylated states as a mechanism for long-
term survival **®3, This allows the transposon to limit the potential cost to the host via
creation of deleterious alleles but still retain the potential to mobilize under certain

conditions.

Characteristics of Mu stocks in maize

Creation and maintenance of the UniformMu population

Mu has been exploited for mutagenesis in maize to generate gene knockouts due to the
high germinal mutation frequency. The Mu-indexed stock that is most widely used for
insertional mutagenesis is the UniformMu population ?2¢*. This population was created
by introducing an active MuDR element into a color-converted W22 °° line. An insertion
of the non-autonomous Mu1 element into the Bz7 gene (bz7-mum9 allele), a gene that is
necessary to produce a purple anthocyanin pigment in the seed aleurone of maize, can
be used as a genetic marker for the activity of MuDR. In the absence of MuDR activity,
Mu1 cannot excise from the Bz7 gene and homozygous bz71-mum9 alleles have uniform
bronze colored seed aleurones. When MuDR is active, Mu1 transposition is activated in
somatic tissues and revertant sectors are purple, which results in a spotted aleurone
phenotype. To ensure UniformMu stocks contain new insertions of Mu that are germinal
and not somatic, loss of Mu activity is achieved via segregation of MuDR and is

monitored by absence of the purple spotting phenotype 1°:226667,

To precisely map where transposition has occurred, Mu terminal inverted repeats (TIRs)
can be used to tag or sequence-index new insertions relatively easily ®. Mu TIRs are
highly conserved ~220 bp repeats that are present at both ends of the element and read
outwards into flanking genomic sequence. A TIR-specific primer can be used to amplify
and sequence genomic DNA flanking new insertion sites in UniformMu mutant lines.
These flanking sequence tags (FSTs) can then be mapped back to the genomic
sequence of the W22 UniformMu inbred background to index each mutant to a specific

locus 4. High-throughput methods, such as Mu-seq, have been developed to enrich for
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tagging of active and novel Mu insertions that are much less abundant than endogenous

Mu-related sequences .

Other considerations for using UniformMu for insertional mutagenesis in maize
Properties of Mu that allow for the creation of Mu-indexed stocks with many new
germinal insertions can also make it difficult to isolate an individual homozygous mutant
allele. Each stock contains a variable number (usually 5-10, but sometimes more) of
novel unlinked Mu insertions and is maintained by a sibling mating strategy to preserve
deleterious mutations in a heterozygous state. This means researchers must confirm
both the presence and zygosity of the allele and there is no guarantee the stock will
contain the indexed Mu insertion. If the Mu insertion allele is present, it is ideal to
backcross each line to standard wild-type W22 to reduce the likelihood that another
unlinked Mu insertion is homozygous . Another strategy to account for effects from
genetic backgrounds with a high mutation load is to recover two independent mutant

alleles in the gene of interest; however, this is not always possible.

Insertion alleles are isolated from the UniformMu population to disrupt gene function;
however, the functional effects of the insertion may be suppressed in a Mu inactive
background. One potential mechanism of suppression is transcriptional activity from an
outward-reading promoter in Mu. Evidence suggests that over half of the Mu-induced
mutations in the UniformMu population are suppressed in the absence of Mu activity °.
This finding is further complicated by the target site preference of Mu into promoter or &'

UTR regions of genes 34’

, Which increases the likelihood of an outward-reading
promoter initiating transcription of the original ORF. Researchers should use caution
when utilizing UniformMu insertion alleles and assuming knockouts without

characterizing the transcripts for the mutant allele.

Mu mutagenesis in maize for perturbing inferred gene-regulatory networks

In eukaryotes, gene regulatory networks (GRNs) describe the interactions between
transcription factors (TFs) and the cis-regulatory elements (CRESs) they recognize that
regulate spatial and temporal expression of a portion of genes in the genome "*"'. GRNs
include a discrete number of TFs that transcriptionally regulate a much larger number of

genes in the genome. Topological maps of GRNs are primarily generated to connect
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trans-acting regulators (primarily TFs) to the target genes they regulate. These protein-
DNA interactions can be inferred by various methods and many different types of data.
One approach to generate GRNs is to use genome-wide expression datasets (RNA-seq)
to cluster genes together based on their expression profiles. This method makes a guilt-
by-association assumption that genes with shared expression patterns (co-expressed
genes) are regulated by the same mechanism. To assign a direction of regulation where
a TF is a regulator of a set of target genes, gene annotation information is required prior
to clustering "®"2. Another way to infer GRNs is to experimentally map TFs to target
genes by methods that can be described as either TF-centered or gene-centered 773,
TF-centered approaches aim to identify a set of target genes for a TF of interest. Two
TF-centered approaches are chromatin immunoprecipitation (ChiP-seq) and DNA-affinity
purification (DAP-seq) "*. ChlP-seq can identify indirect and direct target genes of a TF
in-vivo but relies on the development of an antibody to the TF of interest. Alternatively,
with DAP-seq, the TF of interest is transcribed and translated in-vitro, but only directly
bound targets can be identified. Gene-centered approaches identify putative TF
regulators for a set of target genes. One gene-centered approach to inform GRN
generation is a Yeast-One-Hybrid (Y1H) screen. A Y1H identifies which TFs directly bind
to CREs or promoters of a gene. These screens are limited in the number of interactions
that can be tested and any resulting protein-DNA interactions identified may not be
functionally relevant in maize 7’273, Despite the limitations of each of these methods:
co-expression, ChlP-seq, DAP-seq and Y1H, generating GRN predictions is
advantageous to reduce the number of potential biologically relevant TF-target

interactions from all possible combinations 70727576,

Due to the potential of rewiring GRNs to accelerate trait discovery and generate novel
phenotypes, much effort has been devoted to identifying the regulatory components and
topology of GRNs in crop species. While protein-DNA interactions predicted from these
putative GRNs are useful for dimensionality reduction, these interactions must be
validated in vivo to determine the prediction accuracy and functional relevance ">"8. One
method to evaluate GRN predictions is to generate knockouts for the predicted TF
regulators and test expression of predicted targets """, In maize, Mu-indexed stocks
can be used to isolate these TF loss-of-function alleles. While validation of inferred

GRNs with single TF gene knockouts is a straightforward approach to connect TFs to
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target genes, it is often necessary to study higher order mutants of multiple redundant
TFs "% This is particularly important in maize due to the preferential retention of TFs
following a recent whole genome duplication and the relatively large size of TF families
81-83 Retention of TFs may be evolutionarily advantageous to coordinate gene
expression; however, functional TF redundancy can be problematic if the effect of a TF

knockout is masked by the compensation of another TF 8284,

Concluding remarks

Our ability to understand how transposons are regulated and influence nearby gene
expression will be important for future trait discovery in maize. The Mu family of
transposons in maize has been utilized to study gene function and transposon biology.
Continued research will be necessary to understand how Mu is able to provide a
promoter that can interact with endogenous CREs to mimic expression patterns of

different genes.



CHAPTER Il. ABSTRACT

The highly active family of Mutator (Mu) DNA transposons has been widely used in
maize for forward and reverse genetics. Prior studies have characterized examples of
Mu-suppressible alleles which result in conditional phenotypic effects based on the
activity of Mu. Phenotypes from these Mu-induced mutations are observed (i.e., not
suppressed) in Mu-active genetic backgrounds, but absent when Mu activity is lost (Mu-
inactive). For some Mu-suppressible alleles, phenotypic suppression likely results from
an outward-reading promoter within Mu that is only active when the Mu element is
silenced. We isolated 35 Mu insertion alleles from the UniformMu population that
represent 24 different genes. Most of these alleles were isolated from insertions within
gene coding sequences, but several 5 UTR and intron insertions were included. RNA-
seq and de novo transcript assembly were utilized to document the transcripts produced
from these Mu insertion alleles. For 20 of the 35 alleles there was evidence of transcripts
initiating within the Mu sequence that read-through to the gene transcription termination
site. This outward-reading promoter activity was detected in multiple types of Mu
elements and does not depend on the orientation of the Mu insertion. Expression
analyses of Mu initiated transcripts revealed the Mu promoter often provides gene
expression levels and patterns that are quite similar to the wild-type gene. These results
suggest the Mu promoter may represent a minimal promoter that can respond to gene
cis-regulatory elements. Findings from this study have implications for maize
researchers using the UniformMu population to isolate loss-of-function alleles, and more

broadly highlights a strategy for transposons to co-exist with their host.

Chapter Il entitled ‘Mutator transposon insertions often provide a novel promoter’ is
written and formatted as a manuscript. Some tables have been adapted and reformatted

for thesis guidelines.
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CHAPTERIII

Mutator transposon insertions often provide a novel promoter

Introduction

Transposon insertion stocks have been developed and successfully used to study gene

9-12 85-88
H

function in several organisms, including plants %, invertebrate animal models
bacteria ®, and a variety of single-cell eukaryotes °*°'. Across species, the applicability
of these transposon stocks vary due to properties of the transposon/transposase and the
target genome, including sufficient transpositional activity, endogenous transposon copy
number, transposon element type, family and size, integration site preference, and
chromatin landscape of the genome %2. In maize, there are two widely utilized DNA
transposon families with sequence-indexed libraries: Activator/Dissociation (Ac/Ds) *!%
and Mutator (Mu) #2. Multiple Mu transposon populations have been generated in maize:
UniformMu 22, BonnMu 2, Mu-lllumina %, Pioneer Hi-Bred International’s Trait Utility
System for Corn (TUSC) **° and Maize-targeted mutagenesis population (MTM) ©°.
Both Mu and Ds elements preferentially transpose into low copy sequences or genic

22329698 However, the utility of Ac/Ds stocks for

regions which is useful for mutagenesis
mutagenesis remains limited due to low copy number, low germinal insertion frequency,
and the tendency for new copies to insert into sites genetically linked to the donor loci *'.
By contrast, Mu stocks are more widely used for reverse genetics because Mu has a

high germinal insertion frequency, high forward mutation rate, and frequently inserts into

genic regions that are unlinked to the donor loci 2':22:30:3241:44

Mu transposable elements are the most mutagenic plant transposons known, due to
their high transposition frequency and tendency to insert into low copy sequences or

21.2230-32 The original Mu element was first described in maize in 1978 by

genic regions
Donald Robertson %, Robertson identified a maize line with what he called “mutator”
activity that had a very high forward mutation rate, 50- to 100-fold greater than that of the
background. Upon outcrossing mutator plants to non-mutator plants, 90% of the progeny
retained the high mutation frequency which suggested there is non-Mendelian
inheritance of “mutator” activity. It is now known that Mutator (Mu) transposons were

14,2

responsible for the mutations in Robertson’s lines '*262°. There is evidence that Mu

elements in maize can reach high copy numbers because they can transpose at

12



frequencies of 100% 3*'% have a high germline mutation rate, and are rarely excised

from the germline (excision rate < 10#) 16:17:20.101-103,

The Mutator system is a two-component system with one autonomous element, MuDR,
and several non-autonomous elements (Mu1 to Mu13) *"*". Non-autonomous Mu
elements all contain similar ~220 bp terminal inverted repeats (TIRs), but each class of
element has unique internal sequences '8, Mutator activity is dependent on the
presence of an active autonomous MuDR element to encode the proteins necessary for
transposition of itself and non-autonomous elements *"'%. Mu, like Ds, preferentially
inserts into gene rich regions; however, Mu exhibits a stronger preference than Ds for 5°
UTR or promoter regions *#'. These genic regions where Mu lands have distinct
chromatin, DNA methylation, and recombination activity that could influence Mu element
targeting '*'%. Mutator activity can be epigenetically regulated, such that some plants
with MuDR are in fact Mu-inactive due to heterochromatin-mediated silencing of the
MuDR coding sequences, which is accompanied by high levels of DNA methylation
225188 Along with epigenetically silenced MuDR, the non-autonomous Mu elements do
not exhibit evidence for transposition and are methylated in the Mu-inactive state. In the
Mu-active state the autonomous and non-autonomous Mu elements are hypomethylated
and products from MuDR can mobilize Mu elements “+*°. To develop UniformMu
populations in maize that are genetically stable (in Mu-inactive genetic backgrounds)
new germinal Mu insertions from lines with MuDR activity (Mu-active) are stabilized by
selecting against somatic transposition of Mu using the bronze 1-mum9 (bz1-mum?9)

mutation as a genetic marker for MuDR activity 226466:101.106

Mutator has been used to mutagenize many genes and isolate loss-of-function alleles
3864107110 |n many cases these Mu insertion alleles produce a stable phenotype that
does not change depending upon the epigenetic state of Mu. However, there is evidence
that the phenotypic consequences for some of these Mu-induced alleles can be
suppressed depending on the state of Mu. Mu-induced mutations that are suppressible,
Mu-suppressible alleles, exhibit a mutant phenotype in Mu-active genetic backgrounds
that can be suppressed, returning to a wild-type phenotype, when Mu activity is lost (Mu-
inactive). Mu-suppressible alleles were well characterized in a recessive loss-of-function

mutation, hcf106-mum1, caused by insertion of Mu1 in the promoter of HCF106, a gene
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48-%0 Homozygous hcf106-mum1

in maize required for chloroplast membrane biogenesis
maize seedlings expressed a non-photosynthetic, pale green mutant phenotype only in
the absence of Mu activity (Mu-inactive) “®-°%%, |t was found that in Mu-inactive stocks
an outward-reading promoter near the termini of Mu can direct transcription outward into
the adjacent gene and substitute for the HCF106 promoter “°. Since this discovery
several other Mu-suppressible alleles have been described, including Les28 %', a1-
mum?2°"%2 rs1 and Ig3 *3, kn1**, and rf2a *°. The full extent and molecular mechanisms
of suppressibility of Mu-induced mutations have not been characterized widely but may

be a property of the Mutator system ™.

We sought to further characterize the frequency of promoter activity in Mu-induced
mutations and properties influencing the promoter's ability to direct transcription outward
has not been previously reported. Here we characterized the transcripts of 35 Mu
insertion alleles. We find evidence that many (n = 20) of these alleles result in the
production of two transcripts: one initiating at the normal gene promoter and another
initiating from a Mu outward-reading promoter. This Mu outward-reading promoter
appears to be functional in several of the non-autonomous Mu elements and is not
dependent upon Mu orientation. Interestingly, our findings suggest that the Mu promoter
is a minimal promoter that often shows expression levels and patterns quite similar to
the gene it is inserted within. These findings highlight a potential strategy for co-

evolutionary interactions between transposons and their host genomes.

Results

Characterization of transcripts arising from genes with Mutator insertions

To investigate the effect of Mutator (Mu) insertions on transcript structure we isolated
homozygous mutants for 35 insertions in 24 genes ?*¢. These included 9 insertions in 5’
UTR sequence, 22 insertions in coding regions, and 4 insertions in introns (Figure 1,
Table S1). These frequencies do not necessarily reflect the spectrum of insertion sites
for all Mu elements. We focused on selection of insertions within coding sequences as
the mutants were originally selected as putative loss-of-function alleles for maize
transcription factors. We generated RNA-seq data for three biological replicates of each
homozygous mutant and wild-type allele. A single tissue for each mutant allele was

selected to generate RNA-seq data based on evidence of wild-type allele expression
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(Table S2). The expression level of the mutant allele was documented by aligning RNA-
seq data to the W22 reference genome ® and only 8/35 alleles exhibited significantly
lower transcript abundance in the mutant relative to the wild-type (Table S3). The
majority, 25/35, of mutant alleles do not have any significant change in transcript
abundance relative to wild-type, and 2 alleles have significantly higher transcript
abundance (Table S3). Assessment of the mapped transcript reads derived from
homozygous mutant plants revealed reduced coverage at the site of the Mu insertion
(Figure S1). The drop in coverage flanking the Mu insertion site is expected if there is a
novel junction and/or sequence present at this region in the mutant allele transcript

relative to the W22 reference genome.

There are several potential transcript structures that might be expected to be produced
from Mu insertion alleles in comparison to the full-length wild-type W22 gene transcripts
(Figure 2A). Mutant allele transcripts could include: read-through transcription resulting
in retention of the full Mu sequence (Mu read-through transcript), novel splicing events
that include retention of a portion of the Mu sequence (Mu spliced transcript), transcript
initiation at the normal gene transcription start site—TSS with premature termination in
the Mu sequence (gene promoter-Mu), or transcript initiation from an Mu outward-
reading promoter reading through to the normal termination site (Mu promoter transcript)
(Figure 2A). These potential Mu insertion allele transcript structures are not necessarily
mutually exclusive. To determine if Mu insertion alleles produced read-through
transcripts with all or a portion of Mu sequence retained (Mu read-through or Mu spliced
transcripts) we performed RT-PCR with gene-specific primers that flank the Mu insertion
site (Figure 2B). Although we expected to amplify a variable sized product in the mutant
alleles relative to wild-type, we were not able to amplify products with primers flanking
the Mu insertion site for 7 mutant alleles tested (see examples in Figure 2C). This
suggests that read-through transcription of the Mu insertion with retention of partial or

complete Mu sequences in the mRNA is unlikely or rarer.

To investigate transcript structure of the Mu insertion alleles, we generated de novo
transcript assemblies for each mutant (35 alleles for 24 genes) and wild-type W22 RNA-
seq (5 tissues) dataset for a total of 40 transcriptome assemblies. The de novo

transcriptome assemblies for the W22 control samples generated full-length assemblies
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for 21 of the 24 genes in the respective tissue selected to sample for RNA-seq (Table
S3). Two of the remaining three genes, WRKY8 and WRKY2, could be assembled as
two overlapping W22 transcripts due to a gap in coverage in one region. The other gene,
HSF6, lacked adequate coverage to assemble any mutant, hsf6-m1 and hsf6-m2, or
control transcripts and was removed from subsequent analyses. In total, transcript
assemblies for 33 mutant alleles that aligned to the respective wild-type gene with a Mu
insertion allele (23 genes) were identified and further characterized (Table S3). The
transcripts from the mutant alleles could include transcripts arising from the gene that

are 5’ and 3’ of the Mu insertion or exclusively 5" or 3’ of Mu (Figure 3A).

For 20 alleles we identified an assembled transcript that matched gene sequences 5’ of
the Mu insertion site (Figure 3A, Table S1, Data File S1). Most (17/20) mutant alleles
with assembled transcripts that contain gene sequence 5’ of Mu include at least a
portion of Mu sequence at the 3’ end which indicates the transcript reads into the Mu
element and terminates. The 13 alleles that did not have transcripts assembled 5’ of Mu
reflect insertions very near the 5" end of the gene (Mu insertion sites within the first 33%
of gene cDNA). In these cases, it is likely that if a short transcript (< 200 bp) was
produced by the normal gene promoter it would be underrepresented in the RNA-seq
data due to the size selection step during library preparation ''! and the lack of an
assembly could reflect technical bias against short transcripts rather than absence of this
transcript. The majority (31/33) of mutant alleles produce transcripts that include
sequences 3’ of the Mu insertion site. Many (21/31) of these transcripts that contain
sequences 3’ of the Mu insertion site contain a portion of recognizable Mu sequence at
the 5’ end (Figure 3A, Table S3). The remaining 10 alleles have partial transcript
coverage 3’ of the Mu insertion and often (7/10 alleles) have relatively low expression
levels (< 5.3 FPKM). Examples of assembled transcript structures observed for two Mu
alleles, jmj13-m4 and sbp20-m2, compared to the W22 allele are shown in Figure 3B.
These mutant transcript assemblies suggest that many of the Mu insertions within the
coding sequence result in the presence of two partial transcripts: a transcript initiating
within the gene promoter and terminating within Mu or prematurely terminating (gene
promoter-Mu or gene-promoter partial transcripts) and a transcript initiating at a Mu

outward-reading promoter reading through the end of the gene (Mu promoter transcript).
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Mu promoter initiation does not strictly depend on a specific Mu element or
orientation

There are multiple distinct members of the Mutator transposon family that could be
mobilized, and specific insertions could occur in forward or reverse orientations relative
to the gene sequence. To further understand the impact of specific Mu transposons and
their orientation upon the potential of the Mu promoter to initiate outward-reading
transcripts, we sought to characterize the identity and orientation of each mutant allele
Mu insertion. The Mu sequence from each de novo assembled transcript, either found at
the 3’ end of transcripts with gene sequence 5’ of Mu (gene promoter partial transcripts)
or 5" end of transcripts with gene sequence 3’ of Mu (Mu promoter transcripts), was used
to perform a BLAST search against representative examples of Zea mays Mu elements.
Mu element identity was predicted based on the Mu element with the greatest similarity
to Mu sequence from each transcript (Figure 4). Most of the assembled transcripts with
Mu sequence (24/32 tested for 21 alleles) only contain Mu sequences that align to the
Mu terminal inverted repeats (TIRs) with only a subset that include internal Mu
sequences (Figure 4). The transcript assembly Mu sequence alignments suggest that
there are 8 Mu1 or Mu1.7 elements (these cannot be separated based on the TIR
regions alone), 2 Mu3, 5 rcy:Mu7, 5 Mu8 and 1 Mu13 element in our set of alleles. The
5" and 3’ TIRs of Mu elements often have some polymorphisms between the two TIRs
and these could be used to predict the orientation of the Mu insertion for 15 of the 21
alleles with the presence of Mu sequence in their transcript assembly. One mutant allele
with Mu inserted into an intron, bzip76-m2, had evidence for only internal Mu sequences,
potentially suggesting that this allele may produce a Mu spliced transcript instead of a
Mu promoter transcript. The predictions for Mu element identity and insertion orientation
based on sequence alignments were tested using outward-reading PCR primers with
specificity to either the 5" or 3’ internal Mu sequence (Figure S2). We were able to
confirm the identity for 14 of the 15 Mu insertions that had alignment-based predictions
and for 12/14 of these the predicted orientation was supported by PCR-based testing
(Figure S2, Table S4). The Mu element identity and orientation for the remaining alleles
without discernible predictions for Mu orientation based on transcript alignments was

determined using Mu element specific primers (Figure S2).
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Evidence for transcript termination and initiation within Mu

The observation that the majority of Mu insertion alleles within genes generate two
separate transcripts could reflect the failure to assemble de novo transcripts through the
Mu element or the presence of two independent transcripts, one initiating at the gene
promoter and the other initiating at an outward-reading promoter within Mu. Our previous
RT-PCR results (Figure 2C) suggest that at least a portion of Mu is not retained in a full-
length transcript; however, these results could also reflect difficulty in successfully
amplifying through the full Mu element. To rule out the potential of Mu insertion alleles
producing transcripts that read through the Mu element, several approaches were
utilized. One approach we used was to perform RT-PCR using gene-specific primers
and primers within the predicted Mu element that flank the Mu sequence observed in the
de novo assembled transcripts (Figure 5A, Table S5). To ensure our RT-PCR Mu
sequence amplification approach would be comparable to the transcriptome assembly
results, mutant and wild-type allele cDNA was generated from the same tissue type
sampled for RNA-seq. This approach would allow us to determine how much of the Mu

element was retained in each mutant allele transcript tested.

Mutant transcript boundaries were defined by the presence of RT-PCR amplification
from a gene specific primer and a primer with specificity to Mu sequence. Resulting
amplicons are categorized based on the Mu sequence amplified relative to that observed
in the de novo assembled transcript: within; Mu sequence observed in the assembly,
slightly outside; Mu predicted element sequence < 200 bp more internal than that
included in the assembly, or further into; Mu predicted element sequence > 200 bp more
internal than that included in the assembly. In all cases we were able to successfully
amplify regions that were within the assembled transcripts (Figure 5B). For several of the
alleles we were also able to successfully amplify RT-PCR products using Mu primers
that were slightly outside the assembled Mu sequence. However, we failed to get
amplification using primers further into the Mu sequence (more internal) for all transcripts
tested which suggests that this Mu sequence is not present in the mature transcript
(Figure 5B, Table S5).
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Transcripts from the mutant allele often have similar abundance to the wild-type
allele

We were interested in comparing the expression level of each mutant transcript with the
wild-type allele to document potential variability in transcript abundance. To compare
expression levels between the mutant and wild-type alleles, we focused on RNA-seq
reads that mapped to exon regions with shared sequence between the wild-type
transcript and either the mutant gene promoter partial (terminated within Mu or
prematurely terminated) or Mu promoter transcript (Figure 6A). The expression level of
shared exon regions (referred to as CPM per fragment) between the mutant gene
promoter partial and wild-type transcripts reveal highly similar transcript abundances, R?
= 0.967 for 18 transcripts (Figure 6B). The Mu promoter transcript abundance was
generally quite similar to the levels of the wild-type transcript, but Mu promoter
transcripts exhibit more variation with an R? = 0.426 for 19 transcripts (Figure 6C). There
were several examples of lower expression levels for the Mu promoter transcript relative
to the wild-type transcript (Figure 6C). The observation that the Mu promoter transcript
abundance is often similar to the wild-type in a single tissue suggests that this Mu
outward-reading promoter may provide expression levels comparable to the normal

gene promoter.

Mu-derived transcripts can maintain similar tissue-specific patterns

We were also interested in assessing whether mutant transcripts derived from the gene
or Mu promoter would exhibit similar patterns of expression across multiple tissues. To
evaluate tissue-specific expression, we performed RT-qPCR by amplifying transcript
regions that are shared between the wild-type and mutant gene promoter-Mu or Mu
promoter transcripts (Figure 7A). To ensure we could test tissue-specific expression
patterns, we selected genes with variable levels of wild-type gene expression across
multiple tissues. Mutant gene promoter-Mu transcripts maintain relative expression
levels that are very similar to wild-type transcripts across all tissues tested (Figure 7B)
suggesting similar expression patterns for this mutant transcript and the wild-type
transcript. The mutant Mu promoter initiated transcripts often maintain wild-type tissue-
specificity but frequently have lower relative transcript abundance—higher Delta Ct
(Figure 7B). The Mu element identity (Mu1.7, Mu3, rcy:Mu7 or Mu8) and Mu insertion
position (5 UTR or CDS) vary among the ten mutant alleles tested by RT-qPCR. The
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finding that all 10 mutant allele Mu promoter transcripts have patterns of expression
similar to wild-type tissue-specificity suggests the ability of the Mu outward-reading
promoter to mimic wild-type gene expression patterns is not entirely dependent on the

specific Mu element or where Mu inserts within a gene.

Discussion

Previous work characterizing mutant alleles from insertions of Mutator transposons in
maize genes identified the presence of an outward-reading promoter in Mu “*"'2. The
ability of this Mu outward-reading promoter to initiate transcription is conditional upon the
epigenetic state of Mu *°. Mutator elements can be in either one of two states: an active
state (Mu-active) where there is a high forward mutation rate from the presence of active
MuDR transposons or an inactive state (Mu-inactive) without MuDR activity °'. The state
of Mu activity can be monitored by the extent of DNA methylation in sequences of Mu
terminal inverted repeats (TIRs); plants with Mu-active state elements are marked by
hypomethylation and plants with Mu-inactive exhibit hypermethylation 8284958113 There
are several reports demonstrating that insertions of Mu transposons into maize genes
can lead to mutations whose phenotypes are suppressed only in the absence of Mu
activity (Mu-inactive) 5051235718114 | the Mu-inactive state, the Mu promoter becomes
active and initiates transcription directed outward into the adjacent gene to restore the
phenotype of the Mu-induced allele to that of its progenitor “°. Mutant alleles with
phenotypes that depend on the activity of Mu for expression are known as Mu-

suppressible alleles “8.

In our study, we provide evidence that transcript initiation in Mu and potential activity of a
Mu outward-reading promoter is a common phenomenon for mutant alleles isolated from
the UniformMu mutant population in maize. Most mutant alleles (20/33) isolated in our
study have transcript assembly evidence of transcript initiation in Mu sequence.
Although we did not directly examine Mu activity in these stocks, we can infer that these
mutant alleles are likely in a Mu-inactive state as one step in the creation of the
UniformMu population includes selection for kernels that lack evidence of Mu activity
prior to identification of insertion alleles ?2. All previously reported Mu-suppressible
alleles in maize with evidence of an active promoter in Mu were generated from a Mu

insertion in the promoter or 5’'UTR of a gene *°°3%557112 However, the previously
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characterized Mu-suppressible alleles were all detected based on phenotypic effects and
likely required production of transcripts from the Mu promoter that could produce a
functional protein. Mu elements inserted near the normal transcription start site provide
the potential for production of a transcript that can encode the full ORF of the gene.
However, these insertions near the 5’ end of the gene may also allow for activity of the
outward-reading promoter within Mu based upon position of this Mu promoter very near
the site of the gene promoter which may allow for the cis-regulatory elements of the

gene to influence this Mu promoter.

Our results show that the activity of the outward-reading promoter in Mu is not
dependent on the Mu insertion site being in the gene promoter or 5 UTR. For the 20
alleles with evidence of a Mu promoter initiated transcript, 13 were isolated in coding
sequences from various positions spanning the gene length, 5 were within the 5° UTR,
and 2 were within introns. These results suggest that the distance of the Mu promoter
from the normal gene promoter does not necessarily determine activity of the Mu
promoter. Previous reports indicate the Mu outward-reading promoter is located near the
edge of the Mu element—potentially initiating transcripts from within the Mu TIR
sequence “*''2. When we aligned sequences from Mu promoter transcripts of 20 alleles
to predicted Mu element sequences, the Mu transcribed sequence from 15/20 transcripts
mapped entirely to the TIR sequence. Although the exact location of the promoter within
Mu was not precisely defined, the Mu outward-reading promoter is likely located near the
termini of Mu. We find examples of multiple Mu elements (Mu1.7, Mu3, rcy:Mu7 and
Mu8) and Mu insertions in either the forward or reverse orientation relative to the gene
TSS can provide an outward-reading promoter. Several prior studies also suggested that

Mu-suppressible alleles could include different types of Mu elements and orientations
53,108

The UniformMu induced mutations are a widely used tool for functional genomics in
maize 22645667.115 \While the silencing of Mu transposition is quite useful for ensuring that
the detected Mu insertions represent germinal rather than somatic insertion events, it
also has the potential to create Mu-suppressible alleles through potential activation of
Mu outward-reading promoters. Our study provides evidence that for many UniformMu

mutant alleles the Mu element provides an outward-reading promoter that can direct
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transcription into adjacent gene sequences. Mu promoter activity seems to be similar to
Mu suppression in terms of frequency as it has been reported that in the absence of Mu
activity over half of the Mu-induced mutations are suppressed ®°. Although we found that
Mu promoter activity does not depend on insertion site, it is known that Mu preferentially
inserts into promoter and 5’ UTR regions *4'%°_ This means that many Mu insertion
alleles within the UniformMu population represent 5° UTR insertion events. Researchers
should use caution when interpreting the phenotypic results of these insertion events as
it is possible that Mu promoter transcripts could complement the insertion. Failure to
obtain RT-PCR products when using primers that flank the Mu insertion site does not
necessarily indicate a true loss-of-function allele as a Mu initiated transcript could still be
produced. Mu insertions into regions upstream of the gene coding sequence are not only
the most abundant (42%) in the UniformMu population, but also allow the potential for
the promoter in Mu to drive a transcript that includes the entire original ORF and

complement the mutant phenotype.

The tissue-specificity of the Mu outward-reading promoter has not been well
characterized. The ability of the Mu outward-reading promoter to suppress phenotypes
of Mu insertion alleles suggests the ability to drive expression in tissues in which the
gene product is needed to normally function. Prior work on hcf106-mum1 suppressible
alleles revealed that both the wild-type Hcf106 and hcf106:Mu exhibit similar patterns of

t 4, albeit with higher levels of expression for the wild-type

expression response to ligh
gene compared to hcf106:Mu. Our collection of transcripts initiated within Mu provided
an opportunity for a broader characterization of the activity of the Mu outward-reading
promoter. Our findings suggest that the outward-reading promoter seems to be able to
mimic the gene promoter in terms of expression level and tissue-specificity and has
limited inherent patterns of expression. The RNA-seq data was generated from multiple
tissues depending on which tissues exhibit high levels of expression for the wild-type
gene. We found that the transcript abundance (CPM per fragment) of the mutant Mu
promoter transcripts tend to be similar to wild-type for most alleles and that there were
not consistent differences in the expression of the Mu promoter transcripts among the
tissues. Several genes that were selected for characterization of expression patterns by
RT-gPCR normally exhibit variation in expression among the profiled tissues. We found

that the Mu transcripts tended to mimic these tissue-specific patterns. Although Mu
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promoter transcripts follow wild-type tissue-specific patterns, they often exhibit
expression levels that are slightly lower than that of gene promoter partial transcripts

relative to wild-type. Our results, along with previous reports 46:49:54:95.57

, imply that Mu
might provide a minimal outward-reading promoter that can interact with genic cis-
regulatory elements to condition expression patterns and levels that are similar to the

wild-type gene.

There are several mechanisms by which maize transposons can minimize the functional
impact of insertions into genic regions. The Mu family of transposons seems to have
adopted a mechanism of providing an outward-reading promoter that is active when the
Mu is silenced. The coupling of this mechanism with the preferential insertion within
promoters and 5’ UTRs provides the opportunity for Mu elements to insert within open
chromatin regions while limiting potential deleterious consequences. Our findings and
previous studies *° suggest that the Mu promoter relies on interactions with genic cis-
regulatory elements to mimic normal gene expression patterns. By providing a minimal
promoter that can mimic the expression pattern of the gene Mu elements can potentially
insert and increase in copy number with limited effects on the long-term survival in the
host. This provides an elegant solution for a transposon to limit the consequences of its

proliferation.

This study provides evidence that Mu transposon insertions often result in complex
transcripts for the gene rather than clear loss-of-function alleles. Our mutant allele
transcript assemblies frequently include examples of termination and initiation in Mu
sequence. Transcripts initiating from Mu are likely derived from a Mu outward-reading
promoter that may produce functional transcripts if these include the full ORF of the
gene. These results have implications for the many researchers that utilize UniformMu
for reverse genetics. Further studies are necessary to document whether the Mu
outward-reading promoter requires a Mu-inactive state and to uncover the mechanisms
that allow the Mu promoter to interact with genic cis-regulatory elements. The ability of
Mu to provide an outward-reading promoter also has implications for future transposon
biology. The system by which conditional activity of a Mu promoter determines whether
Mu can suppress a mutant allele should be utilized to understand the relationship

between transposons and host genomes.
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Methods

Isolation of homozygous mutant alleles from the UniformMu population in maize
Transposon-indexed seed stocks were ordered from MaizeGDB Stock Center 2%''¢. Most
alleles were selected based on insertions into the coding sequence or 5’ UTR. Seeds
were planted in the field to maintain seed stocks. At the Vegetative 3 (V3) developmental
stage leaf tissue was collected for DNA isolation. Mutant alleles were genotyped to
identify the presence and zygosity of Mu with gene-specific primers flanking the Mu
insertion and a primer with specificity to the Mu TIR regions: 9242, as described in .
Homozygous transmissible alleles were then isolated after backcrossing twice to the
W22 r-g inbred, if possible, to reduce the original mutation load from the transposon-
indexed stock (Table S1).

Plant material for RNA-seq samples

Wild-type tissue-specific expression data from B73v4 """ and W22 ''® were used to
identify tissues where each of the 24 maize genes with a Mu-insertion mutant allele had
moderate to high expression. To capture expression of each of the 24 genes in both
mutant and control conditions, 5 different tissues were selected to sample: coleoptile tip,
seedling leaf, imbibed embryo, tassel, and tassel stem (Table S2). Three biological
replicates of the mutant allele and at least three biological replicates of control W22 r-g
were sampled for RNA-seq from the respective tissue selected for each gene (Table
S1). Samples for each tissue were collected on the same day at the same time with the
24 h time sampled listed in parentheses. At anthesis, tassel stems (~3 cm) and whole
tassels (anthers unextruded) were sampled (9:00) from three plants in the field each and
pooled for one biological replicate. Embryos were dissected (from 8:00-11:00) after
imbibing seeds in distilled water for 48 h at 31°C and 5 embryos were pooled for one
biological replicate. For seedling leaf tissue, the V3 collared leaf was sampled (9:00)
from each seedling 10 days after sowing (DAS) in 16 h light 28°C, 8 h dark 24°C growth
chamber conditions and 3 leaves were pooled for each biological replicate. Coleoptile
tips were sampled (9:00) from seeds 6 DAS in 30°C dark conditions using a paper towel
cigar roll method for germination ''° and 3 tips (~2.5 cm) were pooled for each biological

replicate.
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RNA-seq data processing

Total RNA was extracted using the RNeasy Plant Mini Kit (QIAGEN, Cat # 74904),
quantified internally and externally by University of Minnesota Genomics Center (UMGC)
with the Quant-iT RiboGreen RNA Assay Kit (Thermo Fisher, Cat # R11490), and quality
checked with the Agilent 2100 Bioanalyzer. One biological replicate of the mutant allele,
grasb52-m1, had low RNA quality and was discarded prior to sequencing. Sequence
libraries were prepared from a minimum of 500 ng of total RNA using the standard
TruSeq Stranded mRNA library protocol (lllumina, Cat # 20020595) and sequenced on
the NovaSeq 6000 S4 flow cell to produce at least 20 million 150 bp paired-end reads for
each sample. For all samples with paired-end sequencing, both library construction and
sequencing were done at UMGC. Library construction and sequencing for two mutant
alleles, hsf24-m3 and hsf24-m4, and W22 control sampled from tassel tissue was done
externally at the Genomic Core at Michigan State University. For these samples,
libraries were prepared from 2 pg of total RNA using the TruSeq RNA Sample Prep Kit
(Nlumina, Cat # FC-122-1001) and sequenced on the HiSeq 4000 to produce at least 18

million 50 bp single-end reads.

For all samples, sequencing reads were then processed through the nf-core RNA-Seq
pipeline 2% puilt with Nextflow v20.10.0 ' for initial QC and raw read counting. Reads
were trimmed using Trim Galore! v0.6.5 '? and aligned to the W22 reference genome ©°
using Hisat2 v2.1.0 '?® with default parameters (“hisat2 -x $db $input -p 12 --met-stderr --
new-summary”). Uniquely aligned reads were counted per feature by featureCounts
v2.0.1 '**, Raw read counts were normalized by library size and corrected for library
composition bias using the TMM normalization approach in edgeR v3.28.0 '%, to give
CPMs (Counts Per Million reads) for each gene in each sample allowing direct
comparison between mutant and control samples (Table S1). CPM values were
normalized by gene CDS lengths to give FPKM (Fragments Per Kilobase of exon per
Million reads) values (Table S1). Genes were considered expressed if their CPM was =

1 in at least one sample per tissue.

Identification of differentially expressed genes
Raw read counts of expressed genes (CPM = 1 in at least 1 sample per tissue) from all

replicates of each mutant allele and W22 control from the same tissue were used to call

25



differentially expressed (DE) genes, false discovery rate [FDR] adjusted p-value < 0.05
and a minimum fold change of 2 (DESeq2 v1.30.1 %) (Table S3).

Transcriptome profiling
Reads from RNA-seq data of combined biological replicates for each allele, mutant or
control, were de novo assembled into transcripts with TRINITY v2.5.1 '?": Reads were

quality trimmed with Trimmomatic v0.33 '

and strand-specificity was not defined. A
local blast database (SequenceServer '?°) was created for each de novo transcriptome
assembly to identify transcripts aligning to the W22 gene cDNA in both the mutant and
control. W22 control transcript assemblies for each gene were analyzed first by both
BLASTn " and the ExPASYy translate tool "' to confirm TRINITY could assemble the
full-length gene cDNA from the RNA-seq short-read data. The canonical ORF of each
gene was identified by comparing the annotated W22 gene cDNA sequence to
sequences of orthologous genes in other grass species (i.e., Sorghum Bicolor, Setaria
Italica, Oryza sativa) via BLASTx. Mutant allele transcript assemblies were further
analyzed by BLASTn and Expasy to determine the effect of the transposon insertion and

identify if Mu sequence was transcribed (Table S3).

Predictions of Mu element identity and orientation

Sequence from each mutant assembled transcript was used as a query against all public
sequencing databases—NCBI to identify if there were any hits to Mu elements. Complete
sequences of representative Zea mays Mu elements with transcript assembly hits: Mu1
(X00913.1), Mu1.7 (Y00603.1), Mu3 (JX843286.1:132-1963), Mu4 (X14224.1), Mu5
(X14225.1), rcy:Mu7 (X15872.1), Mu8 (X53604.1), Mu13 (HQ698272.1), Mu17
(HQ698276.1), and MuDR-MudrA and MudrB (M76978.1), were used to create a local

Mu element BLAST database (SequenceServer %)

(GenBank Nucleotide Accessions
from NCBI). Mu sequence from each assembled transcript was then BLAST against only
Mu element sequence and top hits were used to predict the Mu element for each allele.
The Mu sequence from assembled transcripts of each mutant allele was then aligned to
the complete sequence of the predicted Mu element. Mu element insertion orientation
could be predicted when transcribed Mu sequence either only aligned to or aligned with

greater similarity to 5" or 3’ regions of Mu.
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PCR confirmation of Mu element identity and orientation

For each predicted Mu element, outward-reading primers with specificity to either the 5’
or 3’ sequence of Mu were designed (Table S4). We refer to a forward orientation of Mu
when Mu 5’ TIR sequence relative to 3’ TIR sequence is closest to the gene TSS and
reverse orientation when Mu 3' TIR sequence is closest to the gene TSS. PCR was
performed on mutant allele gDNA with specific combinations of gene-specific (referred to
as F and R) and Mu-specific primers (referred to as 5 and 3) to confirm the identity and
orientation of Mu (Table S4). The presence of amplicons from F:5 and/or R:3 indicates a
Mu element with forward orientation while amplification from F:3 and/or R:5 indicates
reverse orientation. The Mu primers designed had specificity to 5’ or 3’ sequences of a
specific Mu element. Amplification of gDNA using these Mu element-specific primers

was considered Mu element identity confirmation.

Mutant assembled transcript structure assessed by RT-PCR

Mu sequences from transcript assemblies of all mutant alleles with a shared Mu element
identity were aligned to the complete sequence of that Mu element. Outward-reading
PCR primers were designed with specificity to regions of the Mu sequence included in
the transcript assembly and regions outside of the assembly for each mutant allele
(Table S5). Gene-specific primers flanking the Mu insertion were designed with
specificity to both mutant allele gDNA and cDNA sequence (Table S5). For each mutant
allele, PCR was performed on both gDNA and cDNA to determine if mutant transcripts
terminated and initiated in Mu at the predicted transcript assembly sites. As a control,
PCR was first performed on mutant allele gDNA to detect presence of amplification from
each primer-set designed with specificity to gene and Mu sequence included in and
outside of the transcript assembly. Combinations of gene-specific and Mu-specific
primers that amplified mutant gDNA were then used to test for presence of amplification
from mutant cDNA (Table S5). To test the predicted transcript structures for six mutant
alleles by RT-PCR, total RNA was extracted from the same tissue type sampled for
RNA-seq. Extracting RNA from the same tissue type RNA-seq was performed on allows
for direct comparison between our RT-PCR results and the assembly results without
bias of amplification from tissue-specific isoforms. Tissue was sampled for at least three
biological replicates of each mutant allele and W22 control using tissue sampling

methods listed above in the Plant Material section. Total RNA was extracted from ~100
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mg of tissue/sample using TRIzol™ Reagent (Thermo Fisher, Cat # 15596026), DNase
treated (TURBO DNA-free™ Kit, Thermo Fisher, Cat # AM1907), and quantified with
Quant-iT RiboGreen RNA Assay Kit (Thermo Fisher, Cat # R11490). RT-PCR reactions
for each primer set were performed on RNA (50-75 ng/ul) from at least two biological
replicates of the mutant allele and control (QIAGEN OneStep RT-PCR Kit, QIAGEN Inc.,
Cat # 210212). The bounds of where transcriptional termination and initiation occurs
within Mu for each mutant allele was determined by presence of amplification from
gDNA and absence of amplification from cDNA. If there was amplification of mutant
cDNA from primers designed to amplify regions outside of the transcript assembly, then

more Mu sequence was transcribed than the assembly predicted.

Transcript abundance (CPM per fragment) calculations

Mutant assembled transcripts were aligned to wild-type assembled transcripts via
MAFFT v7 2 in Benchling and regions of shared sequence were identified. Genomic
coordinates of these shared exon regions were used to create an annotation file (BED
format) for each gene. BAM files (from uniquely aligned RNA-seq reads previously
mapped to the W22 genome) for each of the three biological replicates of mutant and
W22 control were converted to BED format (BEDTools bamtobed '*%). The RNA-seq
mapped read BED file of each mutant or control biological replicate was intersected with
the shared exon read annotation file to obtain new read counts (BEDTools intersect-
force strandedness '**). Read counts were then normalized by the effective library size
with edgeR v3.28.0 ' to give CPMs (Counts Per Million reads) for each gene in each
sample. Transcript abundance was calculated by averaging the CPMs from all three
biological replicates of each mutant allele or W22 control (Table S5). The coordinates of
shared sequence regions between mutant and wild-type transcripts usually span multiple
exons; therefore, we refer to this transcript abundance calculation as CPM per fragment.
Linear regression was used to calculate R? correlation values between mutant and wild-

type transcript abundance (Im function in R '34).

Tissue-specific expression patterns of mutant transcripts
Five genes (two independent mutant alleles each) with variable levels of wild-type gene
expression across multiple tissues were selected to analyze by RT-qPCR. To examine

tissue-specific patterns of expression for each of the 10 mutant alleles relative to wild-
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type, 7 different tissues at various stages of maize development (immature to mature)
were selected to sample: imbibed embryo, coleoptile tip, seedling shoot, seedling radical
root, flag leaf, tassel stem and immature ear spikelet. Three biological replicates of each
mutant allele and W22 control were sampled for RNA from each of the seven tissues.
The same sampling methods listed above in the Plant Material section were used to
sample imbibed embryo, coleoptile tip and tassel stem tissues. Coleoptile tips and
radical roots were sampled (9:00) from the same plants, from seeds 6 DAS in 30C dark
conditions, and 6 tips and roots were pooled for each biological replicate. Whole shoots
from three seedlings 10 DAS in 16 h light 28°C, 8 h dark 24°C growth chamber
conditions were sampled (9:00) and pooled for one biological replicate. Along with tassel
stems (11:30), unfertilized ear spikelets and flag leaves were sampled (10:30) at
anthesis and tissue from three plants was pooled for one biological replicate. Unfertilized
ear spikelets were sampled by trimming the terminal 4 cm of the ear and collecting the

next 2 cm. For flag leaves, the terminal 15 cm of the flag leaf blade was collected.

Total RNA was extracted from ~100 mg of tissue per sample using TRIzol™ Reagent
(Thermo Fisher, Cat # 15596026), DNase treated (TURBO DNA-free™ Kit, Thermo
Fisher, Cat # AM1907), and quantified with Quant-iT RiboGreen RNA Assay Kit (Thermo
Fisher, Cat # R11490). RNA from imbibed embryos was diluted to 50 ng/ul and RNA
from all other tissues was diluted to 75 ng/ul prior to RT-qPCR. Primers for RT-gPCR
were designed with specificity to amplify shared gene sequence (~300 bp) between
mutant and wild-type transcript assemblies: regions 5’ of Mu sequence in mutant gene
promoter-Mu transcripts and regions 3’ of Mu sequence in mutant Mu promoter
transcripts (Table S6). The Luna® Universal One-Step RT-qPCR Kit (New England
Biolabs, Cat # E3005X) was used to run all RT-qPCR reactions. For each primer-set and
tissue, RT-gPCR was performed on three technical replicates of each biological replicate
for three biological replicates of the mutant allele and control. Technical replicate Ct
values were averaged for each biological replicate. Delta Ct (dCt) values were calculated
by the difference between the gene Ct value and the Ct value of the selected maize
housekeeping gene, Ubiquitin Carrier Protein (Zm00004b005988) '*° for each biological
replicate. Then, dCt values for all three biological replicates were averaged to give a final

dCt value for each transcript.
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Figure 1. Schematic of Mutator insertion locations for 35 UniformMu mutants. The W22
gene models are indicated by different colors/shapes to represent UTRs, coding sequence and
introns. The UTRs and CDS’ for each gene model are scaled proportionally, but introns are not to
scale. Mu transposon insertions are indicated by red triangles and independent mutant alleles
from the same gene are depicted by numbers. The BSD10;, Zm00004b040474 gene model is
based on the B73v4; Zm00001d026518 gene annotation due to a fused gene annotation in W22.
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Figure S1. Visualization of wild-type W22 and mutant allele RNA-seq read coverage for three genes. IGV was utilized to
visualize the coverage of RNA-seq reads for one biological replicate of each mutant allele for three genes that each have two mutant
alleles; SBP20 (Zm00004b024383), WRKY87 (Zm00004b023521) and BAF60.21 (Zm00004b012791). The mutant alleles: SBP20
(green), sbp20-m2 (mu1084360) and sbp20-m3 (mu1091327); WRKY87 (orange), wrky87-m1 (mu1067257) and wrky87-m2
(mu1091217); BAF60.21 (blue), baf60.21-m1 (mu1034781) and baf60.21-m2 (mu1092086) all show reduced coverage in the regions
flanking their respective annotated Mu insertions (triangles) in the mutant samples compared to W22 wild-type (black).
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Figure 2. Potential Mu insertion allele transcript structures. A) Schematic of 5 mutant
transcript structures that could result from a Mu transposon insertion. Potential transcripts
include: a transcript with sequences 5’ and 3’ of the Mu insertion and all or a portion of Mu
retained (Mu read-through), a transcript with sequence 5’ and 3’ of the Mu insertion and
partial Mu sequence retained due to alternative splicing (Mu spliced), a partial transcript
initiating from the gene promoter and terminating in Mu (gene promoter-Mu), a partial
transcript initiating within Mu and reading through the 3’ gene sequence (Mu initiated), or
both the gene promoter-Mu and Mu promoter transcripts. B) Schematic of RT-PCR primer
design to test for Mu read-through and Mu spliced transcripts with gene specific primers (F
and R) flanking the annotated Mu insertion site in mutant and wild-type alleles. A larger PCR
product will be amplified in the mutant allele relative to wild-type if all or a portion of Mu is
retained. No product will be amplified in the mutant if there are transcripts initiating or
terminating in Mu. C) RT-PCR gels of gene-specific primers flanking Mu for at least two
biological replicates of 3 mutant and wild-type alleles. All three alleles lack mutant cDNA
amplification relative to wild-type.
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Figure 3. Schematic of de novo transcript assemblies for 33 mutant alleles. A) Mutant allele
transcripts are referenced relative to the sequences 5’ and 3’ of the Mu insertion. No full-length
transcripts with retained Mu sequences were identified. The observed transcripts could include
separate transcripts representing sequences both 5’ and 3’ of the Mu insertion or just sequences
covering one side of the gene. We also identified some examples of transcripts with partial
regions of retain Mu sequence. The observations were grouped into 6 types of observations that
are illustrated with schematics and the total number of alleles for each type is indicated. B) The
specific transcripts that are observed for two of the mutant alleles are shown in detail. The wild-
type transcript assembly is shown to indicate we recovered the annotated wild-type cDNA with
our short-read assembly. Both jmj13-m4 and sbp20-m2 have evidence for two transcripts
assembled, one transcript initiating from the normal gene promoter with premature termination in
Mu (5’ of Mu) and the other initiating within Mu and reading through the 3’ end of the gene (3’ of
Mu). All de novo transcripts were assembled with TRINITY.
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Figure 4. Assessment of Mu element identity and orientation. The Mu sequence
from the de novo assembled transcripts was aligned to representative Mu element
sequences (indicated to the right of the plots). The left panel shows alignments of the Mu
sequence from the transcript initiated at the gene promoter while right panel shows
alignments of Mu sequence from Mu initiated transcripts that include the 3’ portion of the
gene. The alleles are grouped based upon which Mu element had the greatest similarity
and the plots indicated the position of the aligned sequence within the Mu element. Mu1
and Mu1.7 are plotted together due to sequence similarity between TIR regions. The Mu
sequence segments are colored by the alignment position relative to Mu element
features: 5’TIR (blue), internal sequence (dark green), and 3’'TIR (gold).
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Figure S2. Determination of Mu element identity and orientation by PCR using Mu element
specific primers. A) Schematic of genomic DNA primer design for identifying the forward or
reverse orientation of Mu. Gene specific primers (F = Forward, R = Reverse: navy) and predicted
Mu element primers with specificity to either the 5’ TIR (5: light blue) or the 3’ TIR (3: yellow) of
the predicted Mu element were used to complete PCR for each mutant allele. The presence of
PCR amplicons from F-5 and R-3 indicate orientation of the Mu element in the forward direction
(5'TIR to 3'TIR) and the presence of PCR amplicons from F-3 and R-5 indicate orientation of the
Mu element in the reverse direction (3'TIR to 5’TIR). B) The PCR results of 19 mutant alleles are
depicted in a table by amplicon presence (+), absence (-), or not tested (NT). For the alleles with
predictions of Mu element identity and orientation we only tested the predicted Mu element. For
other alleles we tested a variety of primers and both potential orientations and only show the
results for the Mu element that provided amplification. bsd10-m2 may be either Mu1 or Mu1.7. C)
Gel image of PCR amplicons for c3h42-m1 biological replicates (-1, -2, -3), F-5 presence (+) and
R-5 absence (-), and W22 wild-type and water as controls.

35



&) gene exon
A

& Mu
F 5t 52 53 3 32 31 R
Mutant )y e ) ) 4mm
ogDNA e 5'TIR [ Internal [ 3TR )
M
) u = 4=
cDNA
gene promoter-Mu Mu promoter
Wild-type - =) ¢
cDNA 0 ==
g N assembled transcript Mu sequence length
BN presence of mutant transcript from cDNA PCR
gene promoter-Mu Mu promoter
Allele Mu TE_1 TE_2 TE_3 TE_4 TE_S TE_6 TE_1 TE_2 TE_3 TE_4 TE_5 TE_6

215 883 396 473 543

sbp20-m2 458

528 122 17 261

jmj13-m4 142

883 39 473 543
wrky87-m2

79 122 171

sbp20-m3

wrky87-m1
BLANK BLANK BLANK

wrky8-m1  Mul.7

Figure 5. Definition of transcript boundaries using RT-PCR method. A) A schematic of how
RT-PCR primers were designed to test the extent of the transcribed Mu sequence relative to the
predictions of the mutant allele transcript assemblies. Multiple Mu primers were designed with
specificity to either the 5’ or 3’ regions of each Mu element tested by RT-PCR. For each mutant
allele, some Mu primers were designed to be located within the transcriptome assembly and
some were designed for more internal regions of the Mu element. All primer-sets used for RT-
PCR were first tested and confirmed to amplify mutant genomic DNA. B) A graphic representation
of the RT-PCR results is shown. For each mutant allele transcript, the numbers in the table
indicate the base pairs into Mu where each primer binds. Red highlighting indicates regions
expected to amplify based on the transcript assembly (bp of Mu sequence listed in Red). Blue
highlighting indicates which primers successfully amplified products. TE primers are labeled TE 1-
n with primers that are more internal as higher numbers. BLANK indicates that no product was
amplified. Teal highlighting with a “?” indicates that presence or absence of amplification is
unclear.

36



A Wildtype cDNA D ———

CPM CPM
Mutant cONA (EEEERET e E—|
gene promoter partial Mu promoter
B gene promoter partial C Mu promoter
O O
20+ R? = 0.9677254 R? = 0.4255604
n=18 304 n=19
<
O 151 ©)
215
g @
w 20 O
10 ’
o . ®
8 ® 0O o °
=]
= 5 ® o 101
@)
o)
8 0/ 3
O O
0{ @ &
0 10 20 30 40 0 10 20 30 40

W22 CPM/Fragment

Figure 6. Transcript abundance comparison of mutant and wild-type transcripts.
A) Schematic of how the expression level of the mutant and wild-type transcripts could
be directly compared. Exon regions that are present in both the mutant and wild-type
transcript assemblies were identified for each Mu allele. Transcript abundance
(CPM/fragment) for mutant and wild-type transcripts was calculated from counts of the
corresponding RNA-seq sample reads that map to these shared exon regions. A scatter
plot of mutant transcript abundance (y-axis coordinates) relative to W22 wild-type
transcript abundance (x-axis coordinates) for B) gene promoter partial transcripts,
including transcripts with termination in Mu from 18 mutant alleles (blue circles) and C)
Mu promoter transcripts from 19 mutant alleles (red circles). The lines show the
expectation if there was equivalent expression for both alleles (slope = 1). Transcript
abundance values for four mutant transcripts (mybr32-m1, gras75-m1 and wrky82-m1
gene promoter-partial transcripts and baf60.21-m1 Mu promoter transcript) are not
shown in these plots due to either mutant and/or wild-type abundance > 40 CPM.
However, R? values were calculated for each transcript abundance comparison from all
18 gene promoter partial transcripts and 19 Mu promoter transcripts.
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Figure S3. Ratios of mutant to wild-type transcript abundance. A scatter plot of the
log2 normalized ratio of mutant to wild-type transcript abundance (CPM/fragment) is
plotted for each mutant allele and the corresponding mutant transcript, gene promoter
partial (blue circles) and Mu promoter (red circles). Mutant transcripts with expression
levels that vary relative to wild-type transcripts are plotted relative to zero with positive
values for higher transcript abundance and negative values for lower transcript
abundance
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Figure 7. Tissue-specific patterns of expression for mutant transcripts relative wild-
type transcripts from RT-qPCR data. A) Schematic of RT-qPCR primer design to test
relative patterns of gene expression from mutant and wild-type alleles. Primers with
specificity to regions of shared sequence between assembled wild-type and mutant
transcripts were used to quantify tissue-specific expression patterns by RT-gPCR. 10 mutant
alleles isolated from 5 genes were selected to sample for this analysis. Selecting genes with
two independent mutant alleles each provided more power to confirm relative wild-type gene
expression patterns across tissues and we focused on genes with variable expression levels
in the tissues sampled. B) Average delta Ct (dCt) values of mutant gene promoter-Mu
transcripts (blue) and mutant Mu promoter transcripts (red) relative to the values of their
corresponding wild-type transcripts (black) are plotted as points each tissue sampled (x-axis
tissue order is the same for all alleles). Each data point is the average dCt value of three
biological replicates by three technical replicates. Trendlines across tissues are plotted to
display expression patterns. dCt values are inversely proportional to relative transcript
abundance and greater dCt values indicate lower relative transcript abundance.
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Table S1. Genomic data for 35 Mu-insertion mutant alleles isolated from the UniformMu
population in maize.

UniformMu Mutant Insertion Maize Genomic Data

Name B73v4_gid W22 _gid Mutant Allele W22_MulD B73v4_MulD Stock

BAF60.21 Zm00001d015127 Zm00004b012791 baf60.21-m1  chr5_77050725 mul034781 UFMu-03236
BAF60.21 Zm00001d015127 Zm00004b012791 baf60.21-m2  chr5_77050622 mul092086 UFMu-11153
BSD10 Zm00001d026518 Zm00004b040474 bsd10-m2 chr10_145400162 mul072546 UFMu-03453
BZIP76 Zm00001d036736 Zm00004b029476 bzip76-m2 chr6_95884230 mul083967 UFMu-10010
BZIP76 Zm00001d036736 Zm00004b029476 bzip76-m3 chr6_95884945 mul081677 UFMu-09463
C3H42 Zm00001d008356 Zm00004b024707 c3h42-m1 chr8_5818897 mul068676 UFMu-08608
E2F19 Zm00001d027709 Zm00004b000391 e2f19-m1 chrl_12237717 mul040458 UFMu-04300
E2F19 Zm00001d027709 Zm00004b000391 e2f19-m2 chrl_12237755 mul080409 UFMu-09504
HSF24 Zm00001d032923 Zm00004b004268 hsf24-m3 chrl_245656248 mul065831 UFMu-08727
HSF24 Zm00001d032923 Zm00004b004268 hsf24-m4 chrl_245656475 mul1037205 UFMu-03655
IMJ13 Zm00001d052933 Zm00004b023587 jmj13-m4 chr4_210612840 mul081210 UFMu-09466
IMJ13 Zm00001d052933 Zm00004b023587 jmjl13-m7 chr4_210613404 mul041192 UFMu-04767
MYB40 Zm00001d040621 Zm00004b016719 myb40-m1 chr3_55921183 mul1090929 UFMu-11189
MYB40 Zm00001d040621 Zm00004b016719 myb40-m2 chr3_55920569 mul043293 UFMu-04991
E2F13 Zm00001d052288 Zm00004b023063 e2f13-m1 chr4_192230417 mul086360 UFMu-11121
GRAS52 Zm00001d002573 Zm00004b006535 gras52-m1l chr2_15799332 mul037818 UFMu-03743
GRAS75 Zm00001d006701 Zm00004b009784 gras75-m1 chr2_213696662 mul1080849 UFMu-09435
HSF13 Zm00001d027757 Zm00004b000433 hsfl3-m1 chrl_13648451 mul085337 UFMu-10587
HSF18 Zm00001d016255 Zm00004b013608 hsf18-m1 chr5_153354999 mul086526 UFMu-10749
HSF20 Zm00001d026094 Zm00004b040094 hsf20-m1 chr10_136927897 mul085720 UFMu-10752
HSF29 Zm00001d016520 Zm00004b013825 hsf29-m1 chr5_165555661 mul023451 UFMu-02314
HSF29 Zm00001d016520 Zm00004b013825 hsf29-m2 chr5_165555817 mul083642 UFMu-10398
HSF6 Zm00001d016674 Zm00004b013941 hsf6-m1 chr5_171668444 mul048425 UFMu-06347
HSF6 Zm00001d016674 Zm00004b013941 hsf6-m2 chr5_171667932 mul056797 UFMu-07611
MYBR21 Zm00001d008602 Zm00004b024904 mybr21-m1l chr8_14018025 mul042351 UFMu-04838
MYBR32 Zm00001d029963 Zm00004b002134 mybr32-m1l chrl_96615987 mul076168 UFMu-09083
ORPHAN249 Zm00001d038846 Zm00004b031116 orphan249-m2 chr6_163275141 mul029949 UFMu-02921
SBP20 Zm00001d053890 Zm00004b024383 sbp20-m2 chr4_249933323 mul086430 UFMu-10892
SBP20 Zm00001d053890 Zm00004b024383 sbp20-m3 chr4_249932948 mul1091327 UFMu-11256
WRKY2 Zm00001d016052 Zm00004b013450 wrky2-m2 chr5_141290461 mul025953 UFMu-11813
WRKY8 Zm00001d053369 Zm00004b023980 wrky8-m1 chr4_235052564 mul1048159 UFMu-06456
WRKY8 Zm00001d053369 Zm00004b023980 wrky8-m2 chr4_235053087 mul1077370 UFMu-08953
WRKY82 Zm00001d038843 Zm00004b031112 wrky82-m1 chr6_163095668 mu1081611 UFMu-09469
WRKY87 Zm00001d052847 Zm00004b023521 wrky87-m1 chr4_207897892 mul067257 UFMu-08437
WRKY87 Zm00001d052847 Zm00004b023521 wrky87-m2 chr4_207898459 mu1091217 UFMu-12044
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Table S2. Gene expression values for 24 transcription factor genes (B73v4) in different tissues (Zhou et al. 2019). The expression
value (CPM) for each of the 22 TFs was assessed based on prior sampling of tissues or developmental stages in B73 (Zhou et al.
2019). Values highlighted indicate the predicted expression level of TF genes in tissues sampled for RNA-seq in this study.

24 h 6 DAS seedling 11 DAS v12 v14 0 DAP 14 DAP 27 DAP
embryo |coleoptile radicle blade tassel flag
TF RNAseq Tissue |imbibed |tip root leaf root meristem ||eaf sheath internode tassel auricle |ear silk spikelet husk stem floret |eaf root kernel endosperm |embryo endosperm
WRKY2 coleoptile_tip 3.0 11.9 6.2 1.4 3.7 6.2 0.6 0.9 1.7 2.5 1.2 1.5 1.4 2.1 13 2.6 0.9 1.2 0.3 3.1 2.4 3.9 1.3
MYB40 coleoptile_tip 4.9 45.7 21.2 7.9 1.6 19.1 5.7 4.1 0.8 141 12.8] 10.4 6.8 9.8 4.0 13 85 59.8 2.0l 223 23.9 5.5 26.2
E2F13 coleoptile_tip 0.1 20.7 9.6 0.0 6.1 34.2 0.0 0.0 0.0 5.9 0.0] 34.8 0.1 2.9 0.1 0.1 0.1 0.1 2.3 1.1 0.5 6.5 0.0]
GRAS52 embryo_imbibed|  114.8 5.2 54| 237 137 10.5 9.0 179 16.2 123 205| 9.7 39 129 138 288 124 236 105| 86 11.8 5.0 485
GRAS75 embryo_imbibed|  163.0) 324 219 177 73 14.8 329 270 96 73 182 183] 125 164 161 610 198 713 44| 476 62.1 20.8 58.2
MYBR21 embryo_imbibed|  183.3 16.9 28.7] 66.4 101.0 20.6 281 425 557 152  315| 235 294 273 310 719 357 409 263| 211 20.6 4.8 29.7
HSF18 embryo_imbibed 74.2, 10.2 25| 220 347 7.0 0.8 5.4 6.1 0.2 3.8 0.1 0.7 0.3 0.2 0.4 0.5 13 637 23 4.4 8.4 7.3
HSF29 embryo_imbibed 15.1 15.2 15.7] 151 209 11.3 232 265 402 223 25.8] 132 302 245 321 291 177 132 211| 145 8.2 14.1 9.8
HSF6 embryo_imbibed 175.7 0.8 53 1.7 1.1 0.5 324 21.3 10.3 53 11.7 4.7 11.0 6.2 7.9 16.8 7.8 450 12.0 3.9 2.4 16.1 3.0
HSF20 embryo_imbibed 14.0] 11 04| 15.7 7.7 9.7 28.2 11.9 9.6 9.0 13.6 4.7 4.8 53 4.7 4.0 56 234 2.4 4.3 12.4 3.0 10.0]
WRKY82 embryo_imbibed 43.5 7.0 15.8] 31.0 16.6 1.5 7.7 123 18.3 1.5 11.9 0.5 1.4 2.7 8.9 143 53 108 436 4.1 0.1 0.2 0.6}
WRKY87 embryo_imbibed 40.1 0.4 0.1 12.0 0.5 0.3 9.5 2.0 0.4 0.2 1.4 0.3 0.0 0.1 1.6 11 1.6 141 0.2 0.3 0.1 0.6 0.1
WRKY8 embryo_imbibed 6.2] 3.9 31 0.9 4.7 4.6 0.9 2.3 26 1.9 3.4 2.6| 2.6 1.7 1.6 31 1.2 2.7 1.1 13 1.0 4.7 0.6
SBP20 embryo_imbibed 37.5] 11.8 135 53 11.0 235 1.4 10.4 18.7 16.9 7.5 11.8 2.2 8.5 4.8 17.0 7.9 1.7 373 3.7 23 6.1 0.8
BZIP76 embryo_imbibed 10.8 2.7 5.2 13.0 2.6 2.0 2.3 1.5 6.7 2.9 0.6 3.1 13.8 5.0 14 7.0 4.3 5.3 5.8 29 2.2 1.4 1.6
BSD10 embryo_imbibed 19.0 8.3 8.7 8.3 10.2 8.5 12.7 13.5 88 114 11.8] 13.9 12.6 15.0 10.8 8.7 8.4 6.2 109 11.3 14.5 15.4 17.2
ORPHAN249  embryo_imbibed 57.0) 7.5 26.6| 34.5 300 7.8 28.6 38.1 247 143 30.8| 204 282 27.0 14.7 313 229 615 389 8.5 2.8 4.4 1.9
E2F19 seedling_leaf 15.8 9.7 10.3] 17.0 9.9 15.8 135 135 11.7 126 11.0] 23.1 14.6 14.6 10.0 15.2 8.8 220 114 147 14.1 13.0 19.9
HSF13 seedling_leaf 12.4 2.6 5.2 454.1] 114 1.7 4189 3741 9.7 1.1 111.3 1.6 21.2 1.2 99.3 73.6  46.1 650.7 11.2 1.0 0.0 0.2 0.3
MYBR32 seedling_leaf 25.4 22.4 40.5] 299.6] 136.9 29.4 354 158.2 486.2 25.6 189.4] 71.8| 208.4 554 199.4 2338 1145 89.7 263.6] 20.6 31 37.4 53
HSF24 tassel 61.0 323 39.4| 764 527 120.3 457.3 2503 292.2 188.4] 80.7 82.7 100.1 73.7 109.6 89.0 400.1 155.9] 167.1 208.2] 265.2 121.1
C3H42 tassel_stem 3.9 7.4 10.4 2.2 4.6 9.5 35 5.2 273 7.5 3.9 6.9 8.2 7.2 6.7 9.6 2.8 4.7 7.8 9.1 11.2 4.9 6.5
BAF60.21 tassel_stem 14.6 22.8 209 42 128 40.2 141 147 82 117 141| 198| 141 108 133| 163| 113 241 149 75 6.1 16.7 3.9
IMI13 tassel_stem 27.5 19.5 149 09 115 21.1 6.1 8.2 69 7.0 70| 183] 107 114 6.6, 6.8 65 78 81| 201 23.5 13.9 16.0)
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Table S3. Mutant allele transcriptome data obtained, transcript abundance, and transcriptome assembly predicted transcript structure. RNA-seq
CPM and FPKM for mutant and wild-type W22, DE data averaged across biological replicates (N), log2fc: log2 fold change of mutant to control,
IfcSE: log fold change standard error and FDR adjusted p-value.

Trancript Abundance

Transcriptome Data Obtained mutant W22 Gene DE Data
Genotype Pedigree Tissue lllumina FPKM CPM N FPKM CPM N log2fc IfcSE p-value DE Transcript Structure- Figure 3A
baf60.21-m1  BC2S2 tassel_stem PE 150bp  45.60 37.49 3.00 32.79 26.96 3 0.480 0.114 8.22E-04 Not_DE  Mu promoter
baf60.21-m2  BC2S2 tassel_stem PE 150bp  18.52 15.22 3.00 32.79 26.96 3 -0.829 0.118 1.16E-09 Not_ DE = Mu promoter
bsd10-m2 S2 embryo_imbibed PE 150bp 12.62 22.79 3.00 16.19 29.24 4  -0.438 0.108 4.86E-04 Not_DE = Mu promoter
bzip76-m2 BC2S2 leaf PE 150bp 4.31 7.92 3.00 4.04 741 4 0.064 0.217 0.90064 Not_DE  Mu promoter
bzip76-m3 BC2S2 leaf PE 150bp 2.07 3.80 3.00 4.04 741 4 -0.954 0.237 0.0011 Not_DE gene exon partial
c3h42-m1 BC2S2  tassel_stem PE 150bp 7.20 5.05 3.00 5.31 373 3 0.443 0.173 0.06283 Not_DE gene promoter-Mu | Mu promoter
e2f13-m1 BC2S2  coleoptile_tip PE 150bp 3.15 5.77 3.00 4.86 8.90 4 -0.607 0.159 0.00362 Not_DE gene promoter-Mu | Mu promoter
e2f19-m1 BC2S2  leaf PE 150bp 2.43 413 3.00 5.43 9.22 4 -1.125 0.217 8.47E-06 DE_Down gene exon partial
e2f19-m2 BC2S2  leaf PE 150bp 4.01 6.82 3.00 5.43 9.22 4 -0.471 0.203 0.11291 Not_DE gene exon partial
gras52-m1 BC2S2  embryo_imbibed PE 150bp 038 0.72 200 6.59 1233 4 -4.072 0.355 4.83E-28 DE_Down gene promoter-Mu | gene exon partial
gras75-m1 BC2S2  embryo_imbibed PE 150bp 32.49 54.10 3.00 78.36 130.48 4 -1.266 0.142 4.06E-17 DE_Down gene promoter-Mu
hsf13-m1 BC2S2  leaf PE 150bp 31.24 45.52 3.00 63.51 9253 4 -0.989 0.110 4.03E-17 Not_DE gene promoter-Mu | Mu promoter
hsf18-m1 BC2S2  embryo_imbibed PE 150bp 540 7.69 3.00 1.98 2.83 4 1.373 0.290 2.90E-05 DE_Up gene promoter partial | Mu promoter
hsf20-m1 S3 embryo_imbibed PE 150bp 0.71 0.89 3.00 0.49 061 4 0.514 0.692 0.63301 Not_DE gene promoter-Mu | gene exon partial
hsf24-m3 S3 tassel SE 50bp 21.03 51.22 3.00 16.89 41.15 3 0.045 0.168 0.87331 Not_ DE  gene promoter-Mu | gene exon partial
hsf24-m4 S2 tassel SE 50bp 872 21.24 3.00 16.89 41.15 3 -1.104 0.172 9.37E-09 DE_Down gene exon partial
hsf29-m1 S3 embryo_imbibed PE 150bp 17.78 32.75 3.00 15.11 27.83 4 0.201 0.168 0.44145 Not_DE  Mu promoter
hsf29-m2 S3 embryo_imbibed PE 150bp  15.17 27.94 3.00 15.11 27.83 4 -0.025 0.169 0.93601 Not DE gene exon partial
hsf6-m1 S3 embryo_imbibed PE 150bp 0.02 0.04 3.00 0.20 048 4 -3.748 1.245 0.01579 DE_Down NA
hsf6-m2 S3 embryo_imbibed PE 150bp 0.14 0.34 3.00 0.20 048 4 -0.479 0.772 0.72818 Not_DE NA
jmj13-m4 S3 tassel_stem PE 150bp 4.24  8.90 3.00 6.73 14.14 3 -0.669 0.133 1.13E-04 Not_DE gene promoter-Mu | Mu promoter
jmj13-m7 BC2S2 tassel_stem PE 150bp 7.54 15.85 3.00 6.73 1414 3 0.162 0.128 0.60044 Not_DE  Mu promoter
myb40-m1 S3 coleoptile_tip PE 150bp 7.95 13.17 3.00 6.98 11.57 4 0.184 0.147 0.89794 Not_DE gene promoter-Mu | Mu promoter
myb40-m2 S2 coleoptile_tip PE 150bp 5.29 8.76 3.00 6.98 1157 4 -0.372 0.151 0.34221 Not_DE gene exon partial
mybr21-m1 S3 embryo_imbibed PE 150bp 456 14.29 3.00 19.42 60.91 4 -2.075 0.129 1.64E-55 DE_Down gene promoter-Mu | gene exon partial
mybr32-m1 S2 leaf PE 150bp 37.42 61.19 3.00 86.66 14169 4 -1.187 0.083 2.06E-43 DE_Down gene promoter-Mu | Mu promoter
orphan249-m2 BC1S2  embryo_imbibed PE 150bp 7.71 17.17 3.00 6.23 1386 4 0.298 0.239 0.41145 Not_DE  Mu promoter
sbp20-m2 S3 embryo_imbibed PE 150bp 355 939 3.00 531 1403 4 -0.620 0.160 8.08E-04 Not_DE gene promoter-Mu | Mu promoter
sbp20-m3 S2 embryo_imbibed PE 150bp 5.63 1490 3.00 531 1403 4 0.065 0.160 0.82448 Not_DE gene promoter-Mu | Mu promoter
wrky2-m2 S3 coleoptile_tip PE 150bp 1.23  2.21 3.00 1.28 229 4 -0.059 0.258 0.98609 Not DE gene promoter partial | Mu promoter
wrky8-m1 S3 embryo_imbibed PE 150bp  10.99 19.28 3.00 4.08 7.15 4 1.452 0.295 2.40E-05 DE_Up gene promoter-Mu | Mu promoter
wrky8-m2 S3 embryo_imbibed PE 150bp 3.07 5.38 3.00 4.08 7.15 4 -0.330 0.301 0.51222 Not_DE gene promoter partial | Mu promoter
wrky82-m1 S3 embryo_imbibed PE 150bp 440 7.19 3.00 21.01 3436 4 -2.297 0.262 8.04E-17 DE_Down gene promoter-Mu
wrky87-m1 S3 embryo_imbibed PE 150bp 3.39 8.83 3.00 2.30 599 4 0.535 0.252 0.10716 Not_DE  gene promoter-Mu | Mu promoter
wrky87-m2 S3 embryo_imbibed PE 150bp 3.40 8.84 3.00 2.30 599 4 0.571 0.252 0.07387 Not_DE  gene promoter-Mu | Mu promoter
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Table S4. Mutant allele Mu element identity and orientation by gDNA PCR. Table follows the format of Figure S2 with primer sets not
tested grayed out, and tested primer sets resulting in amplification—blue, no amplification—pink.

Forward Reverse
F:Mub5' Mu3':R F:Mu3' Mu5':R
Allele Mu F | Mus Mu3' | R F | Mu3s Mu5' | R Orientation
sbp20-m2 Mu3 gsp01 qrp28 qrp21 gsp02 F
wrky87-m2 Mu3 gsp03 qrp28 qrp21 gsp04 F
sbp20-m3 Mu7 grpll qrp36 qrp62 qrpl2 F
Jjmj13-m4 Mu7 gsp08 qgrp36 qrp62 gsp07 F
wrky87-m1 Mu7 qrp05 qgrp36 qrp62 gsp06 F
wrky8-m1 Mul.7 gsp09 grp4l qrp43 gspl0 F
hsf13-m1 Mul.7 qrp4l gspll mtp02 gspl2 qrp43 gspll qrp4l gspl2 F
e2f13-m1 Mu8 ump220 mtpl0 ump221 mtpl0 F
hsf18-m1 Mu8 umpl39 mtpl10 ump056 mtpl10 R
mybr32-m1 Mu8 ump042 mtpl10 umpl25 mtpl10 R
wrky2-m2 Mu7 ump065 qrp63 umpl47 qgrp63 F
wrky8-m2 Mu8 ump080 mtpl0 ump163 mtpl10 R
baf60.21-m1  Mul.7 | BAF60.21-F3 qrp4l grp4l BAF60.21-R3 R
baf60.21-m2  Mul.7 | BAF60.21-F3 grp4l grp4l BAF60.21-R3 F
jmj13-m7 Mul.7 | JMJ13-F9 qgrp4l qrp4l JMJ13-m7R9 F
myb40-m1 Mu7 qrp62 MYB40-R3 MYB40-F1 qrp62 F
orphan249-m2 Mu8 |Orphan249-R9 mtpl0 mtpl0 Orphan249-F9 F
c3h42-m1 Mul.7 | C3H42-R1 grp4l mtp01 C3H42-F1 C3H42-R1 mtp01 grp41 C3H42-F1 F
bsd10-m2 Mul mtp01 BSD8-R1 BSD8-F1 mtp01 R
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Table S5. Mutant allele transcript boundaries by RT-PCR. Table follows format of Figure 5B with primer Mu-specific primer names
listed above the Mu sequence amplified and the gene-specific primer used for each allele in the corresponding row. Some Mu-
specific primers have specificity to both Mu TIRs and can be used with both gene-specific primers to determine transcript boundaries.

gene promoter-Mu transcripts Mu promoter transcripts
Mu-specific primers Mu-specific primers
Allele Mu gehis TE_1 TE_2 TE_3 TE 4 TE_S TE_6 gehis TE_1 TE_2 TE_3 TE 4 TE_S TE_6
primer primer
gsp01 qrp25 qrp27-rc qrp28 qrp61 gsp02 qrp21 qrp22 qrp23 qrp24
135 168 215 883 396 473 543
sbp20-m2 Mu3
BLANK
gsp08 qrp64 qrp66 gsp07
322 528
jmj13-m4 Mu7
?
gsp03 qrp25 qrp27-rc qrp61 gsp04
135 168 215 883
wrky87-m2  Mu3
qrpll qrpl2
sbp20-m3 Mu7
gsp05 qrp66 gsp06
528
wrky87-m1  Mu7
BLANK
gsp09 gsp10 qrpa2 qrp44.2

59 118

wrky8-m1  Mul.7
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CHAPTER Illl. ABSTRACT

Transcription factors (TFs) play important roles in regulation of gene expression and
phenotype. A variety of approaches have been utilized to develop gene-regulatory
networks (GRNSs) to predict the regulatory targets for each TF, such as yeast-one-hybrid
(Y1H) screens and gene co-expression network (GCN) analysis. Here we identified
potential TF targets and used a reverse genetics approach to test the predictions of
several GRNs in maize. Loss-of-function mutant alleles were isolated for 22 maize TFs.
These mutants did not exhibit obvious morphological phenotypes. However,
transcriptome profiling revealed differentially expressed genes in each of the mutant
genotypes. An analysis of expression levels for predicted target genes based on yeast
one-hybrid screens identified a small subset of predicted targets that exhibit altered
expression levels. The analysis of predicted targets from GCN-based methods found
significant enrichments for prediction sets of some TFs, but the majority of predicted
targets do not exhibit altered expression. This could result from redundant gene
regulation by other TFs or from false-positive GRN predictions. Collectively, these
findings suggest that loss of function for single uncharacterized TFs might have limited
phenotypic impacts but can reveal subsets of GRN predicted targets with altered

expression.

Chapter Il entitled ‘Transcriptome profiling of maize transcription factor mutants to probe
gene regulatory network predictions’ is written and formatted as a manuscript. Some

tables have been adapted and reformatted for thesis guidelines.

Erika L. Magnusson, Peng Zhou, Yi-Hsuan Chu, Peter Hermanson, Lina Gomez Cano,
Zach Myers, Ankita Abnave, John Gray, Candice N. Hirsch, Erich Grotewold, Nathan M.
Springer (est. 2023).
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CHAPTER I

Transcriptome profiling of maize transcription factor mutants to probe gene
regulatory network predictions

Introduction

Transcription factors (TFs) transcriptionally regulate gene expression by recognizing and
binding to DNA in a sequence-specific fashion. In eukaryotic genomes ~5-10% of the
genes encode TFs that regulate transcription of all genes '**. Gene regulatory networks
(GRNSs) represent the interactions between TFs and target genes that regulate spatial
and temporal expression of a portion of all genes in an organism "°. The data to match
the discrete number of TFs to the larger number of target genes they regulate in GRNs
remains limited. However, it is important to identify and understand how GRNs regulate
endogenous metabolic pathways as this may provide a shortcut for modulating whole
pathways or branch points of pathways '*. Likewise, in crops, GRN inference could be
used to select for existing variants or introduce new genetic variants 2 to rewire GRN

architecture as a potential strategy to generate novel phenotypes for crop improvement.

Several methods have been used to predict TF-target gene interactions to generate
GRNs in maize. These methods can include gene-centered approaches; a gene is
known but regulators of the gene are not, or TF-centered approaches; the TF is known
but the target genes it regulates are not '*. Gene-centered approach methods can
identify interactions where TFs directly bind to promoters or cis-regulatory elements
(CREs) of a particular gene. Yeast-one-hybrid (Y1H) is a gene-centered approach that
involves screening for interactions between the DNA sequence of interest (DNA bait)
and a TF (protein prey) by activation of a reporter gene in yeast '*¢'3, Studies in

140-142 and maize '*® have successfully used Y1H to predict TF-target gene

Arabidopsis
interactions. However, there are numerous limitations of the Y1H approach, including
interactions are tested in yeast outside of genome tissue-specific or chromatin
landscapes, cloned promoter sequences (DNA bait) are usually small (~1 kb) and may
not capture the TF binding site, and interactions that require multiple TFs or post-
translational modifications will be missed '*%'*4. TF-centered approaches, such as
chromatin-immunoprecipitation coupled with DNA sequencing (ChlP-seq), can identify
potential TF targets genome-wide. ChiP-seq is a technique that uses a TF-specific
antibody to selectively recover bound DNA from cross-linked DNA-protein complexes
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145146 In maize, direct targets for several TFs have been identified by ChIP-seq /=",

Unlike Y1H, ChIP-seq captures in vivo TF-target interactions within accessible chromatin
regions and identifies target sequences that are both directly and indirectly bound (if the
TF of interest forms a complex with another TF that directly binds). ChIP-seq is limited
by the availability of antibodies and loss-of-function alleles to test antibody specificity.
Another approach to GRN inference is to build gene co-expression networks (GCNs)
with TF and target gene information and statistically measure the relationship between
TF and target gene expression profiles. If the expression pattern of the TF and target
gene are similar, these genes are considered co-expressed and may have shared
regulation "', GCNs require large sets of quantitative data, usually RNA-seq, to capture
gene expression and the statistical methods used for correlation can have a significant
impact on the results '°2. Each approach to predict GRNs has some value, but
comparisons among different approaches suggest many false positives and false

negatives.

One method to test GRN predictions is to isolate loss-of-function mutants in TFs and test
expression of predicted targets "®7°. In maize, there are limited methods for moderate
scale reverse genetics studies to assess if absence of the TF results in target genes with
altered expression. Current maize mutant libraries only have functional knockouts for a
subset of genes in the genome '**. Further, the ability to test GRN predictions with TF
loss-of-function alleles will vary based on the GRN prediction method. For example, the
sample size of putative TF regulators identified by co-expression-based methods is
usually much larger than those identified by Y1H screens. The number of Y1H predicted
TF-target interactions is limited by the size and number of promoter regions that are
cloned and tested, usually from a single putative pathway or functional type. GCN-based
methods allow for construction of much larger networks and the likelihood of isolating
loss-of-function alleles for some of these predicted TF regulators increases by the size of
the network alone. Due to the recent whole genome duplication in maize '**, testing
GRN predictions in vivo with functional TF knockouts may be limited by genetic
redundancy with target gene regulation complemented by paralogs or members from the

same TF family, requiring loss-of-function mutants for multiple related TF genes.
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A set of putative loss-of-function alleles were recovered for 22 maize TFs with predicted
targets based on either Y1H and/or co-expression-based networks. We did not observe
phenotypic differences in these mutants. However, transcriptome profiling revealed
variable numbers of differentially expressed (DE) genes in the mutants relative to wild-
type plants. Gene ontology (GO) enrichment analyses identified functional groups of
genes with altered expression in some of these mutants but did not point to clear
biological functions for these TFs. The analysis of transcript abundance for GRN targets
predicted using Y1H or co-expression analyses does reveal examples of predicted
targets with altered expression. In some cases, the predicted targets are significantly
over-represented in the DE genes (DEGs). However, the majority (> 75%) of predicted
targets do not exhibit altered expression. These findings suggest limited perturbation of
GRNSs in single gene knockouts and could reflect high degrees of redundancy in gene

regulation.

Results

To test the functional relevance of GRN predictions in maize we obtained stocks
containing putative loss-of-function alleles for a series of TFs. Two primary sources of
GRN predictions were utilized to select TFs for testing. The first source of GRN
predictions was from a Y1H screen that identified putative TF regulators of maize
phenolic biosynthesis '*%). This Y1H screen identified 45 TFs that exhibit interactions
with at least 4 of the 54 phenolic biosynthesis gene promoters tested **'*°. The second
source of GRN predictions was a meta-analysis of TF-target gene co-expression from 45
GCNs . To test the GRN predictions generated from GCNs, we identified 64 TFs that
had = 400 predicted targets and at least one coding sequence insertion indexed in the
UniformMu mutant collection 2. GRNs constructed from both sources, Y1H and GCNs,
identified predictions for genes annotated in the B73v4 genome '*"'%8, Before moving
forward with network perturbation, all TFs selected for testing (45 from Y1H and 64 from
co-expression) were confirmed to be single copy syntenic orthologs in the B73v4 and

W22 genomes.

Isolation and characterization of TF loss-of-function alleles
Mutator (Mu) transposon insertions located within the set of TFs predicted from the Y1H

or co-expression-based GRNs were identified using the sequence-indexed UniformMu
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population created in a W22 inbred genetic background 2. While most maize genes are
associated with Mu insertions in this population, only 27.1% of annotated W22 genes
have an insertion within the coding sequence %. We obtained all available insertions for
the 45 TFs identified as candidates in the Y1H screen, including insertions in UTRs,
introns, and proximal promoter regions. Given the prior evidence that some insertions
within UTRs, introns, or 5’ regions have minimal or no effect on the transcript produced

3,38,159

by the allele , we focused primarily on coding region insertions, but for a few TF
genes we also obtained 5' UTR, intron, and proximal promoter (up to 1 kb upstream of
the TSS). We initially obtained stocks representing 150 alleles (82 TFs) but some of
these were subsequently eliminated from our study because we could not confirm the
presence of the insertion, because the insertion was not properly transmitted to
subsequent generations, or lack of evidence for loss-of-function. This resulted in 32
putative loss-of-function alleles for 22 TFs including, 12 alleles for 8 of the TFs selected
based on Y1H predictions and 20 alleles for 14 of the TFs selected based on GCN-
based predictions (Figure 1, Table S1). None of the mutant lines used in this study
exhibit notable morphological phenotypes (e.g., flowering time, plant architecture, or
seed traits) that co-segregate with the mutation. It is possible that some lines have
subtle phenotypic effects, but no major differences were observed over multiple field

seasons.

Transcriptome profiling of TF mutant collection

Transcriptome profiling by RNA-seq was performed for each of the TF mutant alleles to
characterize differential expression of the TF and the target genes. The TFs in the
mutant collection exhibit variable tissue-specific patterns of expression based on data
from 23 different tissues or developmental stages in B73v4 ', so our experimental
design focused on collecting mutant and wild-type transcriptome data from tissues with
moderate-high expression of the TF relative to other tissues (Table S2). In total we
surveyed five different tissues: coleoptile tip, imbibed embryo, seedling leaf, tassel, and
tassel stem, with variable numbers of mutant alleles assessed in each tissue (Table S1,
S2). To confirm the potential functional impact of the Mu insertion on the gene product of
the TF, we assessed the expression level and transcript structure for each mutant allele.
The log: fold change in expression of each TF gene in the mutant allele harboring the

Mu insertion relative to the wild-type allele was estimated from RNA-seq reads of all

50



biological replicates mapped to the W22 reference genome (which lacks the Mu
insertion). This expression analysis revealed that only 8 of the 32 mutant alleles had
significantly reduced expression levels and two (wrky8-m1 and hsf18-m1) exhibited
significant increases in total transcript abundance (Figure 2A, Table S3). However, the
lack of a difference in expression level does not necessarily mean that a functional

product is produced.

To identify potential variation in the transcript structure or sequence due to the Mu
transposon insertion, we generated a de novo transcript assembly for each mutant and
isolated the transcript structure produced by the mutant allele. We found that most
mutant alleles have either altered transcript structure or sequence that is predicted to
result in the production of truncated or altered protein sequences (Figure 2B, Table S4).
In our study, we only retained mutant alleles that could not produce the full-length
protein by selecting mutants with either transcripts 5’ of the Mu insertion with the initial
AUG out-of-frame and/or transcripts 3’ of Mu that would only produce a protein less than
half the length of the normal protein. Many of the assembled mutant transcripts reveal
the presence of Mu transposon sequence. Mutant de novo assembled transcripts with
Mu sequence near the annotated insertion site likely indicate that the Mu insertion is
affecting mutant allele transcript structure. For several alleles there is evidence of two
transcripts: one initiating at the gene promoter and terminating in the Mu sequence and
the other initiating within the Mu element and reading through the remaining 3’ sequence
of the gene, and we could not detect amplified products using RT-PCR with primers
flanking the Mu insertion site (Figure 2B, Table S4). Based on these assembled
transcripts, it is unlikely that functional proteins are produced for most of these mutant

alleles, although it is possible that partial fragments could be generated in some cases.

The overall changes to the transcriptome were assessed through principal component
analysis for each tissue (Figure S2). In general, the samples tended to cluster by mutant
allele, but some samples were closely similar to W22 wild-type while others were more
distinct (Figure S2). Genes that were significantly DE were identified for each mutant
allele relative to wild-type W22 replicates from the same tissue (Figure 3). The number
of DEGs was quite variable with some mutants only exhibiting ~100 DEGs and others

having > 1,500 DEGs (Figure 3). For these putative TFs it is not known whether they
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function as primarily activators or repressors; therefore, both up- and down-regulated
genes were identified for each mutant allele. Most of the mutants (26/32) have more
down-regulated genes than up-regulated genes, which would be predictive of primary
targets of transcriptional activators. We examined the 10 TFs that are represented by
two independent mutant alleles and found significant (hypergeometric enrichment p <
0.05) overlap in both the up- and down-regulated DEGs for all 10 pairs of mutant alleles.
While the overlap of DEGs between the two mutant alleles was highly significant, the
proportion of the up- or down-regulated genes that are significant in both mutant alleles
was highly variable (Figure S3). In several cases > 50% of the DEGs are identified in
both mutant alleles, but in other cases the overlap only accounted for 5-10% of the
DEGs (Figure S3).

TF mutant allele DE genes reveal enriched GO terms

The potential functional role of the TFs as regulators was investigated by monitoring
enrichment for gene-ontology (GO) terms in DE genes '®°. There are a relatively large
number of terms with statistical significance for each mutant allele. To compare potential
functional enrichments for the different mutants, we identified the non-redundant set of
50 GO terms with the most significant enrichment for up- or down-regulated DEGs
among all 32 mutant alleles (Figure 4, S4). There are several examples in which the two
independent mutant alleles for a TF or mutant alleles for TFs in the same family exhibit
consistent enrichments. For example, the two mutant alleles of E2F19 exhibit down-
regulation enrichment of methyl esterase activity and UDP-glycosyltransferase (UGT)
activity (Figure 4). The two mutant alleles of WRKY87 and one allele for WRKY82 all
exhibit enrichment for down-regulation of mini-chromosome maintenance (MCM) and
THO complex genes (Figure 4). There were several GO terms that exhibit significant
enrichment in at least eight of the mutants including, UDP-glycosyltransferase (UGT),
THO complex, MCM complex, DNA unwinding, and cellular glucan metabolism. While
some mutants have functional enrichments for DEGs, the uncertainty in identifying the
functional role of the TFs based on the annotation of DE genes is consistent with plants

that display no major phenotypic differences under standard growth conditions.
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A small number of Y1H predicted targets exhibit differential expression

Only a subset of the TFs (13/22) with mutant alleles have targets predicted from the Y1H
analysis. These include five TFs with three or less predicted targets and eight TFs with
at least four predicted targets (Figure S5). There are some predicted Y1H targets that
are not expressed or lacking a W22 gene annotation (Y1H targets were predicted for
B73v4 based gene annotations) in either the mutant or wild-type plants (Figure 5, S6)
and these could not be tested for altered expression in the mutants. The majority of the
predicted targets that were expressed did not show evidence for differential expression
in the mutants (Figure 5, S6). There were only four significantly down-regulated and
seven significantly up-regulated Y1H predicted target genes out of more than 100
predicted targets tested for differential expression. Given the relatively small number of
targets for each mutant allele, it is difficult to perform a formal significance analysis, but
our results provide some initial evidence that removing a single TF has minimal
functional consequences for the expression of most Y1H predicted targets. The analysis
of multiple alleles for the same TF did reveal one potentially interesting case of
confirmed functional effects for Y1H predicted targets. The gene Bz1
(Zm00001d045055; a UGT involved in the glycosylation of anthocyanidins) is a predicted
target of HSF24 and is significantly down-regulated in both hsf24-m3 and hsf24-m4
(Figure 5, S7). This gene contains two predicted HSF binding sites located in the Y1H
cloned promoter region. The E2F19 predicted target gene HCT11 (Zm00001d020530) is
significantly down-regulated in e2f19-m1 and has decreased expression but is not
significantly DE in e2f19-m2 (Figure S7). The MYB40 predicted target gene A1
(Zm00001d044122) has five MYB transcription factor binding sites within the Y1H cloned
promoter region and is significantly up-regulated in myb40-m1. This gene is not
significantly changed in myb40-m2, but it does show increased expression in two of the

three biological replicates for this allele (Figure S7).

Some TF mutants exhibit enriched differential expression of co-expression-based
GRN predicted targets

The co-expression-based GRN predictions provide a much larger set of predicted
targets for most of the TFs in this study (Figure S5). Our analysis primarily focused on
the full set of predicted targets that are identified in at least one (n = 1, referred to as n1)

of the GCNs, but for some analyses we also assessed enrichments for targets that were
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found in at least three (n = 3, referred to as n3) of the GCNs. We observed 13 out of the
29 alleles with GRN predicted targets exhibit significant enrichment (Figure 6A). There
are three mutant alleles with significant enrichment for only down-regulation, four mutant
alleles with significant enrichment for only up-regulation, and 6 mutant alleles (hsf18-m1,
hsf20-m1, hsf6-m1, mybr32-m1 and wrky82-m1) with significant enrichment for both up-
and down-regulated target genes (Figure 6A). In most cases, the enrichment of targets
is only 1.5 to 2-fold, (Figure 6A). While there is a significant enrichment for differential
expression of predicted target genes for some of the TFs, the majority (> 80%) of the
GCN-based GRN predicted targets do not exhibit differential expression in the mutant
relative to wild-type (Figure 6B). A similar set of analyses were performed after
restricting the predicted targets to genes identified in at least three of the GCN-based
GRNs, GRN n3 (Figure S8). For several of the TFs, the targets predicted in at least
three GCN-based GRNs, GRN n3, exhibit higher enrichment for differential expression
than those predicted in GRN n1 (Figure S8A, Figure 6A), but most predicted targets still

do not exhibit altered expression (Figure S8B).

Discussion

Perturbing GRNs is considered a potential mechanism to influence traits in many
species. Substantial investments have been made in developing GRNs to predict the
functional targets for many TFs and to generate mutant collections for maize genes. In
this study, we have monitored the consequences of mutant alleles for 22 maize TFs that
have predicted targets. These TFs were selected based on prior Y1H work to identify
TFs that bind to promoters of multiple genes in the phenylpropanoid pathway " or
based on co-expression network analyses '®'. All the mutant lines that were analyzed
are derived from the UniformMu population and are in a W22 genetic background .
Each mutant line was grown in at least two field seasons with replicated plots. No
obvious morphological differences were observed in segregating rows comparing mutant
and wild-type siblings or in plots of homozygous mutants compared to standard W22.
There were no obvious differences in flowering time or ear traits. It is worth noting that in
reverse genetics studies it is much easier to evaluate specific predicted traits rather than
to search for any potential phenotype. However, it was clear that the loss-of-function for
the single TFs used in this study did not result in major phenotypes in the field

environments.
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Transcriptome profiling was utilized for three distinct purposes in this study: evaluation of
the mutant allele transcripts, GO enrichment analyses of genes with altered expression,
and assessment of expression changes at GRN predicted targets. We initially performed
transcriptome profiling on a larger set of UniformMu mutant alleles; however, for this
study we focused on the subset of alleles that most likely represent loss-of-function
mutations. Evaluation of TF gene expression levels in the mutant alleles revealed some
cases of reduced expression, but most genes did not exhibit a significant change in
transcript abundance. A more detailed analysis of coverage based on the RNA-seq data
found that most mutant alleles had similar patterns of read depth coverage compared to
W22 in regions of the gene both 5’ and 3’ of the Mu insertion. However, the regions near
the Mu insertion often had reduced coverage, as might be expected given the sequence
differences in this region, which would reduce the ability to map short reads to the
reference genome. To better understand the transcript structure in the mutant alleles, we
performed de novo transcriptome assembly. We found that in these mutant alleles,
which mostly represent coding sequence insertions, there are often multiple transcripts.
One of the transcripts represents the 5’ portion of the gene with the expected 5 UTR
and splicing, up to the site of the Mu insertion. This 5’ transcript would include some
sequence of the Mu terminal inverted repeat and then truncate within the Mu element. In
silico translation of such transcripts suggested the potential to make a fragment of the
wild-type protein. The other transcript appeared to initiate within the Mu element and
then read through to the expected transcription termination site. This is reminiscent of
Mu-suppressible alleles that have been previously characterized. Mu-suppressible
alleles occur when an outward-reading promoter in the Mu element initiates transcription
in plants with epigenetic silencing of Mu transposition %%, Many of the previously
characterized suppressible Mu alleles represent insertions in proximal promoters or 5’
UTRs that can produce the full-length protein. The highly significant overlap of DE genes
(hypergeometric enrichment p < 0.05) between the two independent alleles of six of the
TFs support the conclusion that the materials used in this study represent actual loss-of-

function alleles.

The evaluation of enrichment in GO terms can be useful in understanding functional
consequences of the mutant alleles. Many of the mutants exhibited significant

enrichments for some GO terms in the up- or down-regulated genes. However, we found
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it difficult to pinpoint a specific function of the TFs based on these GO terms. A similar
analysis was also performed using the maize metabolic pathways '®?, and while there
were some pathways with significant enrichments, there was no clear evidence that any
of our TF mutants exhibited broad, consistent changes to transcripts associated with

specific pathways.

The evaluation of transcript abundance for genes that are predicted as targets for each
of the TFs revealed some examples of altered expression. In about a third of the TFs
with co-expression-based GRN predictions there was a significant enrichment of the
predicted targets within the DEGs. However, the majority of the DEGs are not predicted
targets and the majority of the predicted targets are not DE. We considered two main
explanations for this observation. One potential explanation is that the GRN predictions
have a high rate of false positives. The types of data used to generate the GRN
predictions used in this study are both known to have false positives. Y1H assays are
conducted in the absence of the normal chromatin environment of the endogenous
promoters and can generate false positives. Co-expression analyses are simple guilt-by-
association approaches and can suggest functional interactions for sets of genes that
are co-expressed in similar patterns, even if these genes have independent regulation.
While these false positives can occur in both types of GRN predictions, we are not
confident that this is a primary explanation for the low validation rates we observed. A
second explanation is the potential for genetic redundancy in the regulation of these
predicted targets. This redundancy could be due to highly similar TFs (either retained
duplicated genes from the recent whole-genome duplication event in maize or other
members of the same TF family), or due to other TFs that independently regulate the
same target gene. It is worth noting that, in many cases, there are substantial numbers
of DE genes in the single TF knockouts, so there must be some non-redundant function
of these genes along with the possibility that there is partially redundant regulation. The
explanation of redundancy could explain why some of the predicted targets are not DE,
but in many cases, we did not find evidence from Y1H or co-expression data that would
have implicated other highly similar TFs. This might suggest that the GRN predictions
tend to highlight specific potential TF-target interactions when the biological reality might
be much more complex. In most cases we were not able to recover loss-of-function

alleles for multiple related TFs which reduces our ability to perform targeted analyses of
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redundant regulation. Future studies that utilize genome editing or other approaches to
create loss-of-function alleles in multiple TF family members could better explore the

potential redundancy of regulation in these pathways.

Methods

Isolation of TF mutant alleles from UniformMu populations

UniformMu transposon-indexed seed stocks were ordered from the MaizeGDB Stock
Center ''® (Table S1). Seeds were planted at field sites on the Saint Paul campus to
isolate DNA for genotyping from Vegetative 3 (V3) leaf tissue and to maintain stocks by
selfing. Mutant alleles were genotyped to identify the presence and zygosity of Mu with
gene-specific primers flanking the Mu insertion and primer with specificity to Mu TIR
regions: 9242 (Table S1) 2. Homozygous transmissible alleles were then isolated after
backcrossing twice to the W22 r-g (colorless) inbred if possible, to reduce the original
mutation load from the transposon-indexed stock (Table S1). Assessment of phenotype

were performed for multiple plots and multiple growing seasons for each of the mutants.

Plant material and RNA-seq experimental design

Homozygous transmissible alleles with various pedigrees (Table S1) were grouped for
RNA-seq sampling by tissue where the TF gene has moderate-high expression from
previously published expression profiling data in B73 "' and W22 '*® (Table S2). In total,
five different tissues were selected to sample to capture expression of each of the 22 TF
genes in mutant and control conditions: coleoptile tip, seedling leaf, imbibed embryo,
tassel, and tassel stem. Three biological replicates of the mutant alleles and at least
three biological replicates of control W22 r-g (colorless) in each tissue were sampled for
RNA-seq (Table S1, S3). Samples for each tissue were collected on the same day at the
same time with the 24 h time sampled listed in parentheses. At anthesis, tassel stems
(~3 cm) and whole tassels (anthers unextruded) were sampled (9:00) from 3 plants in
the field each and pooled for one biological replicate. Embryos were dissected (from
8:00-11:00) after imbibing seeds in distilled water for 48 h at 31°C and 5 embryos were
pooled for one biological replicate. For seedling leaf tissue, the newest collared leaf was
sampled (9:00) from each seedling 10 DAS in 16 h light 28°C, 8 h dark 24°C growth
chamber conditions and 3 leaves were pooled for one biological replicate. Coleoptile tips

were sampled (9:00) from seeds 6 DAS in 30°C dark conditions using a paper towel
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cigar roll method for germination ''° and 3 tips (~2.5 cm) were pooled for each biological

replicate.

RNA-seq data processing

Total RNA was extracted using Qiagen RNeasy Plant Mini Kit (QIAGEN, Inc., Valencia,
CA) and quantified internally and externally by the University of Minnesota Genomics
Center (UMGC) with the Quant-iT RiboGreen RNA Assay Kit (Thermo Fisher, Cat. No.
R11490) and quality checked by UMGC with the Agilent 2100 Bioanalyzer. For one
mutant allele, gras52-m1, one biological replicate sample did not meet the minimum
RNA concentration for RNA-seq library preparation and was discarded prior to
sequencing. Sequence libraries were prepared using the standard TruSeq Stranded
mRNA library protocol and sequenced on the NovaSeq 150 bp paired end S4 flow cell to
produce at least 20 million reads for each sample. For all samples with paired end
sequencing, both library construction and sequencing were done at UMGC. Library
construction and sequencing for two mutant alleles, hsf24-m3 and hsf24-m4, and W22
control sampled from tassel tissue was done externally at the Genomic Core at Michigan
State University. For these samples, libraries were prepared from 2 ug of total RNA
using the TruSeq RNA Sample Prep Kit (lllumina, Cat # FC-122-1001) and sequenced
on the HiSeq 4000 to produce at least 18 million 50 bp single-end reads.

For all samples, sequencing reads were then processed through the nf-core RNA-Seq
pipeline 2% puilt with Nextflow v20.10.0 ' for initial QC and raw read counting. Reads
were trimmed using Trim Galore! v0.6.5 '? and aligned to the W22 reference genome ©°
using Hisat2 v2.1.0 '?® with default parameters (“hisat2 -x $db $input -p 12 --met-stderr --
new-summary”). Uniquely aligned reads were then counted per feature by featureCounts
v2.0.1 '*, Raw read counts were then normalized by library size and corrected for library
composition bias using the TMM normalization approach in edgeR v3.28.0 '%, to give
CPMs (Counts Per Million reads) for each gene in each sample, allowing direct
comparison between mutant and control samples. CPM values were then normalized by
gene CDS lengths to give FPKM (Fragments Per Kilobase of exon per Million reads)
values. Genes were considered expressed if their CPM = 1 in at least one sample per

tissue. Principal component analysis of expressed genes CPM values were used to
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explore sample cluster patterns among and between biological replicates of mutant

alleles and wild-type W22 control.

Transcriptome profiling
Reads from RNA-seq data of combined biological replicates for each allele, mutant or
control, were de novo assembled into transcripts with TRINITY v2.5.1 '?": Reads were

quality trimmed with Trimmomatic v0.33 '

and strand-specificity was not defined. A
local blast database (SequenceServer '?°) was created for each de novo transcriptome
assembly to identify transcripts aligning to the W22 TF gene cDNA in each mutant and
control. W22 control transcript assemblies for each gene were first analyzed by both
BLASTn " and the ExPASYy translate tool "' to confirm TRINITY could assemble the
full-length gene cDNA from the RNA-seq short-read data. The canonical ORF of each
TF gene was identified by comparing the annotated W22 TF gene cDNA sequence to
sequences of orthologous genes in other grass species (i.e., Sorghum Bicolor, Setaria
Italica, Oryza sativa) via BLASTx. Mutant allele transcripts were further analyzed by
BLASTNnN to determine the effect of the transposon insertion and identify if Mu sequence

was transcribed.

Identification of TF mutant allele DE genes

Raw read counts of genes from all replicates of each TF mutant allele and W22 control
from the same tissue were used to call DE genes: false discovery rate [FDR] adjusted p-
value < 0.05 and a minimum fold change of 2 (DESeq2 v1.30.1 '?®). To determine if any
genes could be DE due to genetic differences between the control W22 (r-g) colorless
and UniformMu color-converted W22 22, DE genes were called between all TF mutant
allele and W22 samples from the same tissue. A small number of genes (n = 1773) that
are consistently DE in more than half of the mutant alleles from imbibed embryo, tassel
stem and seedling leaf tissues (< 50% of mutant reads are from one TF gene) were
removed. DE genes for each TF mutant allele were then filtered for expressed genes
(CPM = 1 in at least one sample per tissue) and genes with one-to-one gene models
between W22 % and B73v4 genomes '*"'%8, Filtering for W22 mapped genes with one-
to-one B73v4 gene models was necessary for testing enrichment of predicted B73

mapped co-expression-based GRN and Y1H TF targets.
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Identifying TF binding sites in Y1H promoter cloned regions

Transcription factor binding sites (TFBSs) were identified in Y1H bait cloned promoter
sequences of predicted targets '*® for two TFs, MYB40 and HSF24. The B73v4 maize
genome was scanned for TFBS sequence of five R2R3 MYB TFs (AtIMYB52, AtMYB59,
AtMYB46, AtMYB111, AtMYB55) ' and a generic HSF TFBS (5' NGAANNTTCN 3') '¢,
with N nucleotide weighting set to the GC content of maize genomic DNA to find
significant matches (p < 0.01) (FIMO tool in the MEME suite '®°). These putative
genome-wide TFBSs were then subset to Y1H bait promoter cloned regions for
predicted targets of MYB40 or HSF24 to identify if these promoter sequences contained
the respective TFBSs (BEDTools intersect '3).

Enrichment for shared DEGs between multiple independent alleles per TF

A significant hypergeometric enrichment of finding more than the expected number of
overlapping DEGs between two independent mutant alleles per TF required a
representation factor > 1 and p < 0.05 '%: expected number of genes = (number of
genes in allele A x number of genes in allele B) / number of expressed genes. The
number of possible shared DEGs between two independent mutant alleles per TF is the
minimum number of either up- or down-regulated DEGs between both alleles. The
number of shared DEGs was calculated as a proportion out of the possible shared DEGs

between two independent alleles per TF in Figure S3.

Enrichment for TF predicted targets

All statistical analyses for enrichment of DEGs utilized a hypergeometric probability.
Testing for over-representation or enrichment of mutant allele DEGs for GO terms or
GRN predicted targets was calculated with R stats v4.0.2 hypergeometric phyper(q = x -
1, m, n =N -m, k, lower.tail = FALSE) function, p < 0.05 for significance ("**. For GO
term enrichment: N = number of expressed genes associated with any GO term, m =
number of genes with a specific GO term, k = number of DEGs with any GO term, x =
number of DEGs with a specific GO term. For GRN (n1 and n3) predicted target
enrichment: N = number of expressed non-redundant predicted target genes in the
genome, m = number of expressed predicted targets per TF, k = number of DEGs, x =
number of DEGs that are predicted targets. The fold-enrichment of GRN predicted
targets that were DE was calculated by [x / (k/ N) x m].
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Figure 1. Schematic of 32 maize UniformMu mutant alleles isolated in 22 transcription
factor genes. TF gene model annotation features are indicated by different colors/shapes in the
plot. Independent mutant alleles from the same gene are depicted by numbers that correspond to
the unique identifier of each allele. Mu transposons vary in insertion position within the annotated
gene. Each gene model UTRs and CDS'’ are scaled proportionally, but introns are not shown to
scale. All genes are shown in the forward orientation for plotting purposes.
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Figure 2. Changes in transcript abundance and structure for TF mutant alleles. (A) The
fold change in expression of each TF gene in the mutant allele harboring the Mu insertion
relative to wild-type plants was estimated from RNA-seq reads of all biological replicates
mapped to the W22 reference genome (Logz Fold Change TF mutant allele/WT). The
standard error of the Logz fold change (Logzfc) estimate is represented as error bars for each
allele. Significant differential expression between the TF mutant and W22 control is indicated
by an asterisk (*). Alleles are rank ordered based on the difference in expression for this plot
with positive Logzfc: pink and negative Logfc: blue. (B) Schematic of de novo assembled
transcript structure(s) for mutant allele and W22 WT cDNA relative to annotated WT cDNA.
Assembled transcripts for mutant alleles: sbp20-m2, sbp20-m3, jmj13-m4 and e2f13-m1
show a split gene model with one transcript initiating within Mu and a second transcript
initiating from the native TSS with a premature termination in Mu. baf60.21-m1 and baf60.21-
m2 have one transcript assembled initiating within Mu. All de novo transcripts were
assembled with TRINITY.
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Figure S1. Visualization of RNA-seq read coverage for Sbp20 (Zm00004b024383) wild-type and mutant alleles; sbp20-m2
(mu1084360) and sbp20-m3 (mu1091327). IGV was utilized to visualize the coverage of RNA-seq reads for each biological replicate.
The sbp20-m2 (pink) and sbp20-m3 (blue) mutant allele coverage tracks both show reduced coverage in the regions flanking their
respective annotated Mu insertions (triangles) in the mutant samples compared to W22 wild-type.
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Figure S2. Principal component analysis (PCA) of RNA-seq data. PCA was
performed separately on the RNA-seq samples for each of the 5 tissues: (A) embryo
imbibed, (B) seedling leaf, (C) coleoptile tip, (D) tassel stem, (E) tassel. Different
symbols/colors are used for each genotype and ellipses are used to show the group of
three biological replicates (except for gras52-m1 which only has 2 replicates). Clustering
was performed using CPM values for all genes that are expressed at > 1 CPM in control
samples in the relevant tissue. Gene CPM values were arcsine transformed and scaled
to have unit variance. The base R function prcomp() was used to calculate principal

components.
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Figure 3. Identification of differentially expressed genes in transcription factor
mutant genotypes. Genes with significant differences in expression were determined
for each mutant based on comparison to W22 samples of the same tissue type using
DEseq2 (p-adjusted <0.05 and >2 fold-change). The number of significantly up- (red) or
down-regulated (blue) differentially expressed genes (DEGs) in the TF mutant allele
relative to the W22 control is shown.
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Figure S3. Proportion of shared out of possible down- or up-regulated differentially
expressed (DE) genes for transcription factors with multiple independent mutant
alleles. The number shared DE genes (dark green) as a proportion of the total
number of possible DE genes that could be shared between alleles; minimum
number of DE genes between alleles (light green). Proportion calculated is shown
within the shared (dark green) bar or adjacent to the bar for each TF and direction.
For all 10 TFs, the proportion of both down- and up-regulated DEGs shared between
the two mutant independent alleles per TF (dark green) represents a significant
hypergeometric enrichment (p < 0.05) of finding more than the expected number of
shared DEGs.
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Figure 4. GO-based analysis of TF mutant down-regulated differential expression. A GO
analysis of the down-regulated genes for all 32 mutants was used to identify a set of the
top 50 non-redundant enriched terms (lowest p-values). The GO enrichment levels were
determined by a hypergeometric test, where the GO term observed/expected number for
each gene set was tested. Circles are used to indicate each significant enrichment of
GO terms for 29 of the 32 mutants (e2f13-m1, myb40-m1, and myb40-m2 have no
significant enrichments in the top 50 GO terms for down-regulated DEGs).
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Figure S4. GO-based analysis of TF mutant up-regulated differential expression. A GO
analysis of the up-regulated genes for all 32 mutants was used to identify a set of the top 50
non-redundant enriched terms (lowest p-values). The GO enrichment levels were determined
by a hypergeometric test, where the GO term observed/expected number for each gene set
was tested. Circles are used to indicate each significant enrichment of GO terms for 25 of the
32 mutants (hsf20-m1, hsf29-m1, myb40-m1, myb40-m2, wky8-m1, wrky8-m2, wrky87-m2
have no significant enrichments in the top 50 GO terms for up-regulated DEGs).
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Figure S5. The number of predicted targets for each TF gene with mutant alleles. Prior
GRN work using yeast one-hybrid (Y1H) or co-expression approaches have predicted
putative GRN targets for many maize TFs. For the 22 TFs assessed in this study we
show the number of predicted targets based on Y1H (A) or co-expression based GRNs
(B) with mutant alleles tested from GRN co-expression and pathway-based methods.
These values represent the number of predicted targets based on analysis of B73v4
gene annotations. The Y1H targets include genes identified in Yang et al. (2017) as well
as additional targets based on further screening. The co-expression based GRN targets
are derived from Zhou et al., (2019) and were filtered to require syntenic orthologs
annotations in W22 and expression of CPM > 1 in the tested tissue. Tan (n3) indicates
co-expression based GRN targets identified in at least 3/45 co-expression GRNs while
brown (n1) indicates targets detected in at least one of the 45 GRNSs.
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Figure 5. Limited examples of differential gene expression for targets predicted by yeast
one-hybrid. The expression of each of the putative targets of each TF that were
identified in Y1H analyses (Table S5) was assessed in the mutants. Each predicted
target was classified as DE (Up or Down), not DE or untested. The untested genes
include genes that did not have an annotation in the W22 genome and genes that are
not expressed in this tissue. The predicted target (Bz71, Zm00004b031704) that is
significantly down-regulated in both hsf24 mutant alleles is indicated by an arrow.
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Figure S6. Expression changes for phenylpropanoid pathway genes in the TF mutants. The
relative expression in mutant compared to wild-type is shown for 61 phenylpropanoid
pathway gene Y1H targets. The phenylpropanoid pathway genes are ordered by pathway
branch (general, flavonoids, lignins) and enzyme with color coding on the right side of the
plot. Y1H positive interactions are shown using an asterisk (*). The relative expression is
indicated using color [DE Up or Down: differentially expressed (log2 fold change = 1 and
FDR adjusted p-value < 0.05); Trending Up or Down: fold change = 1.5, but not differentially
expressed; Not DE: not differentially expressed and fold change < 1.5; Untested: not
expressed (CPM < 1) or no W22 gene annotated].
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Figure S7. Expression differences for several Y1H predicted targets. The CPM
values for each of the biological replicates are for shown for three Y1H phenolic
target genes: MYB40-A1, HSF24-Bz1, and E2F19-HCT11. Mutant allele (pink)
and wild-type W22 (blue) biological replicates are plotted comparatively with
significant differential expression indicated (*); log2 fold change =2 1 and FDR
adjusted p-value < 0.05.
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Figure 6. Enrichments of co-expression based GRN (n1) predictions for some TF
mutants. The GRN predicted targets for each mutant were identified based on predicted
GRN interactions being detected in at least one (n1) of 45 co-expression networks
(Table S6). (A) For each mutant allele we calculated the fold-enrichment for predicted
targets (the observed number of GRN predicted target genes that were significantly
differentially expressed divided by the expected number of DE predicted targets) and the
enrichments are shown for any mutants that exhibit significant enrichment (*: p<0.05).
(B) The proportion of co-expression based GRN predicted targets that are up- (red) or
down- (blue) regulated in each mutant is shown. For each allele, significant
hypergeometric enrichment for up-regulated (red) and/or down-regulated (blue) DE
target genes were marked (*).
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Figure S8. Enrichments of co-expression based GRN (n3) predictions for some TF
mutants. The GRN predicted targets for each mutant were identified based predicted
GRN interactions being detected in at least three (n3) of the 45 co-expression networks
(Table S6). (A) For each mutant allele we calculated the fold-enrichment for predicted
targets (the observed number of GRN predicted target genes that were significantly
differentially expressed divided by the expected number of DE predicted targets).
Enrichments are shown for any mutants that exhibit significant enrichment (*: p < 0.05) in
at least 1/45 co-expression networks (n1), see Figure 6A. (B) The proportion of co-
expression based GRN predicted targets that are up- (red) or down- (blue) regulated in
each mutant is shown. For each allele, significant hypergeometric enrichment for up-
regulated (red) and/or down-regulated (blue) DE target genes were marked (*).
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Table S1. Maize TF mutant alleles isolated from the UniformMu population and transcriptome data obtained to test GRN predictions.

Transcription Factors

UniformMu Mutant Insertion Maize Genomic Data

Mutant RNAseq Sampling Information

TF_Name B73v4_gid W22 _gid GRN Method Mutant Allele W22_MulD B73v4_MulD Stock Pedigree Tissue Illumina
BAF60.21 Zm00001d015127 Zm00004b012791 vyeast-one-hybrid baf60.21-m1 chr5_77050725 mul034781 UFMu-03236 BC2S2  tassel_stem PE150bp
BAF60.21 Zm00001d015127 ZmO00004b012791 yeast-one-hybrid baf60.21-m2 chr5_77050622 mul092086 UFMu-11153 BC2S2 tassel_stem PE150bp
BZIP76 Zm00001d036736 Zm00004b029476 yeast-one-hybrid bzip76-m2 chr6_95884230 mul083967 UFMu-10010 BC2S2 embryo_imbibed PE150bp
BZIP76 Zm00001d036736 Zm00004b029476 yeast-one-hybrid bzip76-m3 chr6_95884945 mul081677 UFMu-09463 BC2S2 embryo_imbibed PE150bp
C3H42 Zm00001d008356 Zm00004b024707 yeast-one-hybrid c3h42-m1 chr8_5818897 mul068676 UFMu-08608 BC2S2 tassel_stem PE150bp
E2F19 Zm00001d027709 Zm00004b000391 yeast-one-hybrid e2f19-m1 chrl_12237717 mul040458 UFMu-04300 BC2S2  seedling_leaf PE150bp
E2F19 Zm00001d027709 Zm00004b000391 yeast-one-hybrid e2f19-m2 chrl 12237755 mul080409 UFMu-09504 BC2S2 seedling_leaf PE150bp
HSF24 Zm00001d032923 Zm00004b004268 yeast-one-hybrid hsf24-m3 chrl_245656248 mul065831 UFMu-08727 BC2S2 tassel SE50bp
HSF24 Zm00001d032923 Zm00004b004268 yeast-one-hybrid hsf24-m4 chrl_245656475 mul037205 UFMu-03655 BC2S2 tassel SE50bp
JMJ13 Zm00001d052933 Zm00004b023587 yeast-one-hybrid jmj13-m4 chr4_210612840 mul081210 UFMu-09466 BC2S2 tassel_stem PE150bp
MYB40 Zm00001d040621 ZmO00004b016719 yeast-one-hybrid myb40-m1 chr3_55921183 mul1090929 UFMu-11189 BC2S2  coleoptile_tip PE150bp
MYB40 Zm00001d040621 ZmO00004b016719 yeast-one-hybrid myb40-m2 chr3_55920569 mul043293 UFMu-04991 BC2S2  coleoptile_tip PE 150bp
E2F13 Zm00001d052288 Zm00004b023063 co-expression e2f13-m1 chr4_192230417 mul086360 UFMu-11121 S3 coleoptile_tip PE 150bp
GRAS52 Zm00001d002573 Zm00004b006535 co-expression gras52-m1 chr2_15799332 mul1037818 UFMu-03743 S3 embryo_imbibed PE150bp
GRAS75 Zm00001d006701 ZmO00004b009784 co-expression gras75-m1 chr2_213696662 mul080849 UFMu-09435 S2 embryo_imbibed PE150bp
HSF13 Zm00001d027757 Zm00004b000433 co-expression hsf13-m1 chrl_13648451 mul085337 UFMu-10587 S3 seedling_leaf PE150bp
HSF18 Zm00001d016255 Zm00004b013608 co-expression hsf18-m1 chr5_153354999 mul086526 UFMu-10749 S3 embryo_imbibed PE150bp
HSF20 Zm00001d026094 Zm00004b040094 co-expression hsf20-m1 chr10_136927897 mu1085720 UFMu-10752 S3 embryo_imbibed PE150bp
HSF29 Zm00001d016520 Zm00004b013825 co-expression hsf29-m1 chr5_165555661 mul023451 UFMu-02314 S3 embryo_imbibed PE150bp
HSF29 Zm00001d016520 Zm00004b013825 co-expression hsf29-m2 chr5_165555817 mul083642 UFMu-10398 S3 embryo_imbibed PE150bp
HSF6 Zm00001d016674 Zm00004b013941 co-expression hsf6-m1 chr5_171668444 mul048425 UFMu-06347 S3 embryo_imbibed PE150bp
HSF6 Zm00001d016674 Zm00004b013941 co-expression hsf6-m2 chr5_171667932 mul056797 UFMu-07611 S2 embryo_imbibed PE150bp
MYBR21 Zm00001d008602 Zm00004b024904 co-expression mybr21-m1 chr8_14018025 mul1042351 UFMu-04838 S3 embryo_imbibed PE150bp
MYBR32 Zm00001d029963 Zm00004b002134 co-expression mybr32-m1 chr1_96615987 mul076168 UFMu-09083 S2 seedling_leaf PE150bp
SBP20 Zm00001d053890 Zm00004b024383 co-expression sbp20-m2 chr4_249933323 mul086430 UFMu-10892 S3 embryo_imbibed PE150bp
SBP20 Zm00001d053890 Zm00004b024383 co-expression sbp20-m3 chr4_249932948 mul091327 UFMu-11256 S2 embryo_imbibed PE150bp
WRKY2 Zm00001d016052 Zm00004b013450 co-expression wrky2-m2 chr5_141290461 mul025953 UFMu-11813 S3 coleoptile_tip PE 150bp
WRKY8 Zm00001d053369 Zm00004b023980 co-expression wrky8-m1 chr4_235052564 mul048159 UFMu-06456 S3 embryo_imbibed PE150bp
WRKY8 Zm00001d053369 Zm00004b023980 co-expression wrky8-m2 chr4_235053087 mul077370 UFMu-08953 S3 embryo_imbibed PE150bp
WRKY82 Zm00001d038843 Zm00004b031112 co-expression wrky82-m1 chr6_163095668 mul081611 UFMu-09469 S3 embryo_imbibed PE150bp
WRKY87 Zm00001d052847 Zm00004b023521 co-expression wrky87-m1 chr4_207897892 mul067257 UFMu-08437 S3 embryo_imbibed PE150bp
WRKY87 Zm00001d052847 Zm00004b023521 co-expression wrky87-m2 chr4_207898459 mul1091217 UFMu-12044 S3 embryo_imbibed PE150bp
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Table S2. Gene expression values for the 22 TFs in different tissues. The expression value (CPM) for each of the 22 TFs was
assessed based on prior sampling of tissues or developmental stages in B73 (Zhou et al. 2019). Values highlighted indicate the

predicted expression level of TF genes in tissues sampled for RNA-seq in this study.

24h 6 DAS seedling 11 DAS v12 vi4 0 DAP 14 DAP 27 DAP
embryo |coleoptile radicl meriste |blade tassel flag
TF RNAseq Tissue |imbibed |tip eroot| leaf root m leaf sheath internode tassel auricle |ear silk  spikelet husk ~ stem floret leaf root |kernel endosperm |embryo endosperm
WRKY2  coleoptile_tip 3 11.94] 6.24 144 3.73 6.24] 0.61 0.93 1.69 245 1.18] 1.46 14 2.1 131 256 0.87 1.16 0.3 3.08 2.4 3.86 1.27|
MYB40  coleoptile_tip 4.88 45.73] 21.18] 7.93 1.56 19.14] 5.71 4.08 0.78 14.11 12.82| 10.39| 6.77 9.75 4 125 852 59.8 203| 22.29 23.86 5.51 26.23
E2F13 coleoptile_tip 0.07 20.7] 9.56 0 6.1 34.15 0 0.03 0 5091 0] 34.84] 0.14 292 0.08 0.08 0.05 0.05 2.26 11 0.48 6.5 (o)
GRAS52 embryo_imbibed 114.8 5.15 5.44] 23.65 13.65 10.53] 8.99 17.91 16.21 12.3 20.45] 9.74] 3.87 1292 13.76 28.83 12.44 23.6 10.49 8.57 11.79 4.96 48.54
GRAS75 embryo_imbibed] 163.04 32.39 21.85| 17.72 7.29 14.77) 329 26.97 9.64 7.27 18.24] 18.26] 12.51 16.36 16.08 60.99 19.78 71.3 4.41| 47.58 62.12] 20.78 58.19
MYBR21 embryo_imbibed| 183.32 16.92 28.72| 66.4 101 20.55] 28.1 42.53 55.66 15.2 31.49| 23.52| 29.39 27.31 31.04 71.94 35.69 40.9 26.29| 21.07 20.57 4.79 29.69
HSF18 embryo_imbibed 74.16| 10.15 2.53] 22.03 34.67 7.03] 0.84 5.42 6.12 0.21 3.77] 0.09] 0.68 0.25 0.18 0.42 0.5 1.32 63.72 2.32 4.39 8.43 7.28
HSF29 embryo_imbibed 15.12 15.19 15.74 15.1 20.94 11.25) 23.2 26.48 40.15 22.25 25.83| 13.16] 30.18 24.48 32.06 29.08 17.73 13.2 21.11] 1448 8.23] 14.05 9.83
HSF6 embryo_imbibed| 175.66) 0.77 5.34 1.69 1.11 0.48] 324 21.32 10.25 53 11.73 4.7] 11.04 6.18 7.9 16.82 7.79 45 11.95 3.88 2.4] 16.09 3
HSF20  embryo_imbibed 14.03 1.05 042] 15.66 7.68 9.74] 282 11.86 9.61 9 13.63| 4.67| 4.77 532 473 395 556 234 243 431 12.41 3.03 10.02
WRKY82 embryo_imbibed 43.53] 6.97 15.77] 30.95 16.55 1.51) 7.73 12.26 183 1.52 11.92] 0.53 14 2.67 8.87 14.29 5.29 10.8 43.58 4.05 0.14 0.22 0.64
WRKY87 embryo_imbibed 40.11 0.37 0.06] 12.04 0.52 0.31] 9.46 1.98 043 0.16 1.37] 0.28 0 0.09 162 114 1.64 141 0.2 0.25 0.07 0.61 0.09
WRKY8  embryo_imbibed 6.21) 39 3.13] 087 471 4.63] 0.89 2.33 2.58 1.89 3.39] 2.58] 2.62 1.7 1.62 311 123 273 1.07| 127 0.96) 4.74 0.64|
SBP20 embryo_imbibed 37.53] 11.77 13.47, 5.3 11.04 235 1.4 1037 18.71 16.9 7.5] 11.79] 2.19 8.48 4.81 16.96 7.93 1.67 37.25 3.72 2.33 6.12 0.82
BZIP76  embryo_imbibed 10.75 2.67 5.21] 13.04 2.56 1.97] 2.25 1.46 6.68 2.9 0.59] 3.14] 13.84 5 141 6.95 433 526 5.75 291 2.19 1.38 1.64
E2F19 seedling_leaf 15.8] 9.67 10.3] 16.98] 9.87 15.8] 13.5 13.46 11.65 12.62 10.99] 23.11] 1459 14.61 9.99 15.21 8.8 22 11.43| 14.73 1412y 13.01 19.94
HSF13 seedling_leaf 12.43 2.56 5.21] 454.1] 11.41 1.65] 419 374.05 9.69 1.09 111.29] 1.62] 21.18 1.15 99.27 73.61 46.12 651 11.21 1.01 0| 0.22 0.27
MYBR32 seedling_leaf 25.36 22.35 40.46] 299.6] 136.9 29.35] 35.4 158.2  486.15 25.55 189.37| 71.82| 208.4 55.43 199.43 233.8 1145 89.7 263.6| 20.56 3.09] 37.36 5.28
HSF24  tassel 61.01 32.33 39.41] 76.39 52.68 120.25| 457 250.25 292.19 188.37| 80.66| 82.65 100.08 73.67 109.6 88.97 400 155.9| 167.1 208.16] 265.23 121.11]
C3H42  tassel_stem 3.9 739 104] 218 4.56 9.54] 3.46 5.16 27.27 7.45 3.89] 6.87] 8.24 7.17 6.72] 9.59] 2.83 47 7.76] 9.12 11.18 4.9 6.47,
BAF60.21 tassel_stem 14.59 22.83 20.86] 4.24 12.8 40.22| 141 1471 8.16 11.74 14.07| 19.75| 14.05 10.77 13.31] 16.32] 11.26 24.1 14.86 7.51 6.1 16.7 3.92
JMJ13 tassel_stem 27.45 19.45 14.87] 0.87 11.5 21.1] 6.13 8.24 69 7.03 7.03] 18.32] 10.68 11.42 6.64] 6.81 6.47 7.79 8.06] 20.09 23.52] 13.94 16.03
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Table S3. Transcription factor differential gene expression data. Differential expression data
averaged across biological replicates (N-rep) in mutant allele (CPM) and W22 control
(W22_CPM) samples (log2fc: log2 fold change of mutant to control, IfcSE: log fold change
standard error and FDR adjusted p-value included).

Transcript Abundance

mutant W22 RNAseq DE Data

Genotype Tissue CPM N CPM N log2fc IfcSE pvalue DE
baf60.21-m1 tassel_stem 37.49 3 26.96 3 0.480 0.114 8.22E-04 Not_DE
baf60.21-m2 tassel_stem 15.22 3 2696 3 -0.829 0.118 1.16E-09 Not_DE
bzip76-m2  leaf 792 3 741 4 0.064 0.217 0.90064 Not_DE
bzip76-m3  leaf 380 3 741 4 -0.954 0.237 0.0011 Not_DE
c3h42-m1 tassel_stem 5.05 3 3.73 3 0.443 0.173 0.06283 Not_DE
e2f13-ml coleoptile_tip 577 3 890 4 -0.607 0.159 0.00362 Not_DE
e2f19-m1 leaf 413 3 9.22 4 -1.125 0.217 8.47E-06 DE_Down
e2f19-m2 leaf 6.82 3 9.22 4 -0.471 0.203 0.11291 Not_DE
gras52-m1  embryo_imbibed 072 2 1233 4 -4.072 0.355 4.83E-28 DE_Down
gras75-m1  embryo_imbibed 54.10 3 13048 4 -1.266 0.142 4.06E-17 DE_Down
hsf13-m1 leaf 4552 3 9253 4 -0.989 0.110 4.03E-17 Not_DE
hsf18-m1 embryo_imbibed 7.69 3 283 4 1.373 0.290 2.90E-05 DE_Up
hsf20-m1 embryo_imbibed 0.89 3 061 4 0.514 0.692 0.63301 Not_DE
hsf24-m3 tassel 51.22 3 41.15 3 0.045 0.168 0.87331 Not_DE
hsf24-m4 tassel 21.24 3 4115 3 -1.104 0.172 9.37E-09 DE_Down
hsf29-m1 embryo_imbibed 32.75 3 2783 4 0.201 0.168 0.44145 Not_DE
hsf29-m2 embryo_imbibed 2794 3 27.83 4 -0.025 0.169 0.93601 Not_DE
hsf6-m1 embryo_imbibed 0.04 3 048 4 -3.748 1.245 0.01579 DE_Down
hsf6-m2 embryo_imbibed 034 3 048 4 -0.479 0.772 0.72818 Not_DE
jmj13-m4 tassel_stem 890 3 14.14 3 -0.669 0.133 1.13E-04 Not_DE
myb40-m1 coleoptile_tip 13.17 3 1157 4 0.184 0.147 0.89794 Not_DE
myb40-m2  coleoptile_tip 876 3 11.57 4 -0.372 0.151 0.34221 Not_DE
mybr21-m1  embryo_imbibed 14.29 3 6091 4 -2.075 0.129 1.64E-55 DE_Down
mybr32-m1  leaf 6119 3 14169 4 -1.187 0.083 2.06E-43 DE_Down
sbp20-m2 embryo_imbibed 939 3 1403 4 -0.620 0.160 8.08E-04 Not_DE
sbp20-m3 embryo_imbibed 1490 3 1403 4 0.065 0.160 0.82448 Not_DE
wrky2-m2 coleoptile_tip 221 3 229 4 -0.059 0.258 0.98609 Not_DE
wrky8-m1 embryo_imbibed 19.28 3 715 4 1.452 0.295 2.40E-05 DE_Up
wrky8-m2 embryo_imbibed 538 3 715 4 -0.330 0.301 0.51222 Not_DE
wrky82-m1  embryo_imbibed 719 3 3436 4 -2.297 0.262 8.04E-17 DE_Down
wrky87-m1  embryo_imbibed 8.83 3 599 4 0.535 0.252 0.10716 Not_DE
wrky87-m2  embryo_imbibed 8.84 3 599 4 0.571 0.252 0.07387 Not_DE
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Table S4. Mutant allele transcriptome assembly predicted transcript structure. Transcripts are described either 5’ or 3’ of Mu.

Mutant Transcript Structure

Allele Assembled transcripts matching 5' of Mu insertion A bled transcripts 3' of Mu insertion
baf60.21-m1_ No assembled transcript detected Assembled transcript initiates within Mu sequence and contains full CDS: predicted ORF is out-of-frame
baf60.21-m2 No assembled transcript detected Assembled transcript initiates within Mu sequence and contains partial CDS: predicted ORF is in-frame
bzip76-m2 No assembled transcript detected Assembled transcript initiates within Mu sequence and contains partial CDS: predicted ORF is in-frame
bzip76-m3 No assembled transcript detected Assgmbled tran.sc.ript initaties in variable unmapped sequence without detection of Mu and contains partial CDS:
predicted ORF is in-frame
Alternative splicing. Two assembled transcripts initiate from the gene TSS 5' of the intronic insertion. Transcript 1 Alternative splicing. Four assembled transcripts initiate 3' of the intronic insertion. 3/4 transcripts initiate within Mu
c3h42-m1  contains variable additional sequence near the insertion site and reads through to the 3' gene end and transcript2  and read through to the 3' gene end: 1/3 transcripts predicted ORF is in-frame, 2/3 transcripts predicted ORF is out-of-
produces a truncated transcript with a premature stop within Mu. Both transcripts predicted ORFs are in-frame. frame. Transcript 4 produces a truncated transcript initiating after Mu: predicted ORF is out-of-frame.
62f19-m1  No assembled transcript detected Assemt?led transcript initiates within partial CDS and reads through to the 3' gene end, no 5'UTR detected: predicted
ORF is in-frame
62f19-m2  No assembled transcript detected Asseml?led transcript initiates within partial CDS and reads through to the 3' gene end, no 5'UTR detected: predicted
ORF is in-frame
hsf24-m3 _ Assembled transcript initiates in the 5'UTR and prematurely stop within Mu: predicted ORF in-frame Assembled transcript initaties within partial CDS and reads through to the 3' gene end: predicted ORF is in-frame
hsf24-m4  No assembled transcript detected Assempled transcript initiates within partial CDS and reads through to the 3' gene end, no 5'UTR detected: predicted
ORF is in-frame
Jjmj13-m4__ Assembled transcriptinitiates in the 5'UTR and prematurely stops within Mu: predicted ORF in-frame Assembled transcript initiates within Mu sequence and contains partial CDS: predicted ORF is out-of-frame
myb40-m1__ Assembled transcript initiates in the 5'UTR and prematurely stops within Mu: predicted ORF in-frame Assembled transcript initiates within Mu sequence and contains partial CDS: predicted ORF is out-of-frame.
myb40-m2  No assembled transript detected Asseml?led transcript initiates within partial CDS and reads through to the 3' gene end, no 5'UTR detected: predicted
ORF is in-frame
e2f13-m1___ Assembled transcript initiates in partial CDS and prematurely stops within Mu: predicted ORF in-frame Assembled transcript initiates within Mu sequence and reads through to the 3' gene end: predicted ORF is out-of-frame
gras52-m1__ Assembled transcript initiates from the gene TSS and prematurely stop within Mu: predicted ORF in-frame Assembled transcript initaties within partial CDS and reads through to the 3' gene end: predicted ORF is in-frame
gras75-m1__ Assembled transcript initiates from the gene TSS and prematurely stops within Mu: predicted ORF in-frame No assembled transcript detected
hsf13-m1 Assembled transcript initiates in partial CDS and prematurely stops within Mu: predicted ORF in-frame Assembled transcript initiates within Mu sequence and reads through to the 3' gene end: predicted ORF is in-frame
hsf18-m1 Asselmbled traqscrlpt initiates in the SUTR and prematurely stops near Mu insertion site, no Mu sequence detected: Assembled transcript initiates within Mu sequence and reads through to the 3' gene end: predicted ORF is in-frame
predicted ORF in-frame
hsf20-m1__ Assembled transcript initiates in the 5'UTR and prematurely stops within Mu: predicted ORF in-frame Assembled transcript initaties within partial CDS and reads through to the 3' gene end: predicted ORF is out-of-frame
hsf29-m1 No assembled franscript detected Assembled transcript initiates within Mu sequence and contains partial 5'UTR and full CDS sequence: predicted
ORF is out-of-frame
hsf29-m2  No assembled transaript detected Assgmbled traqscript initaties in variable unmapped sequence without detection of Mu and contains partial CDS:
predicted ORF is out-of-frame
hsf6-m1 No assembled transcript detected- coverage too low in the wild-type and mutant to assemble transcripts No assembled transcript detected- coverage too low in the wild-type and mutant to assemble transcripts
hsf6-m2 No assembled transcript detected- coverage too low in the wild-type and mutant to assemble transcripts No assembled transcript detected- coverage too low in the wild-type and mutant to assemble transcripts
mybr21-m1_Assembled transcript initiates in the 5'UTR and prematurely stop within Mu: predicted ORF in-frame Assembled transcript initaties within partial CDS and reads through to the 3' gene end: predicted ORF is out-of-frame
mybr32-m1_Assembled transcript initiates from the gene TSS and prematurely stops within Mu: predicted ORF in-frame Assembled transcript initiates within Mu sequence and contains partial CDS: predicted ORF is out-of-frame
sbp20-m2  Assembled transcript initiates from the gene TSS and prematurely stops within Mu: predicted ORF in-frame Assembled transcript initiates within Mu sequence and contains partial CDS: predicted ORF is out-of-frame
sbp20-m3  Assembled transcript initiates from the gene TSS and prematurely stops within Mu: predicted ORF in-frame Assembled transcript initiates within Mu sequence and contains partial CDS: predicted ORF is out-of-frame
wrky2-m2 Assembled transcript initiates from the gene TSS and prematurely stops near Mu insertion site, no Mu sequence Assembled transcript initiates within Mu sequence and reads through to the 3' gene end: predicted ORF is out-of-
detected: predicted ORF in-frame frame
wrky8-m1__ Assembled transcript initiates from the gene TSS and prematurely stops within Mu: predicted ORF in-frame Assembled transcript initiates within Mu sequence and reads through to the 3' gene end: predicted ORF is out-of-frame
wrky8-m2 Assembled transcript initiates from the gene TSS and prematurely stops with variable unmapped sequence near the Assembled transcript initiates within Mu sequence and reads through to the 3' gene end: predicted ORF is out-of-
Mu insertion site, no Mu sequence detected: predicted ORF in-frame frame
wrky82-m1__Assembled transcript initiates from the gene TSS and prematurely stops within Mu: predicted ORF in-frame No assembled transcript detected
wrky87-m1__Assembled transcript initiates from the gene TSS and prematurely stops within Mu: predicted ORF in-frame Assembled transcript initiates within Mu sequence and reads through to the 3' gene end: predicted ORF is out-of-frame
wrky87-m2 Assembled transcript initiates from the gene TSS and prematurely stops within Mu: predicted ORF in-frame Assembled transcript initiates within Mu sequence and reads through to the 3' gene end: predicted ORF is out-of-frame

* Putative ORF is based on the first start codon in the assembled transcript
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CONCLUSION

The initial goal of my doctoral research was to experimentally validate GRN predictions
in maize by perturbing the networks in-vivo (Chapter Ill). | sought to isolate loss-of-
function mutants for predicted TF regulators to test expression of predicted targets in-
vivo. Results from this study would help determine the relative value of GRN predictions
from various methods and identify biologically relevant TF-target gene interactions in
maize. Putative loss-of-function mutants were isolated from the UniformMu transposon-
indexed population for many maize transcription factor genes. Significant time and effort
went into identifying homozygous transmissible alleles and selecting lines with a reduced
mutational load using genetics and molecular genotyping. We successfully obtained a
collection of putative loss-of-function mutants for maize transcription factors with GRN
predicted targets. For all the mutants we isolated we were hoping to characterize TF
function by observing visible phenotypes that co-segregated with the mutation.
Unfortunately, none of our mutants exhibited a visible phenotype that segregated with
the Mu-induced mutation in the TF gene. It would have been interesting to learn more

about a TFs regulatory role by linking target genes to the phenotype observed.

Although none of these TF mutants exhibited a visible phenotype, it was still possible to
assess whether these mutants resulted in loss-of TF function and test expression of
GRN predicted target genes. We attempted to determine if these homozygous Mu-
induced mutations resulted in loss-of-function mutations by performing RT-PCR with
primers flanking the Mu insertion. We had limited success in determining how Mu was
affecting transcript structure and abundance with this method. We initially thought we
may recover mutant transcripts by RT-PCR with primers flanking the Mu if there was
read-through of partial Mu sequence, but in most cases, we failed to recover amplified
sequences using this approach. We decided to move forward with RNA-seq of these
mutants to determine the transcript produced by the mutant allele and to test expression
of predicted targets. If the GRN predicted targets were directly bound and regulated by
the predicted TF regulators we expected target genes to exhibit differential expression
(DE) in the absence of the TF. After identifying genes that were DE between TF mutant
and wild-type, we found minimal overlap of DE genes and predicted GRN targets. The
results of my initial thesis project provide some insights into GRN network predictions

but did not provide substantial advancements towards our understanding of the specific
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functions of the TFs that were tested. We reasoned that experimental validation of GRN
predictions might require higher order TF mutants to account for genetic redundancy in

maize.

While performing this study, we generated a collection of loss-of-function mutants in
several TF genes in maize, but the direction of the remainder of my doctoral research
was unclear. However, upon further analysis of our existing RNA-seq data we identified
variable mapping of reads that flanked the Mu insertion site. To better understand the
structure of the transcripts produced by the mutant alleles we performed a transcriptome
assembly of RNA-seq reads for each mutant allele. We found assembled transcripts of
many genes with these Mu-induced mutations aligned to either gene sequence 5’ or 3’ of
the annotated Mu insertion, but not both. There was evidence that many of these
mutants produced these split transcripts flanking the Mu-indexed insertion site. Next, we
determined if these transcripts contained Mu sequence and found evidence for
transcripts initiating and terminating within Mu sequence. We found that transcripts
initiating within Mu sequence, likely directed from an outward-reading promoter within
the Mu element, was a reproducible finding for mutants in the UniformMu population.
This ultimately led to having the genetic materials to study how this outward-reading
promoter in Mu could affect gene expression and influence how Mu preferentially inserts

in or near genes (Chapter Il).

To determine if this Mu promoter could direct expression levels and tissue-specific
expression patterns that were different than that of the normal gene promoter, we
compared expression levels and patterns of the gene transcripts in both the mutant and
wild-type. We found that the mutant partial gene promoter transcripts with termination in
Mu exhibited very similar expression levels and tissue-specific patterns to wild-type,
which suggests that the normal gene promoter in the mutants could direct transcription
similar to wild-type and there were minimal effects from transcript turnover (i.e.,
nonsense mediated decay). We also found that mutant transcripts produced from the Mu
promoter had similar to wild-type abundances and patterns of expression. Previous work
had hypothesized that this promoter may be more of a minimal promoter that can
interact with gene regulatory sequences. In our study, we find evidence that this

hypothesis may be true. Results from our study indicate that Mu may be able to mimic
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normal gene expression by direct transcription of adjacent gene sequence from an
active outward-reading promoter. These findings have implications for future transposon
biology. The behavior of Mu provides a system to study how regulatory sequences within
transposons are co-opted to regulate gene expression, which can provide a means for
transposon survival in the host genome by masking the effects of their insertion. Further
analyses will lead to a greater understanding of how these regulatory elements in TEs

may contribute to gene regulation at a genome-wide level.
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