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1 Zusammenfassung/ Summary

1.1 Zusammenfassung

Die genomweite Insertionsmutagenese ist eine Methode zur Erzeugung von
Funktionsverlustmutationen fir praktisch alle Gene in einem Genom. Bei diesem
Verfahren werden Mutationen auf natlrliche Weise durch zuféllige Integration mobiler
DNA-Elemente in das Genom erzeugt. Die BonnMu Ressource ist eine europaische
Transposon-markierte Mutantensammlung, die fur funktionelle Genomikstudien in Mais
entwickelt wurde. In der vorliegenden Arbeit wurde die Mutantensammlung durch
Kreuzung einer aktiven Mutator (Mu)-Linie mit nordamerikanischen Dent (B73, Co125)
und europaischen Flint (DK105, EP1 und F7) Inzuchtlinien erweitert. Dadurch wurden
insgesamt 8064 mutagenisierte BonnMu F»-Familien erzeugt. Durch Sequenzierung
dieser Mu-getaggten Familien wurden 425 924 vererbbare Mu-Insertionen identifiziert, die
36 612 (83 %) der 44 303 Genmodelle von Mais betreffen. Im Durchschnitt wurden 12 Mu-
Insertionen pro Gen (425 924 Gesamtinsertionen/ 36 612 betroffene Gene) und 53
Insertionen pro BonnMu Fy-Familie (425924 Gesamtinsertionen/ 8064 Familien)
detektiert. Alle Mu-Insertionen und Fotos von Keimlingsphanotypen der segregierenden
BonnMu F>-Familien sind Uber die Maize Genetik und Genomik Datenbank (MaizeGDB)
zuganglich. Die anschliefende Untersuchung der Keimbahninsertionen erfolgte mit Hilfe
des automatisierten Mutant-seq Workflow-Tools (MuWU). Insgesamt befanden sich 94 %
aller Keimbahninsertionen in kodierenden Abschnitten des Genoms und nur ein kleiner
Anteil von 6 % in nicht kodierenden, intergenischen Regionen. Damit Ubereinstimmend
waren die Mu-Insertionen vor allem in den genreichen Chromosomenarmen zu finden.
Insgesamt befanden sich 42 % aller BonnMu-Insertionen in der 5'-untranslatierten Region
(UTR) von Genen, und damit im zuganglichen Chromatin. Darliber hinaus konnten fir
38 % der Insertionen (163 843 von 425 924 Gesamtinsertionen) die ursachlichen Mu-
Elemente Mu1, Mu8 und MuDR bestatigt werden. Zusammenfassend archiviert die
offentlich zugangliche europaische BonnMu Ressource Insertionen fir Dent- und
Flintlinien und ermdéglicht dadurch sowohl vorwarts- als auch ruckwartsgenetische
Studien.

Im zweiten Projekt der vorliegenden Arbeit wurde die Mutante magenta root dwarf 1
(mrd7), die in einer vorwartsgenetischen Durchmusterung der BonnMu F2-Familien
identifiziert wurde, funktionell charakterisiert. Im Vergleich zum Wildtyp, reichert die mrd1
Mutante Anthocyane in Primar-, Seminal-, und Kronenwurzeln an. Aul3erdem weisen mrd1
Keimlinge ein reduziertes Sprosswachstum auf, unabhangig davon, ob sie unter Licht-

oder Dunkelbedingungen gekeimt wurden. Die Identifizierung des ursachlichen
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Kandidatengens wurde durch die Kombination einer bulked segregant RNA-seq (BSR-
seq) Analyse und der zur Verfigung stehenden sequenzierten BonnMu Fx-Familien
ermoglicht, die eine begrenzte Anzahl an Mu-getaggten Genen im BSR-seq Mapping-
Intervall liefert. Dieser Kombinationsansatz identifizierte eine  konstitutive
photomorphogenese 9 (cop9) signalosomkomplex-untereinheit 4 (csn4) als ursachliches
Kandidatengen, das dem mrd7-Phanotyp zugrunde liegt. Das COP9-Signalosom (CSN)
ist ein Multiproteinkomplex, der urspriinglich in Arabidopsis thaliana als Repressor der
Photomorphogenese identifiziert wurde. Die mrd1 Mutanten weisen, beispielsweise mit
ihrer konstitutiven Photomorphogenese, Ahnlichkeiten mit csn Mutanten in Arabidopsis
thaliana auf, zeigen aber unterschiedliche Muster der Anthocyananreicherung. Eine PCR-
basierte Co-Segregationsanalyse identifizierte mrd1 Mutanten als homozygot fir eine Mu-
Insertion im mrd1 Gen. Die Expression des mrd1 Gens war in den Primarwurzeln der
Mutanten im Vergleich zu heterozygoten und homozygoten Wildtyp-Pflanzen deutlich
reduziert. Das Mikrobiom der Rhizosphare von Kronenwurzeln zeigte eine Anreicherung
spezifischer bakterieller Genera in mrd7-Mutanten und Wildtyp. Zusétzlich unterstrich die
vergleichende RNA-seqg-Analyse zwischen mrd71 und Wildtyp-Kronenwurzeln eine
Herunterregulierung des mrd71-Gens in Mutanten. Der Versuch, das Gen mit einem
unabhangig mutierten Allel zu validieren, das durch Genom-Editierung mittels
CRISPR/Cas9 erzeugt wurde, blieb erfolglos. In einem zuklnftigen Ansatz kénnte das
mrd1 Gen entweder durch eine Gen-Silencing-Strategie unter Verwendung von RNAi oder
durch ein neuartiges Allel aus 6ffentlich zuganglichen Mutantenressourcen, wie z. B. der

hauseigenen BonnMu Kollektion, die standig erweitert wird, validiert werden.
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1.2 Summary

Genome-wide insertional mutagenesis is a tool to generate loss-of-function mutations for
virtually all genes in a genome. In this process, mutations are naturally generated by
random integration of mobile DNA elements within a genome. The BonnMu resource is a
European transposon-tagged mutant collection designed for functional genomics studies
in maize. In this thesis the mutant repository was expanded by crossing an active Mutator
(Mu) line with dent (B73, Co125) and flint (DK105, EP1 and F7) germplasms, resulting in
the generation of 8,064 mutagenized BonnMu F»-families. Sequencing of these Mu-tagged
families identified 425,924 heritable Mu insertions affecting 36,612 (83%) of the 44,303
high-confidence gene models of maize. On average, 12 Mu insertions per gene (425,924
total insertions/ 36,612 affected genes) and 53 insertions per BonnMu F,-family (425,924
total insertions/ 8,064 families) were observed. Mu insertions and photographs depicting
seedling phenotypes from segregating BonnMu F,-families are available for access
through the Maize Genetics and Genomics Database (MaizeGDB). Downstream
examination via the automated Mutant-seq Workflow Utility (MuWU) identified 94% of the
germinal insertion sites in genic regions and only a small fraction of 6% inserting in non-
coding intergenic sequences of the genome. Consistently, Mu insertions aligned with
gene-dense chromosomal arms. In total, 42% of all BonnMu insertions were located in the
5 untranslated region (UTR) of genes, corresponding to accessible chromatin.
Furthermore, for 38% of the insertions (163,843 of 425,924 total insertions) Mu1, Mu8 and
MuDR were confirmed to be the causal Mu elements. In summary, the publicly accessible
European BonnMu resource has archived insertions covering two major germplasm

groups, thus facilitating both forward and reverse genetics studies.

In the second project, the magenta root dwarf 1 (mrd1) mutant, identified in a forward
genetic screening of BonnMu F»-families, was functionally characterized. In comparison to
the wild type, mrd1 mutants accumulate anthocyanins in primary, seminal and crown roots
and exhibit a limited shoot growth under light and dark conditions. The identification of a
causal candidate gene was facilitated by the combination of bulked segregant RNA-seq
(BSR-seq) and the availability of the sequenced Mu-tagged BonnMu F,-families, which
provided a limited number of candidate mutations for the BSR-seq mapping interval. This
combinatory approach identified a constitutive photomorphogenesis 9 (cop9) signalosome
complex subunit 4 as the causal candidate gene that underlie the mrd?1 phenotype. The
COP9 signalosome (CSN) is a multiprotein complex initially identified in Arabidopsis
thaliana as a repressor of photomorphogenesis. Maize mrd1 mutants show similarities to
csn mutants in Arabidopsis thaliana such as the constitutive photomorphogenesis, but

different patterns of anthocyanin accumulation. PCR-based co-segregation analysis
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identified mrd1 mutants as homozygous for a Mu insertion in the mrd1 gene. The
expression of the mrd1 gene was significantly reduced in the primary roots of mrd1
mutants, compared to heterozygous and wild type plants. Microbiome profiling of the
rhizosphere from crown roots of mrd7 and wild type indicated an enrichment of specific
bacterial genera. Additionally, RNA-seq analysis between mrd71 and wild type crown roots
highlighted a down-regulation of the mrd71 gene in the mutant. The attempt to validate the
gene using an independent mutant allele generated through CRISPR/Cas9 genome
editing was unsuccessful. In a future approach, the mrd7 gene could be validated either
by a gene silencing strategy using RNAI or by a novel allele from publicly available mutant

resources, such as the in-house BonnMu collection, which is continuously expanding.
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2 Introduction

2.1 Maize as an important crop plant

Maize (Zea mays L.) is a crucial cereal crop in the world, serving as a primary provider of
food, feed, energy, and raw materials for industries. As a food crop, especially in
developing countries, maize serves as a primary source of carbohydrates and essential
nutrients (Shiferaw et al., 2011). Moreover, maize plays a significant role in the biofuel
industry, with over 90% of ethanol in the United States sourced from maize grain (Morris
and Hill, 2006). It is also a vital component in livestock feed accounting ~60% of the global
maize production (Grote et al., 2021). Maize ranks second after wheat in terms of
production area, with cultivation occurring on over 197 million hectares (Cooter et al.,
2017). It is projected to take over wheat as the most extensively grown crop by 2030
(Erenstein et al., 2021). In Germany, maize is mainly cultivated for silage for both animal
feed and biofuel on approximately two million hectares, and for grain on approximately 0.5
million hectares (DMK, 2022). Hybrid maize currently dominates the global maize
production (Masuka et al., 2017). Overall, the global maize production topped with 1.2
billion tons in 2021 with a record growth of over 100% among other cereals since 2000
(FAO, 2021). The world's population is projected to increase to approximately 8.5 billion
by the year 2030, with an expected 9.7 billion by the year 2050 (UN, 2022). Currently,
more than 50% of maize production occurs in developing countries, and it is projected to
double the demand in these regions by 2050 (Rosegrant et al., 2009; Shiferaw et al.,
2011). However, maize is vulnerable to extreme agro-climatic conditions, and thus ongoing
research efforts are crucial for addressing global food security challenges in the face of
changing environments (Tigchelaar et al., 2018).

2.2 Maize: from domestication to a model species for plant genetics

Maize (Zea mays L.) belongs to the family Gramineae (Poaceae). It was domesticated
from the wild grass teosinte (Zea mays ssp. parviglumis) approximately 9,000 years ago
in the Central Balsas River Valley of southwestern Mexico (Matsuoka et al., 2002; Piperno
et al., 2009; Hufford et al., 2012). A recent study revealed that the origin of modern maize
can be traced back to an additional admixture event between ancient maize and Zea mays
ssp. mexicana in the highlands of Mexico some 4000 years after the initial domestication
began (Yang et al., 2023). Morphologically, teosinte and maize share a similar overall
vegetative structure, but they have five main differences: maize has paired spikelets, a
polystichous ear structure, a non-disarticulating rachis, softer and smaller glumes, and
reduced axillary branching (Figure 1). However, the transformation from teosinte to maize

involved multiple genetic interactions, including dominance relationships, epistatic
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interactions, and pleiotropic constraints, contributing to the significant phenotypic evolution
(Stitzer and Ross-Ibarra, 2018). Maize has been grown in the Southwestern United States
no later than 2100 before christ (Merrill et al., 2009) where the high- and low-altitude-
adapted Flint maize were commonly cultivated (Pruitt, 2016). Flint maize got its name from
its kernels which are as hard as flint. The Northern Flint maize (Hart and Lovis, 2013) was
developed for early maturity and cold tolerance from the introduced Flint corn of the
Southwestern United States 4,100 years ago (Troyer, 1999). Shortly after domestication,
maize was spread from Mexico to North and South America, eventually to Europe in 1493
by Christopher Columbus with the first field planted in Spain in 1525 (Schlegel, 2017).
These seeds were Northern Flints which became major progenitors of European maize

and enabled to adapt to European climates (Rebourg et al., 2003).

European maize germplasm is classified into five principal races based on latitude: the
"German Flint" adapted to Central Europe's temperate climate, the "North-Eastern
European Flint" suited for cooler and variable climates, the "Southern European Flint" for
warmer, drier regions, the "Pyrenees-Galice Flint" reflecting the unique microclimates of
the Pyrenees and Galicia, and the "ltalian Orange Flint" distinguished by its kernel
coloration and adaptation to Italian conditions. (Rebourg et al., 2003). European Flint
varieties serve as a crucial genetic resource, contributing traits that enhance the hardiness
and adaptability of new maize hybrids (Haberer et al., 2020). Recent advancements in
genome sequencing, such as those conducted on France Flint line F7, German Flint
DK105, and Spanish EP1 varieties, have unveiled detailed insights into the genetic

structure of European Flint maize (Haberer et al., 2020).

The Corn Belt Dent maize, the second germplasm pool, was adapted from crossings of
Flint maize shortly after the settlement of Europeans (Hallauer, 2000). Dent maize was
named because of the dent appearance on top of its kernels. It was known for its plant
height, late flowering time and especially white kernels, but higher yield compared to the
Northern Flint maize (Troyer, 1999). The two germplasm pools, Flint and Dent, were then
gradually used in breeding programs (Smith et al., 2004). In the 1870s, Gregor Mendel,
renowned for his breeding experiments with pea plants, also confirmed his proposed rules
of inheritance through crossbreeding experiments involving maize (Rhoades, 1984; Coe,
2001). The studies on the diverse kernel characteristics of maize established it as a model

system for plant genetics (Rhoades, 1984).

Maize is open-pollinated and a natural cross-pollinator. The male (staminate) flowers
develop in the tassel located at the top of the main stem while female (pistillate) flowers
are located in the ear emerged at approximately five to six nodes below the tassel (Figure
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1B, Bonnett, 1954). Maize with its unique features has also been served as a model
organism for fundamental biological research for many decades (Coe, 2001; Strable and
Scanlon, 2009). These features include the ease of performing controlled crosses due to
its separate male and female flowers, the production of hundreds of large seeds per ear
that allows the observation of rare events in kernel color or composition and the deduction
of segregation ratios, and the availability of induced mutations for genetic analysis (Hake
and Ross-lbarra, 2015). Meanwhile, several maize genomes of two major germplasms,
such as B73 (Schnable et al., 2009; Jiao et al., 2017), W22 (Springer et al., 2018) and
Mo17 (Sun et al., 2018) of the Dent pool and F7, DK105, and EP1 of the European Flint
pool (Haberer et al., 2020) have been sequenced. While the maize genome sequencing
allows for the identification of all gene sequences, the biological functions of the majority

of these genes are still unknown.

(A)

Teosinte Maize

Figure 1. Aboveground phenotypes of teosinte and maize. (A) Teosinte and (B) maize plant architecture

with magnified ear structures.
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2.3 Functional genetics studies and genome-wide insertional mutagenesis in

maize

The model organism maize has a long history of genetic investigation. Since the early
1900’s geneticists are collecting and describing maize mutations affecting a broad range
of biological processes. However, to date only a few hundred genes have been functionally
characterized based on visible morphological mutant phenotypes (Schnable and Freeling,
2011; https://www.maizegdb.org). Forward genetic experiments represent a classical
method to unravel gene functions by cloning a gene based on a mutant phenotype. In
contrast, reverse genetic screens allow for the identification of mutant phenotypes based
on available disrupted gene sequences (Candela and Hake, 2008). Both approaches have
been successfully applied in the past to identify and characterize multiple genes underlying
maize root development (Nestler et al., 2014; Xu et al., 2015; Li et al., 2016). For instance,
in a forward genetic analysis, Nestler et al. (2014) identified the gene root hair defective 5
(rthb), which plays a key role in root hair initiation and elongation in maize. Similarly, a
reverse genetics study by Li et al. (2016) revealed the function of root hair defective 6
(rth6), a gene encoding a D-type cellulose synthase, which is crucial for controlling the

transition from bulge formation to tip growth in maize root hairs.

Transposons, also known as transposable elements (TEs), are mobile DNA elements first
discovered in maize (McClintock, 1951). They are classified into two major classes: class
| retrotransposons, which necessitate an RNA intermediate for transposition, and class Il
DNA transposons, which directly transpose via DNA transposase. In class |
retrotransposons, there are two subclasses: LTR (long terminal repeat) retrotransposons,
characterized by 4- to 6-base pair target site duplications (TSD), and non-LTR
retrotransposons. LTR retrotransposons are prevalent in the B73 maize genome,
constituting over three-quarters of its genetic makeup (Schnable et al., 2009; Haberer et
al., 2020; Ou et al., 2022). In maize, Class Il TEs serve as biological mutagens due to their
ability to move within the genome, thereby potentially disrupting gene function (Feschotte
et al., 2002). Autonomous TEs are capable of transposition on their own, as they produce
their own transposase enzyme, while non-autonomous TEs rely on the transposase
produced by autonomous TEs for their movement. These TEs have a tendency to insert
in or near genes (Dietrich et al., 2002; Fernandes et al., 2004; Settles et al., 2004), which
is beneficial for conducting genome-wide insertional mutagenesis screenings. Mutator
(Mu) transposons, the most active class Il transposon family in maize, comprise of an
autonomous element (MuDR; Robertson, 1978), and multiple non-autonomous elements
(Figure 2; Lisch, 2002; Tan et al., 2011). All identified Mu transposons conserve highly
similar ~215-bp terminal inverted repeats (TIRs) at both ends of the elements, and create
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9-bp target site duplications (TSD) directly flanking the Mu transposon sequences upon
insertion. Mutator transposons randomly target genes throughout the maize genome
(Lisch, 2015). As such, Mu insertion site frequencies strongly correlate with gene density
(Schnable et al., 2009).
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Figure 2. Mutator transposons in maize. (A) Model of an autonomous Mutator transposon MuDR (adapted
from Lisch, 2015). The two transcripts, mudrA and mudrB, are shown above and below. Exons are depicted
as black boxes. Introns are depicted as black lines. (B) The schematic structures of non-autonomous Mutator
elements (adapted from Tan et al., 2011; Lisch 2015). Red boxes and arrows depict terminal inverted repeats

(TIRs) at the end of the transposons. Orange boxes represent Mutator internal sequences.

Genome-wide insertional mutagenesis, a powerful reverse genetics tool, involves the
insertion of a DNA sequence, such as a transposon or T-DNA, to generate loss-of function
mutations for virtually all genes of a genome. This method disrupts gene function, enabling
the functional analysis of the resultant phenotypes and infer the roles of the affected genes.
In Arabidopsis thaliana, T-DNA insertional mutagenesis has been extensively used to
disrupt gene function (Alonso et al., 2003). In maize, the two main DNA transposon families
used are Activator/Dissociation (Ac/Ds) and Mu, with the latter being more widely used
due to its higher transpositional activity and preference for genic regions (McCarty et al.,
2005; Vollbrecht et al., 2010; Brutnell and Conrad, 2013). Mutator-based sequence-
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indexed libraries such as UniformMu, BonnMu, ChinaMu, Maize-Targeted Mutagenesis
population (MTM) and Mu-lllumina (Bensen et al., 1995; May et al., 2003; McCarty et al.,
2005; Williams-Carrier et al., 2010; Liang et al., 2019; Marcon et al., 2020) and Ac/Ds
based library such as Trait Utility System for Corn (TUSC; Briggs and Meeley, 1995) have

been instrumental in maize functional genomics.

Recently, three sequence-indexed mutant libraries have been established by Mu
transposon insertional mutagenesis as invaluable resources for functional genetics studies
in maize (UniformMu: (McCarty, et al., 2013a); ChinaMu: (Liang et al., 2019); BonnMu:
(Marcon et al., 2020)). These mutant collections are ideal starting points for forward and
reverse genetic screens (1) to validate candidate genes by additional allelic mutations and
(2) to functionally characterize novel mutants regulating various developmental processes
(Hunter et al., 2014; Dai et al., 2021; He et al., 2024).

2.4 BonnMu - A sequenced-indexed transposon-tagged mutant resource

The BonnMu library represents a novel and important addition to the existing resources
for maize functional genetics studies (Marcon et al., 2020). It was initially constructed in
the B73 inbred background (Marcon et al., 2020), while the UniformMu utilizes W22 inbred
background (McCarty et al., 2013a). The BonnMu resource utilized random Mu insertions
to disrupt genes, based on a method called Mutant-seq (Mu-seq; McCarty et al., 2013a).
Mu-seq enables the identification of maize F.-families carrying transposon insertions in a
sequence indexed (i.e. transposon tagged) population, by high-throughput next generation
sequencing (NGS). The analysis of this European-based sequence-indexed resource has
been optimized and accelerated by the MuWU bioinformatic pipeline (Stocker et al., 2022),

which facilitates unbiased and high-throughput sequencing of Mu-tagged families.

In a pilot study, sequencing of 1,152 Mu-tagged BonnMu F,-families resulted in the
identification of 225,936 genomic Mu insertion sites, with 41,086 high-quality germinal Mu
insertions covering 16,392 annotated maize genes (37% of the B73v4 genome; Figure 3;
Marcon et al., 2020)). BonnMu complemented the UniformMu (McCarty et al. 2013) and
the ChinaMu (Liang et al. 2019) resources, and as such these three collections comprised
Mu insertions in 57% (25,140 of 44,117 genes) of all genes in the reference genome. A
unique feature of BonnMu is that insertions and associated phenotypic seedling pictures
of Mu-tagged F»-families are deposited at MaizeGDB.org to enable open access (Marcon
et al., 2020). Here in this thesis, it is highlighted that BonnMu has expanded its collection
to include two germplasm pools: the Dent germplasm (B73 and Co125) and the Flint
germplasm (DK105, EP1, and F7).
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BonnMu_B73 UniformMu_W22
(16,392 genes) (16,090 genes)

~—}—}— —
ChinaMu_B73
(20,396 genes)

25,140 of 44,117 FGS genes of B73v4

Figure 3. Number of Mutator-tagged genes in the BonnMu (B73 background), ChinaMu (B73
background) and UniformMu (W22 background) resources (adapted from Marcon et al., 2020).

2.5 The maize root system

The maize root system plays a central role in water and nutrient uptake, rhizosphere
microbial communication, and anchorage to the soil (Lynch, 1995). It consists of embryonic
roots which are formed during embryogenesis, and postembryonic roots which are initiated
after germination (Figure 4; Hochholdinger and Tuberosa, 2009). The embryonic roots
include one single primary root which originates from the basal pole of the embryo and
several seminal roots which develop at the scutellar node of the embryo. In contrast,
postembryonic roots consist of several crown (below-ground) and brace (above-ground)
roots which are born from the shoot nodes. Lateral roots emerge from both embryonic and
postembryonic root-types. Similarly, root hairs, which emerge from epidermal cells appear
along all root-types (Hochholdinger et al., 2004, Hochholdinger et al., 2018a).



8 Introduction

Crown roots

\ Lateral roots

Brace roots

Primary root

Root hairs /

Figure 4. Schematic pictures of maize root system architecture. (A) Embryonic primary and seminal roots
and postembryonic lateral and crown roots roots emerged in a 12-day-old wild type maize seedling. (B) Above

ground shoot-borne brace roots of a 6-week-old maize plant.

In maize, several genes have been identified that affect various root types at different
developmental stages, including root hair, shoot-borne roots, lateral, and seminal roots
(Hochholdinger et al., 2004; von Behrens et al., 2011; Hochholdinger et al., 2018b; Baer
et al., 2023). The rootless concerning crown and seminal root (rtcs) mutant lacks shoot-
borne crown and brace roots, and seminal roots. Its paralog, rootless concerning crown
and seminal roots like (rtcl) impacts shoot-borne root elongation and is involved in auxin
signal transduction. While rics mutants show defective seminal root initiation, rtc/ mutants
have shorter crown roots but normal seminal roots (Taramino et al., 2007; Xu et al., 2015).
The rootless with undetectable meristem 1 (rum1) affects lateral root development in the
primary root (Woll et al., 2005). Its close relative, rootless with undetectable meristem like
1 (rum1-like1 or rul1), shares a high degree of amino acid sequence similarity (von
Behrens et al., 2011; Zhang et al., 2016). Lastly, root hair defective (rth1, rth3, rth5, rth6)
genes, crucial for root hair formation, have been identified. The gene rth1 affects the
exocytotic growth of root hair tips (Wen et al., 2005), while rth2 mutants have significantly
shorter root hairs. The rth3 gene, responsible for secondary cell wall organization, also
impacts root hair elongation and interacts with rth5 and rth6 during this process
(Hochholdinger et al., 2008; Nestler et al., 2014; Li et al., 2016; Hochholdinger et al., 2018).
For the BonnMu resource as a forward genetic tool, we conducted phenotyping of all
BonnMu families at the 10-12 days seedling stage. We identified and documented various
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shoot and root mutant phenotypes, which led to the discovery of several novel root

mutants.
2.6 The role of CSN in plants

The COP9 (constitutive photomorphogenesis 9) signalosome (CSN) is a multiprotein
complex discovered in Arabidopsis through genetic screening of light-responsive mutants
(Parks et al., 1989). This complex predominantly consists of eight subunits (CSN1 to
CSNB8) and is conserved in higher eukaryotes including plants and animals. The subunits
CSN1 to CSN4 and CSN7 to CSN8 contain the PCI (proteasome, COP9, initiation factor
3) domain, crucial for protein-protein interactions within the complex (Figure 5A). In
contrast, subunits CSN5 and CSNG6 are characterized by the MPN (Mov34 and Pad1 N-
terminal) domain, which is implicated in the complex's metalloprotease activity.
Additionally, comprehensive genetic analyses have been conducted across all subunits of
the COP9 signalosome in Arabidopsis (Serino et al., 2003).

The CSN complex is involved in the regulation of protein degradation. It specifically
modulates the activity of the SCFTR! ubiquitin ligase complex (SCF™': Skp1, Cullin, F-
box containing complex with Transport Inhibitor Response 1, TIR1), a critical component
of the auxin signaling pathway (Eckardt, 2003). The CSN complex facilitates the recycling
and reassembly of the SCF™' complex through the deneddylation of AtCUL1, a
component of CULLIN-RING ES3 ligase (CRL) complexes. This regulation is essential for

the degradation of AUX/IAA proteins, which act as repressors.

Upon auxin binding to the SCFTR" complex, these proteins are targeted for ubiquitination
and subsequent degradation, thereby influencing auxin-responsive gene expression and
plant development (Serino et al., 2003). The balance of AUX/IAA protein levels is further
influenced by the action of AXR1 and ECR1, which are subunits of an E1-like RUB1-
activating enzyme. This enzyme activates r (RUB1/NEDD8) that subsequently binds to the
E2-like protein RCE1, promoting the neddylation of CUL1, a process vital to the function
of the CSN complex. It has also been shown that the COP9 signalosome (CSN) plays a
central role in the ubiquitin-proteasome pathway (Figure 5B; Schwechheimer, 2004; Wei,
Serino and Deng, 2008).

CSN exerts significant influence over key biological processes including gene expression,
cell proliferation, and the cell cycle (reviewed in Qin et al., 2020). The significance of CSN
extends beyond its regulatory functions. It serves as a vital node in the plant's response to
a range of external stimuli, such as light and temperature fluctuations, as well as internal
cues, notably phytohormones. This broad spectrum of regulatory capabilities highlights the

complexity and versatility of CSN in plant development and stress responses.
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Figure 5. Eight subunits of CSN (retrieved from UniProt database) and a model of CSN function
(adapted from Eckardt 2003). (A) Eight subunits of CSN in Arabidopsis. CSNs conserves Proteasome,
COP9, Initiation factor 3(PCIl) domain except CSN5 and CSNG6 that contain the Mov34 and Pad1p N-terminal
(MPN) domain. The UniProt accession numbers of each subunit are P45432 (CSN1), AOA178VSH3 (CSN2),
Q8W575 (CSN3), Q8L5U0 (CSN4), Q8LAZ7 (CSN5), Q8W206 (CSN6), Q94JU3 (CSN7) and P43255 (CSNS8).
(B) A model of CSN complex. Ubiquitin-activating enzyme (E1); Ubiquitin-conjugating enzyme (E2); four parts
of CULLIN-RING E3 ligase (AtCul1, RBX1, ASK, F-box protein TIR1); Subunits of E1-like RUB1-activiating
enzyme (ECR1 and AXR1); E2-like protein (RCE1), Ubiquitin-like molecule RUB1/NEDD8 (r) and COP9

signalosome (CSN).
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In general, seedlings exhibit photomorphogenic growth in light and skotomorphogenic
growth in darkness. Photomorphogenesis (de-etiolation), the light-favored development,
is characterized by the presence of short hypocotyls, open apical hooks, and expanded
cotyledons, which accompany chloroplast development, cell differentiation, and
anthocyanin accumulation. In contrast, skotomorphogenesis (etiolation) represents the
dark-favored state, characterized by elongated hypocotyls, closed cotyledons, and the
development of etioplasts — a precursor to chloroplasts in the absence of light (Wei and
Deng, 2003). Arabidopsis cop9 null mutants exhibit severe photomorphogenic
development and excessive anthocyanin accumulation, leading to seedling death (Serino
and Deng, 2003). Moreover, the cop9 mutant exhibits greenish roots when grown under
light, a phenomenon not observed in mutants grown in darkness or in wild type plants
under the light condition (Wei and Deng, 1992). Similarly, the Arabidopsis csn4 knockout
mutants also show constitutive photomorphogenesis and severe developmental defect
resulting in seedling lethality (Figure 6; Betsch et al., 2019).

Light Dark
Figure 6. Photomorphogenic and skotomorphogenic growth of 10-day-old csn4 mutant and Col-0 wild
type plants under light and dark conditions, adapted from Betsch et al., (2019). The size of the bar

represents 500um.

Arabidopsis lines with reduced CSN function show altered photomorphogenesis, irregular
cotyledon numbers, and disrupted leaf formation, indicating that CSN is crucial for multiple
developmental pathways (Peng et al., 2001). These findings indicate the fundamental role
of CSN in plant development. The functional characterization of the COP9 signalosome
(CSN) has been studied well in Arabidopsis. The mutants displaying constitutive

photomorphogenesis in the dark, resulted in the discovery of the cop (constitutively
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photomorphogenic), det (de-etiolated), and fus (fusca) mutants. These mutants are
collectively known as cop/det/fus mutants in Arabidopsis (Chory et al., 1989; Wei et al.,
1996; Schwechheimer and Deng, 2000).

In this dissertation, we explore the new maize mutant, magenta root dwarf 1 (mrd1), which
was identified in a forward genetic screening of BonnMu F2-families. The mutant exhibits
characteristics potentially indicative of a CSN complex disruption. The mrd1 mutant is
characterized by anthocyanin accumulation and de-etiolated growth in darkness, which
are comparable to those observed in csn4 mutants in Arabidopsis thaliana. In order to
validate the csn4 as causal for the mrd1 phenotype, additional independent alleles were
generated via CRISPR/Cas9 genome editing. In this dissertation, the identification and
characterization of mrd7 mutant is comprehensively presented including BSR-seq
analysis, anthocyanin profiling, rhizosphere microbiome analysis, transcriptomic analysis
via RNA-seq, phenotype to genotype co-segregation analysis, gene expression analysis
via qRT-PCR, subcellular localization of MRD1 protein, and validation of gene function via
CRISPR/Cas9.
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3 Objectives

The overall objective of my dissertation was to expand the BonnMu resource by including the

Fo-familes of mutagenized European inbred lines such as F7, DK105 and EP1 of the Flint

pool. The following hypotheses were tested in this study.

Project I: BonnMu resource expansion

1.

The BonnMu resource achieves extensive coverage of the maize genome, with a
majority of Mu insertions occurring in gene-dense regions.

A significant fraction of the Mu insertions is located in genic regions, particularly the 5°
untranslated region (UTR), indicating a pattern of mutagenesis that preferentially
targets regulatory regions of genes.

The gene length correlates with the number of insertions.

The observed overlap of Mu-tagged genes across different BonnMu genetic

backgrounds significantly deviates from the expected random distribution.

Project Il: Identification and characterization of mrd7 mutant

The mrd1 mutant is a recessive mutant, segregating in a 3:1 Mendelian ratio.

The mrd1 mutant is reduced in the overall growth compared to the wild type.

The Mu insertion in the mrd1 gene co-segregates with the magenta-colored root dwarf
phenotype in the mrd1 mutant by PCR-based genotyping.

The mrd1 expression is down-regulated in the primary root of the mutant compared to
wild type.

The mrd1 gene shows down-regulation in the crown root of the mutant compared to
wild type by RNA-seq.

The MRD1 protein is localized in the nucleus.

7. A novel CRISPR/Cas9 edited allele of mrd1 results in seed lethality and a knock-out

mutation.
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4 Material and methods

4.1 Plant material

Mutagenized BonnMu F»-families were generated in field nurseries at the University of Bonn
(Germany), Chile, Hawaii, and Mexico in the years 2014-2021 as previously described
(Marcon et al., 2020, 2024a, 2024b; Win et al., 2024b). Briefly, we obtained the F4-population
by crossing a Mu-active line (Mu4 per se; Robertson, 1983) into five distinct inbred lines: B73,
Co125, DK105, EP1, and F7 (Table 1). Then, the Fz-population, segregating for recessive
mutations, was generated by selfing all plants of the Fi-generation. The BonnMu Fz-families

comprise a genetic background of 50% inbred line (e.g. B73) and 50% Mu-active line.

Table 1. BonnMu F2-families used for Mu-seq library construction.

Germplasm Mu-seq library_ID BonnMu Fz-families Genetic background'
Museq 1 BonnMu-1-A-0001 -
9 BonnMu-1-A-0576
(B73 x Mu* per se) @
Museq 22 BonnMu-2-A-0577 -
“ BonnMu-2-A-1152
Museq_3 BonnMu-3-E-0001 - (Co125 x Mu* per se) @

BonnMu-3-E-0576
BonnMu-4-A-1153 -
BonnMu-4-A-1655

Museq_42 &

BonnMu-4-B-0001 -
BonnMu-4-B-0073

Dent pool Museq_5 gOI‘mMU-S-B-OOMS.
onnMu-5-B-0650

BonnMu-6-B-0651 -
BonnMu-6-B-0922
Museq_6 & (B73 x Mu* per se) @
BonnMu-6-C-0001 -
BonnMu-6-C-0304
BonnMu-7-C-0305 -
BonnMu-7-C-08058
Museq_7 &

BonnMu-7-D-0001 -
BonnMu-7-D-0077

BonnMu-8-D-0078 -
BonnMu-8-D-0653

Museq_8
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Table 1. BonnMu F2-families used for Mu-seq library construction (continued).

Germplasm Mu-seq library_ID BonnMu Fz-families Genetic background'

BonnMu-9-G-0001 -

BonnMu-9-G-0462 (DK105 x Mu? per se) @

Museq_DK105_EP1_1 &

BonnMu-9-H-0001 - (EP1 x Mu* per se) @
BonnMu-9-H-0114

BonnMu-10-H-0115 -

4

Museq _EP1_2 BonnMu-10-H-0690 (EP1 x Mu* per se) @
Flint pool BonnMu-F7-1-F-0001 -
Museq_F7_1 BonnMu-F7-1-F-0576
BonnMu-F7-2-F-0577 -
Museq_F7_2 BonnMu-F7-2-F-1152

(F7x Mu* per se) @

Museq F7 3 BonnMu-F7-3-F-1153 -
QFi_ BonnMu-F7-3-F-1728
Museq_F7_4 BonnMu-F7-4-F-1729 -

BonnMu-F7-4-F-2304

"Flint and Dent lines were mutagenized by crossing with a Mu-active line (Mu* per se). Selfing (@) of the F1-plants
generated Fa-families segregating for recessive mutations in a 3:1 ratio. Therefore, the BonnMu F2-families
comprise a genetic background of 50% inbred line (e.g. B73) and 50% a Mu-active line. In the main text the genetic
background of the different BonnMu F2-families is referred to as B73, Co125, DK105, EP1, and F7, respectively.

2 Mu-seq libraries used in previous publication (Marcon et al., 2020).

3 BonnMu F2-families 5-B-0077, 7-C-0726 and 7-C-0738 failed to germinate. Consequently, they were not included

in the respective Mu-seq libraries.
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4.2 Chemicals

The chemicals used in the study are listed in Table 2.

Table 2. List of chemicals used in the study.

Name

Manufacturer

2-Mercaptoethanol

Carl Roth, Germany

2-Propanol

Acetic acid

VWR, Germany

Agarose basic (A8963,0500)

AppliChem, Germany

Bromophenol blue - sodium salt

Merck, Germany

Chloroform

AppliChem, Germany

Ethanol

Ethylenediaminetetraacetic acid

Glycerine

VWR, Germany

Hydrogen peroxide

Merck, Germany

Isopropanol

Magnesium chloride

Methanol

VWR, Germany

Phenol/Chloroform/lsoamylalkohol (25:24:1)

Merck, Germany

Sodium chloride

Sodium hydroxide

Carl Roth, Germany

Tris-base

AppliChem, Germany

Urea (U5378-1kg)

Merck, Germany
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4.3 Reagents and kits

The reagents and kits used in the study are shown in Table 3.

Table 3. List of reagents and kits used in the study.

Name

Manufacturer

Agilent DNA 7500 Kit

Agilent Technologies, Germany

CleanNGS

CleanNA, The Netherlands

Clonedet PCR Cloning Kit

Gateway™ BP Clonase™ Il Enzyme mix

Gateway™ LR Clonase™ Il Enzyme mix

Thermo Fisher Scientific, Germany

Homemade Taq DNA Polymerase

AG Hochholdinger, University of Bonn, Germany

Monarch® Plasmid Miniprep Kit

NEB Ipswich, USA

PerfeCTa SYBR Green SuperMix

Quantabio, USA

Phusion fidelity DNA polymerase

AG Hochholdinger, University of Bonn, Germany

gScriptcDNA SuperMix

Quantabio, USA

Quick Blunting™ Kit, E12011

New England Biolabs, USA

Rapid DNA Ligation Kit

Merck, Germany

RNeasy Plant Mini Kit

Qiagen, Germany

T4 DNA Ligase

Thermo Fisher Scientific, Germany

Zymoclean-5 DNA Clean and Concentrator™ Kit (D4014)

Zymoclean Gel DNA Recovery Kit (D4008)

Zymoclean-25 DNA Clean and Concentrator™ Kit

Zymo Research, Germany
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4.4 Bacterial strains

Table 4. List of bacterial strains used in the study.

Escherichia coli DH5a Thermo Fisher Scientific, Germany
Agrobacterium tumefaciens AGL-1 Lazo et al., 1991
Agrobacterium tumefaciens C58C1 Ashby et al., 1988
Agrobacterium tumefaciens EHA105 recA- Rodrigues et al., 2020
4.5 Vectors

Table 5. List of vectors used in the study.

pJET1.2/blunt Ampicillin PCR cloning
pDONR™ 221 P1-P4 Kanamycin cloning for BIFC and

Thermo Fisher

. . Scientific, Germany
pDONR™ 221 P3-P2 Kanamycin Cloning for BiFC and
FRET
pFRETvr-2in1-CC Spectinomycin Subcellular localization
PO Ao J3°B0skecdB | Ampicilin CRISPR
PG B-0s15-Bbst-ccdB- | ampicilin CRISPR
mMR-Bbsl- www.gatewayvectors.

vib.be
pGG-C-linker-G Gentamicin Linker/ CRISPR
pG3HI-zCas9-tdT-AG Gentamicin CRISPR
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4.6 Software and tools

Table 6. List of software and online tools used in the study.

Name

Manufacturer/ Reference/ Website

BioEdit Sequence Alignment Editor

http://www.mbio.ncsu.edu/bioedit/bioedit.html

CLC Genomics Workbench 24

Qiagen, USA

CRISPOR

http://crispor.tefor.net/crispor.py

EnsemblPlants

https://plants.ensembl.org/index.html

FigTree v1.43

http://tree.bio.ed.ac.uk/software/figtree/

SYNTHEGO https://tools.synthego.com/#/
Leica VT1200 Leica, Germany
Localizer Sperschneider et al., 2017

Maize Genetics and Genomics Database

http://www.maizegdb.org

Mega X

Kumar et al., 2018

MrBayes

Ronquist and Huelsenbeck, 2003

National Center for Biotechnology Information (NCBI)

http://www.ncbi.nlm.nih.gov

Phytozome 13

https://phytozome-next.jgi.doe.gov/

R program R Core Team, 2021
TIDE https://tide.nki.nl/
UniProt https://www.uniprot.org/
ZEN 3.4 Zeiss, Germany

Zeiss PALM MicroBeam microscope and software

Zeiss, Germany
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4.7 Construction of Mu-seq libraries

BonnMu libraries were constructed using the Mu-seq method (Supplemental figure S1;
McCarty et al., 2013a; Liu et al., 2016; Marcon et al., 2020, 2024a, 2024b; Win et al., 2024b).
Briefly, we used a total of 6,912 BonnMu families for 12 Mu-seq libraries in the genetic
backgrounds of B73, Co125, DK105, EP1, and F7 (Table 6). A 2-dimensional 24 x 24 grid
design was utilized to pool 576 BonnMu F,-families per library (Figure 7A; Marcon et al.,
2024a). For each Mu-seq library construction, we germinated eight seeds per family using a
paper roll system (Figure 7B; Hetz et al., 1996). We incubated the seedlings in a climate
chamber with a photoperiod of 16 h (28 °C, 2700 lux) and a dark period of 8 h (21 °C) at 70%
humidity. At 10-12 days after germination (dag), the leaf samples were harvested and pooled
based on the 24 x 24 grid design. The samples were taken from at least 3 seedlings of each
F2-family to ensure the presence of at least one mutant allele per Mu-tagged gene within the
3-8 germinated plants per F2-family. By applying the given formula through the dbinom() and
dhyper() functions in R (R Core Team, 2021), the calculated probability was determined to be
99% (Supplemental table S1). To ensure the precise identification of heritable germinal
insertions at the intersections of rows and columns in the grid, leaf samples from independent
somatic cell lineages, i.e., alternate leaves of each seedling per family, were sampled in one
distinct row and one distinct column pool (Figure 7 C). By using this method, somatic
insertions appeared only in a single axis of the grid and were subsequently excluded from
downstream analyses. The harvested samples were frozen in liquid nitrogen and kept at -
80 C before use. For each library, the frozen leaf samples were ground manually using pre-

cooled mortars and pestles.

Subsequently, genomic DNA was isolated from each pool according to Nalini et al., (2003).
The genomic DNA was randomly sheared using a Bioruptor® Pico sonication device
(Diagenode) at 2s-on/2s-off setting for 2-4 cycles to obtain the fragment sizes of about 1 kb
(Supplemental figure S1). The size of fragmented genomic DNA was analyzed by agarose gel
electrophoresis after sonication. The randomly sheared genomic DNA fragments had single-
stranded overhangs, which were attentively filled in using an enzyme mix (Quick Blunting™
Kit, E1201L, New England Biolabs). This process generated blunt ends, facilitating the
subsequent ligation of a double-stranded universal (U) adapter. All primers used in the library

construction are listed in the Supplemental table S2).
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Figure 7. Multiplexing leaf samples according to a 24 x 24 grid design (Marcon et al., 2024a). (A) A 24 row X
24 column grid is designed to position 576 individual Fz-families. (B) Per F2-family eight kernels are germinated
using a single germination paper (left). The 24 paper rolls of a row pool are bundled in one batch and four batches
fit in one bucket (right) for germination of the enrolled kernels. (C) Seedlings are harvested 10-12 days after
germination (dag, left), according to the 24 x 24 grid design illustrated in (A). Per F2-family one leaf tip per plant is
sampled into the respective row pool and an opposite leaf tip is harvested into the corresponding column pool

(right).
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The Mu-flanking amplicons were subsequently enriched through a ligation-mediated PCR
(PCR-I), using a Mu-TIR-specific primer and a specific primer for the ligated U adapter
(Supplemental figure S1). Then, the fragments were incorporated with a part of an Illlumina
sequencing adapter and a TIR sequence in the PCR-Il. To minimize the number of very short
Mu-flanking fragments, PCR-II products were purified using a CleanNGS magnetic bead-
based clean-up system (CleanNA). The final PCR-IIl integrates the remaining sequencing
adapters, and 6 bp barcodes which enabled multiplexing of the 48 pools. To assess library
quality and quantity, each Mu-seq library was measured using a Bioanalyzer with a DNA 7500
chip (Agilent Technologies) to obtain the required concentrations for sequencing. The
multiplexed Mu-seq libraries were subjected to paired-end sequencing with a read length of
150 base pairs (bp) using the HiSeq X Ten sequencing system. The raw sequencing data
were stored at the Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) under BioProject
accession number PRJNA914277. The detailed protocol for constructing Mu-seq libraries,
including step-by-step instructions, has been published by Marcon et al., (2024). This protocol

is available for reference to ensure precise replication of the methodology.
4.8 MuWU: Mu-seq library analysis and annotation

Mu-seq reads are processed using an automated processing pipeline, referred to as Mu-Seq
Workflow Utility (MuWU; Stocker et al., 2022). Briefly, Mu insertion sites were detected based
on the characteristic 9-bp target site duplications at the insertion flanking regions of Mu
transposons. Combined with the grid design, this allowed the differentiation between germinal
and somatic insertion events. After mapping all Mu-seq reads to the B73v5 reference genome
(Zm-B73-REFERENCE-NAM-5.0; Zm00001eb.1; Gage et al., 2020), insertions were
associated with specific genomic loci. In detail, we considered Mu insertion sites in 5’ and 3’
untranslated regions (UTRs) of genes, exons and introns, the <2,101 bp upstream promoter
regions, and <2,101 bp downstream regions of genes. With the release of MuWU v1.5, we
added the capability to determine the specific classes of Mu1, Mu8, and MuDR elements for
a detected insertion. Details of the implementation and required data are outlined in the
software’s GitHub repository (https://github.com/tgstoecker/MuWU). Finally, we generated an
output table of germinal insertion events, that included additional information on each event
such as genomic location, associated information based on genome annotations and the most
likely class of Mu element (Win et al., 2024b).

Furthermore, we investigated germinal insertion sites by aligning Mu-seq reads from the 3,456

sequenced BonnMu F»-libraries in the genetic backgrounds of the Flint lines DK105, EP1, and
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F7 to their corresponding genomes: DK105 (Zm-DK105-REFERENCE-TUM-1.0;
Zm00016a.1), EP1 (Zm-EP1-REFERENCE-TUM-1.0; Zm00010a.1), and F7 (Zm-F7-
REFERENCE-TUM-1.0; Zm00011a.1; Haberer et al., 2020). All BonnMu insertions and
affected genes are listed in corresponding output tables (Supplemental data S2 on the
attached CD-R; Win et al., 2024b).

4.9 Downstream analysis of BonnMu insertion sites

To investigate the presence of Mu insertions in different libraries/ genotypes, a presence/
absence intersection matrix was created using the merge() function in R. An Upset plot was
generated using the UpSetR package (Conway et al., 2017) in R, providing a visual
representation of the intersections among the 14 Mu-seq libraries and five genotypes. To test
the relationship between the number of insertions and the length of the affected genes we
calculated the Pearson correlation coefficient (r) in R v4.3.1 (R Core Team, 2021). To further
visualize the distribution of Mu insertions across various genomic partitions, i.e., exons,
introns, UTRs, and promoter regions, we analyzed the eight Mu-seq libraries in B73
background. To determine if the Mu insertion sites align with gene density, the distribution of
BonnMu insertions in B73 background were aligned with the genes in each chromosome using
the MaizeGDB JBrowse genome browser (Woodhouse et al., 2021). In addition, we employed
the published ATAC-seq (Ricci et al., 2019), ChlP-seq (Makarevitch et al., 2013; Zhang et al.,
2015), and NAM-ATAC and NAM-UMRs datasets (Hufford et al., 2021) to investigate

chromatin accessibility and histone modifications in relation to BonnMu insertions.
410 Confirmation of Mu insertion

We performed PCR-based confirmation of Mu insertions using the following BonnMu F»-
families: BonnMu-2-A-0982, BonnMu-7-C-0458, and BonnMu-F7-2-F-1001. To this end, 12-
30 seeds per segregating BonnMu F,-family were germinated using the paper roll system
(Hetz et al., 1996). Leaf samples were harvested at 10 days after germination and gDNA was
isolated according to Nalini et al., 2003. Gene-specific primers flanking the Mu insertion sites
were designed using Primer-BLAST (https://www.ncbi.nIm.nih.gov/tools/primer-blast/). To
genotype the plants, three different combinations of primers in separate reactions were used:
(1) gene-specific forward and reverse primers to detect the presence of the gene copy, (2)
gene-specific forward and TIR6 and (3) gene-specific reverse primer and TIRG, to detect the
presence of Mu insertions. Primer sequences are provided in Supplemental table S3. The

PCR was performed using Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher). The
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PCR products from the individual plants that showed the presence of Mu insertions were
subjected to Sanger sequencing (Sanger et al., 1977). The resulting sequences were then
analyzed using BioEdit software (Hall, 1999) to confirm the presence and specific locations of

the Mu insertions.
4.11 Forward genetic analysis of BonnMu-Fz-stocks

Forward genetic screens not only identify novel genes but also unveil novel functions for
known genes (Wen et al., 2005; Taramino et al., 2007; Nawy et al., 2010; Li et al., 2016;
Hochholdinger et al., 2018b). Forward genetics starts with an observable phenotype and
seeks to identify the genetic basis of this trait. The BonnMu resource offers a comprehensive
platform for forward and reverse genetic analyses in maize via MaizeGDB (Marcon et al.,
2020). BonnMu comprises of 8,064 Mu-tagged F2-stocks with identified 425,924 germinal Mu
insertions covering 36,612 (83%) of all annotated maize genes (B73v5; Win et al. 2024). As
a forward genetic resource, between 12 to 30 kernels from each of 7,679 families were
germinated using a paper roll system as described in the method section 4.7. The remaining
385/ 8,064 families were not included in the analysis due to an insufficient amount of seeds.
At 10-12 dag, the seedlings of each F-familiy were phenotyped and photographed using
Canon digital camera (Canon EOS 500D). All the photographs are deposited on the
MaizeGDB. The seedling phenotypes were screened and recorded for the characters
associated with the primary root, seminal root, lateral root, root hair, crown root, shoot and
leaf. Additionally, the mutation rate of BonnMu was calculated based on the occurrence of
albino and pale green leaf phenotypes following 3:1 (wild type : leaf mutant) Mendalian

segregation ratio.
4.12 Phenotype to genotype co-segregation analysis

A forward genetic screen of 10-day-old seedling phenotypes of the BonnMu Fo-families
identified a magenta root dwarf 1 (mrd1) mutant. For forward genetic screen of BonnMu, 12-
20 kernels were germinated in a paper roll system as described previously (Win et al., 2024a).
At 10 DAG, the segregation ratio of BonnMu-1-A-0438 segregating for mrd1 mutation was
analyzed using a x? test. The individual plants from the mrd1 segregating families were then
subjected to genotyping by PCR. The genotyping and Sanger sequencing were performed as

described in the previous section (4.7).

In addition, the mutant was phenotypically analyzed under both light and dark conditions

based on the following parameters: primary root length (cm), shoot length (cm), mesocotyle
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length (cm), coleoptile length (cm), number of seminal roots and lateral root density (number
of lateral roots in 5 cm region of the primary root from coleorhiza). The kernels segregating
for mrd1 mutant were germinated in a paper roll system and incubated in the plant growth
chamber (Gen2000, USA). The transparent buckets (12.5 L) used for this experiment were
also wrapped around the side and bottom with aluminum foil to protect from the light. The
chamber was divided into light and dark conditions by a light protected sheet and set to a
photoperiod of 16 h (28 °C, 2700 lux) and a dark period of 8 h (21 °C) at 70% humidity. In
total, 50 kernels each for light and dark conditions were used to obtain 15 representative
mutant and 15 wild type plants. At 12 dag, the morphological characters mentioned above

were measured accordingly.

Moreover, the differentiation zone of the primary roots of mrd7 mutant and wild type plants
were hand-sectioned at 6 dag. To prepare for sectioning, the primary roots of mutant and wild
type plants were detached from the kernels by cutting with a sharp blade. The roots were
placed on the slides with droplets of water using soft forceps, which were used to gently
handle the roots and prevent any damage during the process. The differentiation zone was
carefully identified under the Binocular, defined as the area starting from the side of the root
tip where root hairs begin to emerge. After selecting the differentiation zone segment, ~1cm
from the root tip, a sharp razor blade is utilized to cut it as thin as possible (<0.5 mm). The
sections and the blade are kept wet to ensure the cut sections slide off smoothly into the
water. Thin cross-sections are made with the root held gently in place with soft forceps, using
a single downward motion with the blade kept perpendicular to the root's longitudinal axis to
achieve uniform thickness. Blades are changed frequently to maintain sharpness. After many
sections are cut, they are transferred to a new slide. Sections are then arranged on a slide,
covered carefully with a coverslip to avoid air bubbles, and finally, the prepared slide is

observed under Zeiss PALM MicroBeam microscope (Zeiss).
4.13 BSR-seq analysis

The bulked segregant RNA-seq (BSR-seq) is a modified method of the bulked segregant
analysis (BSA) that uses RNA-seq reads (Figure 8; Li et al., 2016; Win et al., 2024a). We used
these reads to rapidly map a gene in a population with polymorphic markers, such as single
nucleotide polymorphisms (SNPs). Briefly, we crossed the mrd7 mutant, identified in a
BonnMu F,-stock harboring 64 germinal Mu insertions, with the inbred line Mo17. The F;
plants were subsequently self-pollinated to generate multiple F>-mapping populations. We

germinated the kernels from an F2-population segregating for the mrd1 phenotype in a paper
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roll system and incubated them in a climate chamber with 16 h (28 °C, 2700 lux) of light and
8 h (21 °C) of darkness at 70% humidity. The primary roots of both mrd1 mutants and their
wild type siblings were harvested at the size of 0.5 cm. In total, we collected 85 mutant and
85 wild type individuals and pooled them separately according to their phenotypes. We
isolated RNA from each pool using the RNeasy mini kit (Qiagen, Hilden, Germany) and
controlled its quality by measuring the RNA integrity number (RIN > 8) on a Bioanalyzer 2100
with an RNA 6000 Nano chip (Agilent Technologies). Finally, we constructed the RNA-seq
libraries and sequenced them on the NovaSeq 6000 platform, obtaining paired-end 150 bp

reads.

To map the gene, we detected allele frequencies in the wild type pool and the mrd1 pool
according to Mansfeld and Grumet (2018). When there is complete linkage of a SNP marker
with a mutated gene, only one marker allele is expected to appear in the mrd1 pool of the
mapping population. We scanned the genome using a smoothing window size of 3.5 Mb.
Using BSA (Michelmore et al., 1991), we determined the linkage probability for each individual
SNP through a G‘ analysis (Magwene ef al., 2011) and plotted it against the genomic position
(Mb). BSR-seq mapped the mrd1 gene to an approximately 70 Mb interval on the short arm
of chromosome 1. Raw sequencing data were deposited in the SRA under BioProject
accession number PRINA926107.

4.14 Anthocyanin profiling

We germinated a BonnMu F>-family segregating for the mrd71 mutant in a paper roll system
as described in the method section 4.7. At 10 days after germination, we harvested whole
primary roots from three seedlings per replicate. We used three biological replicates each for
both the mrd1 mutant and wild type siblings. The anthocyanins were isolated and measured
as previously described (Tohge et al., 2015; Cenk et al., 2021; Pahlke et al., 2021). Finally,
quantification was conducted using reference curves for cyanidin 3-O-glucoside and peonidin

3-O-glucoside. Anthocyanin profiling was performed at the IPK in Gatersleben.
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Figure 8. BSR-Seq workflow (Win et al., 2024a). Generation of a mapping population by crossing an mrd1 mutant
in B73 background with a genetically distinct inbred line, Mo17. Mutation and linked single nucleotide polymorphism
(SNP) marker are labelled in red on the simplified chromosome carrying the mutation, while additional polymorphic
SNP markers are represented as black or white lines. After selfing the F1-plants, mrd7 mutants and wild types are
respectively pooled from the segregating F2-generation. For BSR-Seq analysis, RNA is isolated from bulks of
mutant and wild type seedlings. The cDNA libraries for these mutant and wild type pools are constructed and
sequenced using NovaSeq 6000 platform. Transcriptome profiling identifies polymorphic single nucleotide
polymorphisms (SNPs) between the two samples to map the gene position on the chromosome. BSR-seq mapping
narrowed down the candidate gene to an ~70 Mb interval on the short arm of chromosome 1. The genome was
scanned using a smoothing window size of 3.5 Mb. The linkage probability (Mansfeld and Grumet, 2018) obtained
by BSA for each individual SNP was determined by a G* analysis (Magwene et al., 2011) and plotted against the
genomic position (Mb). The mapping interval was used to prioritize a Mu-tagged candidate gene underlying mrd1

mutant.
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4.15 Rhizosphere microbiome analysis of the mrd7 mutant

For microbiome profiling of the rhizosphere from crown roots, we conducted the experiment
as described previously (Yu et al., 2021). The kernels segregating for mrd7 mutant were
germinated in a paper roll system in a climate chamber. At 5 days after germination, we
selected mrd1 mutant and wild type siblings visually and then transplanted to soil-filled pots
(7 x 7 x 20 cm?®) and grew in the climate chamber. We included four replicates each for both
mrd1 and wild type. Four pots without plants were included and treated the same for bulk soil
samples. To ensure optimal growth, we watered the plants with distilled water every day until
three days before harvesting. However, we did not treat them with additional fertilizers. We
collected crown root and rhizosphere samples at 28 days after transplantation when the third
whorl of crown roots has been initiated. To harvest the samples, we carefully removed the
large soil particles from the whole root system while leaving the soil intact to the root which
we defined as rhizosphere soil. We then selected the second whorl of shoot-borne crown roots
at the length of about 7 cm from each replicate. For each biological replicate, one crown root
for rhizosphere microbiome and another crown root for transcriptome analysis were taken,
from wild type and mutant, respectively. The samples were placed in 15 ml reaction tubes and

frozen immediately in liquid nitrogen. Samples were kept at —80 °C before use.

We extracted rhizosphere samples using PBS-Silwet washing method (Yu et al., 2021). We
isolated genomic DNA from bulk soil and rhizosphere samples using the Fast DNA Spin Kit
for soil (MP Biomedicals, USA) and amplified the V4 region of the 16S rRNA gene for bacterial
amplicon sequencing. We constructed sequencing libraries using the NEBNext Ultra DNA
Library Prep Kit for lllumina and sequenced on an lllumina HiSeq 2500 platform, resulting in
250-bp paired-end reads. Using USEARCH v.11.0, we processed the sequences for quality,
retaining only those with a mismatch ratio of less than 0.2. We assigned paired-end 16S rRNA
amplicon sequencing reads to specific samples using unique barcodes and truncated them
by removing the barcode and primer sequences. Using FLASH (v.1.2.7; Mago¢ & Salzberg,
2011), we merged the paired-end reads, naming the resulting sequences "raw tags." We
applied specific quality filtering conditions to the raw tags to produce high-quality, clean tags
as by the QIIME (v.1.7.0) quality control process (Caporaso et al., 2011; Bokulich et al., 2013).
We employed the UCHIME algorithm (v.7; Edgar et al., 2011) to match raw tags against the
reference Gold database, identifying and removing chimera sequences to produce effective
tags (Haas et al., 2011). By using Uparse software (v.7.0.1001), we grouped sequences with

97% or greater similarity into the same Operational Taxonomic Units (OTUs) (Edgar et al.,
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2013). We blasted each representative sequence of an OTU against the SSUrRNA database
from the SILVA Database (release 128; Wang et al., 2007) using Mothur software for species-
level annotation across various taxonomic ranks with a threshold of 0.8—1 (Quast et al., 2013).
We removed OTUs identified as mitochondria or chloroplasts. We created an OTU table from
the remaining sequences, keeping only those with more than two copies and removing
unaligned sequences. We processed reads from the internal transcribed spacer amplicons by
merging, de-multiplexing, filtering, de-replicating, and sorting them, keeping only those with at
least two copies. Using UCLUST (v.7), we assigned sequences with 97% or more similarity
to the same OTUs. We annotated taxonomic information for each OTU’s representative
sequence against the UNITE Database using a BLAST algorithm executed by QIIME (v.1.7.0;
Kdljalg et al., 2013). We normalized bacterial OTU abundance to the sequence count of the
least populous sample, followed by analyses of B-diversity and taxa differences among
samples based on this normalized data. We employed the Phyloseq package (McMurdie and
Holmes, 2013) to perform non-metric multidimensional scaling (NMDS) with two dimensions
(K = 2) based on Bray—Curtis dissimilarity matrices to effectively visualize the differences
among bulk soil, mrd1 and wild type samples. Subsequently, we analyzed the relative
abundance of enriched taxa in genus level in both wild type and mrd1 mutant using Kruskal—

Wallis and pairwise Wilcoxon tests (p < 0.05).
4.16 RNA-seq analysis of mrd1 mutant

We used the crown roots of the plants grown in soil harvested within the rhizosphere
microbiome experiment (see 4.2.3). There were four replicates for each genotype, wild type
and mrd1 mutant. Upon harvesting, we immediately froze the samples in liquid nitrogen, and
later stored them at -80°C until further use. We ground the samples manually using mortars
and pestles. Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany),
following the manufacturer instructions. Subsequently, quality and integrity of the RNA was
analyzed using a BioAnalyzer (Agilent RNA 6000 Nano Chip, Agilent Technologies). All the
samples had a RIN value above 9.0. Finally, we conducted RNA sequencing on a NovaSeq
6000 platform, to obtain paired-end 150 bp reads. The raw sequencing data can be accessed
using the SRA accession number PRJNA923594.

4.17 Analysis of differentially expressed gene

We processed the sequencing data with CLC GENOMICS WORKBENCH (v.23.0.4), adapting

the methods from Osthoff et al., 2019. After importing paired-end raw reads, we trimmed those
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with a quality score below 0.05 and discarded reads shorter than 40 bp. The remaining reads
were aligned to the B73 reference genome (Zea mays; Zm-B73-REFERENCE-NAM-5.0.57).
We used R (v.4.3.1) for subsequent analysis. The raw reads were normalized by the cpm()
function from the edgeR package. Using the limma package, we modeled the data, and shrank
error variance empirically. We applied the estimateSizeFactors() from DESeq package to
generate a principle component analysis (PCA) and visualized ggplot2. Outliers were detected
by testing with Tukey’s and Hubert’'s methods (Chen et al., 2020). The differentially expressed
genes were considered based on the FDR threshold of <0.05 and |log2 FC| 21. Gene
Ontology (GO) analyses were performed by the R function TOPGO (Alexa and Rahnenfuhrer,
2023).

4.18 mrd1 gene sequence analysis and phylogenetic tree construction

The predicted mrd1 gene (Zm00001eb008060) has three transcripts according to MaizeGDB
(https://lwww.maizegdb.org). The transcript Zm00001eb008060_TO001 consists of 14 introns
and 15 exons. We constructed the exon-intron gene model of mrd1 gene
(Zm00001eb008060) based on our Sanger sequencing result and the predicted model from
MaizeGDB. The Blastp search of full MRD1 protein sequence was performed against
Arabidopsis thaliana, Brachypodium distachyon, Hordeum vulgare, Oryza sativa,
Physcomitrella patens, Sorghum bicolor and Zea mays in the Phytozome 13
(https://phytozome-next.jgi.doe.gov/blast-search). The retrieved homologous sequences
were aligned using the MUSCLE algorithm in Mega10 (Kumar et al., 2018). We constructed
the phylogenetic tree using the mixed model algorithm with four chains and 1 M generations
using MrBayes (Ronquist & Huelsenbeck, 2003) and FigTree software
(http://tree.bio.ed.ac.uk/software/figtree/).

419 qRT-PCR

To analyze the expression of mrd1 in different genotypes, the BonnMu families segregating
for mrd1 (BonnMu-F7-3-F-1609, BonnMu-F7-3-F-1638, BonnMu-F7-4-F-1847 and 19-1013-
05 (Mu* per se)) were germinated in paper rolls. The plants were genotyped by PCR as
described in the previous section (see 4.12). The primary roots of mutant, heterozygous, and
wild type were harvested at the same developmental stage of 2-4 cm lengths. For each
biological replicate, the primary roots from three plants were pooled, and each genotype was
assessed with four biological replicates. All samples were frozen in liquid nitrogen and ground

manually using mortars and pestles. To perform gRT-PCR, the total RNA was extracted from



Material and methods 31

each replicate using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The RNA integrity
was controlled and RNA concentration quantified using Bioanalyzer with RNA 7500 chip
(Agilent Technologies). The complementary DNA (cDNA) was synthesized from 400 ng of
total RNA (RIN > 8) using the qScript cDNA Synthesis Kit (Quantabio, Beverly, NJ, USA). The
cDNA was diluted into 1:2 with nuclease free water before use. For the gqRT-PCR reaction, a
mixture containing 2 yL of PerfeCTa SYBR Green SuperMix (Quantabio, Beverly, NJ, USA),
1 pL of primer mix at a final concentration of 200 nM, and 1 uL of cDNA was prepared. The
efficiency of each oligonucleotide was determined using a dilution series: 1, 1/2, 1/4, 1/8, 1/16,
1/32, 1/64, and 1/128. The mrd1 transcript level was analyzed with respect to the expression
of the housekeeping gene homeobox-transcription factor 3 (hb3; Baer et al., 2022). Statistical
analysis of gene expression levels was performed using a two-sided Student’s t-test to
determine significant differences. The primers used for qRT-PCR are listed in the

Supplemental table S4.
4.20 Subcellular localization of MRD1

The subcellular localization of the MRD1 protein was examined using the 2in1 FRET vectors
(Hecker et al., 2015) as described in Baer et al., (2023). These vectors facilitate the study of
co-localization and protein interactions, with one protein fused to tagRFP and another to
mVenus. For nuclear localization control, HMGA (Launholt et al., 2006) was linked to tagRFP,

paired with MRD1 fused to mVenus.

The mrd1 gene's full coding sequence was PCR-amplified, purified, and cloned into
pJet1.2/Blunt (Thermo Scientific). Following Sanger sequencing confirmation, entry clones
were created using the BP-Clonase™ Il enzyme mix (Invitrogen). LR reactions with these
clones were performed using various pFRETvr-2in1 vectors (Hecker et al., 2015), followed by

selection and verification of positive expression clones.

Transformed Agrobacterium tumefaciens with confirmed clones were used for transient
expression in tobacco leaves. At three days post-infiltration, the expression and localization
of MRD1 were analyzed via confocal laser scanning microscopy (Zeiss LSM 780 attached to
an Axio Observer Z1). The fluorescence of TagRFP was excited using a Helium Neon laser
at 543 nm, with its emission captured through a 597 to 641 nm bandpass filter. For mVenus,
excitation was achieved at 488 nm using an argon laser, and its emission was collected using
a 514 to 554 nm bandpass filter. Additionally, chlorophyll autofluorescence was excited at 488

nm by the same argon laser, though its emission was detected using a 686 to 711 nm
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bandpass filter. Subsequent image processing was conducted using ZEN 3.4 software (Zeiss,

Jena, Germany).
4.21 Validation of the mrd1 candidate gene by CRISPR/Cas9

The mrd1 gene has three transcripts in B73v5. We confirmed the sequences of transcripts
Zm00001eb008060_T001 and Zm00001eb008060_T002 by PCR using the forward (5'-
CAAAACCCTAGCTCGCCCTC-3") and reverse (5-CATCGACCGACAGCATGAGA-3')
primers and Sanger sequencing on cDNAs of B73 and B104 maize inbred lines. The transcript
Zm00001eb008060_T001 consists of 15 exons. For genome editing via CRISPR/ Cas9, we
targeted two regions of the mrd71 gene using a dual single-guide RNA strategy (Pauwels et
al., 2018). We designed and verified single guide RNAs (sgRNAs) on SYNTHEGO
(https://tools.synthego.com/#/). The first pair of dual guides targeted a 441 bp region between
exon 1 and intron 2. The second pair targeted a 592 bp region between exon 11 and exon 13
where the only PCI (Proteasome, COP9, Initiation factor 3) domain of the gene is located
(Figure 9). We assessed the estimated specificity (Doench et al., 2016) and efficiency
(Moreno-Mateos et al., 2015) of all sgRNAs using CRISPOR (http://crispor.tefor.net/).

Furthermore, we also verified the mrd1 genomic DNA sequence of B104 at the CRISPR target
sites using the primers CROPGEN962, CROPGEN963, CROPGEN964 and CROPGEN965
(Supplemental table S5). We next constructed sgRNA entry vectors and subsequently
expression vectors using the shuttle vectors pGG-A-OsU3-Bbsl-ccdB-CmR-BbsI-B and pGG-
B-OsU3-Bbsl-ccdB-CmR-Bbsl-C with pGG-C-linker-G and the destination vector pG3HI-
zCas9-tdT-AG (www.gatewayvectors.vib.be). The primers used for cloning gRNAs are listed

in the Supplemental table S6.
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The resulting expression vectors were transferred into the Agrobacterium tumefaciens strain
EHA105 recA- (Rodrigues et al. 2020), containing the ternary vector pVS1-VIR2 (Zhang et al.,
2019). Transformation of immature B104 embryos was carried out as described in Aesaert et
al., (2021). We applied a genotyping approach according to Hunter (2021) to isolate the
homozygous mutant plants. In brief, once we obtained TO plants, leaf samples for gDNA
isolation were harvested and genotyping were performed using the primers used for cloning
of the sgRNAs. PCR products were confirmed by agarose gel electrophoresis, and sequenced
via Sanger sequencing. Sequences were analyzed using TIDE (https://tide.nki.nl/) to track
INDELS by Decomposition. The TO plants with an edited mrd1 gene were backcrossed with
wild type B104. The presence/ absence of the CRISPR/Cas9 T-DNA in the F4 plants were
confirmed by PCR using the primers CROPGEN214 and CROPGEN215, targeting the Cas9
transgene. For the plants with Cas9 present, additional backcrossing to B104 was performed.
The remaining plants, which are null segregants without Cas9 but with the edited mrd7 gene
were self-pollinated. Subsequently, we conducted phenotyping and genotyping of F» plants,

confirming INDELSs.
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gRNA-1 GGCCTGAGAGATGTCCGEGTG
gRNA-2 gtatggcgtgtgtgcectitaa [fgg]
gRNA-3 GATTATGCTCGATCATTIGCT [CGG]
gRNA4 GATTTATGAGGATAGAAITGC [GGG]

Figure 9. CRISPR/Cas9 target sites in the mrd1 gene. This figure shows the gene and protein structure of the
mrd1 gene and the MRD1 protein. The regions targeted for CRISPR/Cas9-mediated genome editing using a dual
single-guide RNA (sgRNA) approach are highlighted. Two distinct pairs of sgRNAs (QRNA1/2 and gRNA3/4) are
designed to target upstream of the protospacer adjacent motifs (PAMs, red boxes) in two gene regions. The first
sgRNA pair targets a 441 bp intergenic region between exons 1 and intron 2, while the second pair is directed at
a 592 bp region where PCl domain is located between exons 11 and 13. The target sequences for each sgRNA
are provided, with PAM (protospacer adjacent motif) sequences essential for Cas9 binding indicated in green
boxes and cut sites with red dotted line. Exons are represented by black rectangles and introns are represented

by connecting solid lines.
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5 Results

5.1 Expanding the BonnMu sequence-indexed repository of transposon induced

maize (Zea mays L.) mutations in Dent and Flint germplasm
5.1.1 BonnMu insertions cover 83% of all annotated B73v5 gene models

The BonnMu F>-families were generated in different genetic germplasm backgrounds, i.e.,
B73 and Co125 from the Dent pool, and F7, EP1, and DK105 from the Flint pool (Table 1). In
a previous study, we generated two Mu-seq libraries comprising 1,152 BonnMu Fz-families in
B73 background (Marcon et al., 2020). For the downstream bioinformatic analysis, we
employed the Mu-seq method described by McCarty et al., 2013 and Liu et al., 2016. Here,
we complement the two previous Mu-seq libraries by 12 additional libraries comprising 6,912
BonnMu Fo-families. To ensure equal analysis of all 14 datasets, we applied the bioinformatics
method MuWU (Stécker et al., 2022) and integrated the first two libraries (Marcon et al., 2020)
into the analysis. Sequencing of 14 Mu-seq libraries yielded 1,59 billion raw read pairs (Table
7). After automated trimming of U-adapter and TIR sequences, 74% (1,17 billion read pairs;
Table 7) of the read pairs remained. Among the remaining read pairs 90% were aligned to the
B73 genome containing 44,303 gene models (Zm-B73-REFERENCE-NAM-5.0). After
duplicate read removal, more than 235 million reads, i.e., read pairs and unpaired reads,
remained and were used to identify germinal insertion sites at intersections of one row and
one column pool. Subsequently, reads were counted in each of the 48 pools per library for
insertion site identification. The MuWU analysis exclusively considered insertion sites
supported by a minimum of four reads for subsequent analyses. In total, 425,924 distinct
germinal insertion sites were detected in the 14 Mu-seq libraries tagging 36,612 (83%) of the
44,303 B73v5 genes (Table 7). In detail, we counted insertions affecting genic regions,
defined as from the start of the 5" UTR to the end of 3' UTR of genes, including exons and
introns. Additionally, Mu insertions in promoter regions — up to 2,100 bp upstream of the start
of the 5' UTR — and close downstream regions of genes — up to 2,100 bp downstream of the
end of the 3' UTR — were considered. Based on the number of 425,924 insertion sites, each
of the 36,612 tagged genes carried on average 12 insertional alleles (425,924 insertion sites
/ 36,612 affected genes). The majority of 60% of the affected genes (21,812 of 36,612 B73v5
genes) harbored insertions in their coding sequence. The reverse genetic data are deposited
on the Crop Functional Genomics website at (https://www.inres.uni-bonn.de/cfg/en/c-f-

g/research/bonnmu) or on MaizeGDB (MaizeGDB.org). Among the 8,064 analyzed BonnMu
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Fo-families, 98% (7,908 of 8,064 F.-families) carried at least one germinal insertion. Only for
a minority of 2% of the BonnMu F>-families (156 of 8,064 F.-families), no insertion was
detected. Hence on average, each BonnMu F2-family carried 53 heritable Mu insertions
(425,924 insertion sites/ 8,064 F>-families). An extreme example is the BonnMu F>-family F7-
4-F-1766 hosting 338 distinct Mu insertions in 457 different genes.

The genomes of the European Flint lines DK105, EP1, and F7 were recently sequenced
(Haberer et al., 2020). In light of this, we explored the number of germinal insertions sites by
mapping the Mu-seq reads of the 3,456 sequenced BonnMu F-libraries in DK105, EP1, and
F7 genetic background (Table 1) to their respective genomes. If only genes that can be
assigned to chromosomes are considered, there are 46,726, 43,375, and 44,043 genes in the
DK105, EP1, and F7 genome, respectively (Haberer et al., 2020). Among the 462 BonnMu
Fo-families in DK105 genetic background (Table 1) the MuWU analysis identified 29,986
unique insertions affecting 36% of the DK105 genes (16,704 of 46,726 genes; Win et al.,
2024b). Furthermore, 57,806 distinct insertions in 53% of the EP1 genes (22,830 genes of
43,375) were detected, when the Mu-seq reads of 690 BonnMu F.-families in EP1 genetic
background were mapped to the EP1 genome (Win et al., 2024b). Finally, the 2,304 analyzed
BonnMu Fa-families in F7 genetic background (Win et al., 2024b) carried 64,839 unique
insertions affecting 42% of the F7 genes (18,548 genes of 44,043 genes of the F7 genome;
Win et al., 2024b).

Table 7. Summary of Mu-seq libraries alignment to B73v5.

Description 14 Mu-seq libraries*
Raw read pairs 1,589,204,597
Read pairs after trimming 1,173,003,813
Average alignment rate 90%

Read pairs and unique unpaired reads after

. . 235,240,526
removing duplicates
Nur.nber.of germlnal Mu insertions 425.924
(unique insertions)
Number of Mu-tagged genes (unique genes) 36,612

* Two previously published Mu-seq libraries (Marcon et al., 2020) were included in the analysis.
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5.1.2 BonnMu affected genes in Flint germplasms complement the set of tagged

genes identified in Dent lines

Based on the analysis of 14 Mu-seq libraries in different genetic backgrounds, uniformly
mapped to B73v5, insertions affected 36,612 genes (Table 8; Win et al., 2024b). The numbers
of Mu-tagged genes in the five different germplasms varied from 8,396 mutated B73v5 genes
in Co125 genetic background to 32,390 B73v5 genes in B73 genetic background (Figure 10A;
Win et al., 2024b). This bias can be partially attributed to the fact that the Mu-seq analysis
was conducted on only 576 mutagenized Fo-families in the Co125 genetic background,
whereas it was performed on 4,032 mutagenized F»-families in the B73 genetic background.
Of the 36,612 affected genes, 5,502 (15%) were detected in BonnMu F>-families of all 14 Mu-
seq libraries used in this study (Figure 10A). The number of overlapping genes significantly
exceeded the expected count of 975 genes by chance (Table 8). This finding indicates the

preference of Mu transposons for tagging specific genes across diverse inbred lines.

A higher number of 8,800 overlapping genes (24%) were identified in BonnMu F>-families of
four different mutagenized germplasms: DK105, EP1, F7, and B73. A considerable proportion
of Mu-tagged genes, that is, 16,827 (46%) of 36,612 were hit in BonnMu F>-families of Mu-
seq libraries in two or three different genetic backgrounds under analysis (Figure 10A). In
summary, 85% of the Mu-tagged genes were identified across at least two different genetic
backgrounds. This result further indicated that specific genes are more prone to Mu
transposon insertions and are affected consistently across multiple genetic backgrounds.
Finally, the remaining 5,483 genes (15%) of the affected 36,612 genes were exclusively
detected in one of the mutagenized inbred lines. More precisely, the majority of 2,460 genes
were uniquely identified in the Mu-seq libraries in the B73 genetic background, whereas only
58 of the tagged genes were uniquely detected in the single Mu-seq library in Co125 genetic
background (Figure 10A).

Among the 36,612 tagged genes, 4,027 (11%) were identified in at least one Mu-seq library
of the mutagenized Flint lines, i.e., DK105, EP1, and F7, but were not tagged in the set of
affected genes identified in the Dent lines B73 and Co125. Almost half of these genes,
specifically 1,969 of 4,027 (49%), were exclusively detected in the Mu-seq libraries in the F7
background (Figure 10). This result can be partially explained by the fact, that 2,304 BonnMu
Fo-families in F7 background were used for the Mu-seq experiment, whereas only 462 and

690 BonnMu Fx-families in DK105 and EP1 background were analyzed, respectively (Table
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Figure 10. Overlap of genes affected by Mu insertions and distribution of insertions. Intersections of genes,
tagged in BonnMu F2-families of the two Dent lines B73 and Co125, and three Flint lines DK105, EP1, and F7,
which have been mutagenized in this study. The UpSet plot displays 31 intersections. The lines connect
overlapping genes among different genetic backgrounds. The total number of intersected genes is displayed above

each bar.

1). Nevertheless, a considerable portion of 265 (7%) and 731 (18%) genes were uniquely
tagged in BonnMu Fz-families in DK105 and EP1 background, respectively (Figure 10A). The
remaining 1,062 of the affected genes (26%) were overlapping in BonnMu F»-families of two
or three of the Flint lines. Consequently, the genes affected by Mu insertions in Flint

germplasms complement the set of tagged genes identified in dent lines.
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Table 8. Expected and observed Mu tagged genes among the Mu insertional libraries in BonnMu inbred

lines.
BonnMu genetic background Overlap
B73 Co125 DK105 EP1 F7 Expected? Observed

Total

number of
32,390 8,396 17,568 27,969 31,474 975* 5,502

Mu tagged

genes

a8 The expected overlap of Mu-tagged genes in five BonnMu genetic backgrounds was calculated using a
generalized linear model with a Poisson distribution and a log-link function in R. The initial model considered each
genetic background (B73, Co125, DK105, EP1, F7) as independent for the expected values, then all possible
interactions were included in a second model. A x? test via the anova() function was conducted between the
expected and observed numbers of Mu-tagged genes by comparing both models. Differences between expected

and observed values were significant at a = 0.05 (* = p < 0.001), marked by an asterisk.

5.1.3 The number of BonnMu insertions exhibit a weak to moderate correlation to

gene length

We examined the distribution of all 425,924 Mu insertions within the 36,612 B73v5 genes,
including insertions in promoter regions, within a 2,100 bp window upstream of genes and
nearby downstream regions, within a 2,100 bp window downstream of genes. Among the
tagged genes, nearly half of them, i.e. 49% (17,958 of 36,612) harbored 1-10 Mu insertions,
24% (8,908 of 36,612 genes) contained 11-20 insertions, and the remaining 27% (9,746 of
36,612) of the genes carried at least 21 insertions (Figure 11B). Among the latter group of
genes 12% (1,160 of 9,746) carried at least 50 insertions. One extreme example is a 5,938
bp gene encoding a protein-serine/threonine phosphatase, Zm00001eb054350, carrying 303
unique insertions. Among these insertions, 38% (115 of 303 insertions) hit the coding
sequence of the gene Zm00001eb054350 (Win et al., 2024b). Subsequently, we tested
whether the number of Mu insertions was positively correlated with the length of the affected
genes. To this end, we calculated the mean length of the affected genes which were grouped
according to the number of insertions (Figure 11B). The five groups of genes harboring 1-50
insertions showed a comparable gene length, ranging between 7,931 bp and 10,321 bp,
whereas the group of genes harboring >50 insertions exhibited an increased length of 12,595

bp. Consequently, the computed Pearson correlation across all groups of gene sizes showed
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a weak positive correlation between gene size and the number of Mu insertions (r = 0.114;

Figure 11C).
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Figure 11. Distribution of Mu insertions against gene length. (A) Number of tagged genes and associated
mean gene length plotted against the number of Mu insertions. (B) Distribution of the length of affected genes
plotted against the number of individual Mu insertions. The calculated Pearson correlation coefficient is r = 0.114
(p<0.001). (A) and (B) consider all insertions within the gene body as well as promoter regions defined by a 2,100
bp window upstream and similar downstream regions. (C) Number of tagged genes and associated mean gene
length plotted against the number of Mu insertions when only insertions in the genic regions, i.e., in 5 and 3’ UTRs,
exons and introns of genes were considered. (D) Distribution of affected gene lengths plotted against the number

of individual Mu insertions. The calculated Pearson correlation coefficient is r = 0.147 (p<0.001).
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We obtained consistent results when considering 87% of the insertions (370,396 of 425,924)
affecting only genic regions, i.e., 5 and 3’ UTRs, exons, and introns, (Figure 11C & 11D).
These insertions covered 85% of the total genes (31,126 of 36,612). In this analysis, we
calculated a moderate positive correlation of r = 0.136 between gene size and the number of

insertion sites (Figure 11D).
5.1.4 Mu insertions preferentially target the 5’ UTR of genes

Next, we investigated whether Mu transposons exhibit preferences for insertion sites within
the maize genome. Maize has a complex genome comprising over 80% repetitive intergenic
non-coding sequences (Haberer et al., 2020; Hufford et al., 2021; Chen et al., 2023). As a
result, coding sequences constitute less than 20% of the genome. Specifically, the B73v5
genome can be subdivided into gene coding regions including 5 UTRs (0.5%), exons (2%),
introns (5%), 3’ UTRs (1%) and promoter regions (3.5%; Supplemental table S7) which are
located upstream of the 5 UTRs of genes. We further divided the promoter region into a core
promoter (0.2%) and a proximal promoter (3.3%), hereafter referred to as promoterCore and
promoterProx, respectively (Supplemental table S7). While the promoterCore, including the
transcription start site, is located directly (1 — 100 bp) upstream of the start of the 5’ UTR, the
promoterProx is 101 — 2,100 bp upstream of the 5° UTR. Consequently, gene-coding regions
and their associated promoter segments account for only 12% of the total maize genome
(Figure 12A). The remaining 88% is composed of non-coding repetitive sequences (Figure
12A).

To explore whether Mu transposons exhibit preferences for distinct categories of the coding
regions or the intergenic region of the maize genome, we investigated the set of all BonnMu
insertion sites identified in the subset of seven Mu-seq libraries consisting of 4,032 BonnMu
Fo-families in B73 genetic background (Win et al., 2024b). Among all 774,692 somatic (not
shown) and germinal insertions, a considerable proportion of 43% (331,169 insertions)
affected the 5° UTRs (Figure 12B). A comparable fraction of 15% (115,786 insertions) and
12% (95,371 insertions) tagged exons and introns of genes, while 13% (98,510 insertions)
were incorporated in promoterProx sections of the maize genome. Minor fractions of insertions
were identified in 3' UTRs (4%; 27,189 insertions) and promoterCore regions (7%; 53,950
insertions). Interestingly, while 88% of the maize genome contains non-coding regions, only
6% (52,718 insertions) of the BonnMu insertions were detected in those regions (Figure 12B).
In summary, these results indicate that intergenic insertions are underrepresented and genic

regions, such as the 5 UTRs of genes, are frequently targeted by BonnMu insertions.
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Figure 12. Distribution of BonnMu insertions across the maize genome. (A) Composition of the maize genome
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genome.
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To further support this finding and to account for the non-uniformity of intergenic versus genic
space, we calculated the ratio between the number of observed and expected insertions per
genomic partition using Pearson’s x? tests with Yates' continuity correction. Indeed, we
observed more insertions than expected for all genic and promoter partitions of the genome
(Supplemental table S7; Figure 12C). For the 5" UTRs a number of 3,824 insertions would be
expected based on the genomic composition of the maize genome (Supplemental table S8).
However, we discovered significantly more than expected, specifically 331,168 insertions,
exceeding the anticipated count by over 86-fold. In contrast, we expected 684,938 BonnMu
insertion sites in intergenic regions. However, only 52,718 of such insertion sites were
detected (Supplemental table S8; Figure 12C), indicating approximately 13 times fewer than

expected.
5.1.5 BonnMu insertions correspond with gene-dense telomeric regions

Previous studies described that Mu insertion site frequencies align with gene density
(Schnable et al., 2009; Springer et al., 2018). Thus, we analyzed the distribution of BonnMu
insertions in the B73 genetic background across all 10 chromosomes of maize by dividing
each chromosome into 10k bins of 213,167 bp in size and counted the number of insertions
per bin. At the heterochromatic centromeric regions of each chromosome, we predominantly
detected 200 kbp bins containing less than 200 BonnMu insertions (Figure 13). In contrast, at
the telomeres we frequently detected 250 — 500 insertions (Figure 13), indicating that Mu
elements preferentially insert into gene-rich regions. However, there are some exceptions,
i.e., bins which are in close proximity to the telomeres of the chromosomes 5-8, but lack
insertions. One extreme example is the telomeric region at the short arm of chromosome 6,
illustrating a 5-6 Mb window lacking insertions (Figure 13). We also observed that the
distribution of Mu elements aligns with the chromosomal gaps in regions of chromosomes 5-
8. We investigated this using the MaizeGDB JBrowse genome browser (Woodhouse et al.,
2021) and can conclude that these gaps correspond to highly heterochromatic knob regions

located at the telomeric regions of these chromosomes (Ghaffari et al., 2013).
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Figure 13. Distribution of BonnMu insertions across ten chromosomes. Mu insertions are predominantly
found in the gene-rich telomer regions with fewer insertions in the heterochromatic centromere regions. Grey
arrows indicate the centromeres. Blue arrows indicate gaps, i.e., regions with marginal numbers of BonnMu
insertions, on the arms of chromosomes 5-8. These regions correspond to highly heterochromatic knob regions
(Ghaffari et al., 2013).
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5.1.6 Spatial distribution of BonnMu insertions and chromatin accessibility across

the maize genome

To gain a deeper understanding of the distribution patterns of BonnMu insertions within the
genome, we investigated the relationship of the BonnMu families in B73 background to
chromatin accessibility and histone modifications. To accomplish this, we utilized multiple
ATAC-seq (Assay for Transposase-Accessible Chromatin using Sequencing) analyses, ChiIP-
seq data, and published datasets related to DNA acetylation and methylation processes.
ATAC-seq is used to assess open chromatin regions on a genome-wide scale (Buenrostro et
al., 2013). In this study, we visualized the chromatin accessibility within the maize NAM
(Nested Association Mapping) population and various tissues, such as ear and leaf (Figure
14; Ricci et al., 2019). Additionally, the comparative analysis compared the frequency of Mu
insertion sites with the genome-wide distribution of chromatin modifications, including
trimethylation of Lys-27 of histone H3 (Makarevitch et al., 2013) and histone acetylation
(Figure 14; Zhang et al., 2015).

In a 250 bp window around the midpoint of the maize gene models, we detected strong signals
of unmethylated regions (UMRs; NAM_UMRs, Figure 14) which is in line with the high overlap
of UMRs with accessible chromatin regions reported previously (Hufford et al., 2021).
Similarly, distinct central enrichment at the gene model midpoints was observed for histone 3
modifications, such as trimethylations at Lys-4 and Lys-36 (H3K4me3 Leaf and
H3K36me3 Leaf) or acetylation of Lys-56 (H3K56ac). The frequency of these histone
modifications gradually diminishes in 250 bp windows both up- and downstream of the gene

midpoint.

A contrasting pattern was observed for chromatin accessible signals, based on ATAC-seq
datasets, and BonnMu insertion features. While gradually increasing frequencies of ATAC-
seq signals and Mu insertions were identified in 250 bp windows flanking the gene midpoint,
there are only a few such signals and insertions in the center of the gene. Hence, BonnMu
insertions aligned well to transposase accessible chromatin signals detected in the following
datasets: ATAC _Ear, ATAC Leaf, and NAM_ATAC (Figure 14). According to Figure 14 Mu
transposons predominantly insert at the start or end of genes, including UTRs and closely
adjacent regulatory sequences. This finding is, at least in part, in line with the preference for
BonnMu insertions targeting promoterCore and 5° UTR regions of genes (Figure 12B).
Aligning partly with the pattern observed for the BonnMu insertions, H3K27me3 modifications

displayed tissue-specific differences in their distribution around gene midpoints. This can at
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least partly be explained by the reported observation that H3K27me3 seems to be less
coupled to chromatin accessibility than other modification — which on average deviate from
open chromatin signals only in 15-21% of cases in a tissue-specific manner in maize (Ricci et
al., 2019).

NAM_ATAC A
ATAC_Ear
ATAC_Leaf A
BonnMu insertions
H3K27me3_Ear -
H3K27ac_Leaf 4
H3K9ac_Leaf A
H2AZ -

H3_Leaf -
H3K27me3_Leaf 4
H3K56ac_Ear -
H3K56ac_Leaf 4
H3K36me_Ear A
H3K4me1_Leaf -
H3K36me3_Leaf 4
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Chromatin/ methylation signals
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Frequency (%) 25 5.0 7.5

Figure 14. Epigenomic landscape surrounding BonnMu insertions in maize. The heatmap illustrates the
frequency distribution of BonnMu insertions, chromatin modifications and chromatin accessibility in relation to the
entire set of genes in the maize genome. The red arrow on the horizontal center of the plot indicates the midpoint
of all maize gene models. Bins of 250 bp in size are presented on both sides of this midpoint, representing a 5 kb
upstream and a 5 kb downstream region of the gene midpoint. The frequency of Mu insertions, chromatin marks
or accessibility signals is color coded (yellow = higher frequency; blue = lower frequency). NAM, nested association
mapping; UMR, unmethylated regions; H3K27me3, trimethylation of lysine 27 on histone H3; H3K27ac, acetylation
of lysine 27 on H3; H3K9ac, acetylation of lysine 9 on H3; H3, histone H3; H3K56ac, acetylation of lysine 56 on
H3; H3K36me, methylation of lysine 36 on H3; H3K4me1, monomethylation of lysine 4 on H3; H3K36me3,
trimethylation of lysine 36 on H3; H3K4me3, trimethylation of lysine 4 on H3; ATAC, Assay for Transposase-
Accessible Chromatin.
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5.1.7 Mapping and validation of Mu?1 and Mu8 transposons

The Mu transposon system is a powerful tool for large-scale mutagenesis in maize. Several
non-autonomous Mu species have been comprehensively characterized (Lisch, 2015). In our
study, we pinpointed the potential Mu species at the 425,924 distinct germinal insertion sites,
tagging 36,612 B73v5 genes (Table 7; Win et al., 2024b). To identify these potential Mu
species, we associated the Mu-TIR sequence which was part of each Mu-seq read (i.e.,
flanking the gene sequence of interest), to a list of known Mu species. Due to the highly
conserved nature of the TIRs in all Mu transposons and the presence of non-specific, short
TIR fragments in the Mu-seq reads, our reliable confirmation was limited to Mu1, Mu8, or
MuDR transposons. Overall, we identified 82,285 (14.9%) Mu1, 1,211 (0.2%) Mu8, 80,347
(14.5%) Mu8|MuDR species. For the majority of 390,124 (70.4%) of the 425,924 insertion

sites, we could not identify the respective Mu species.

For validating BonnMu insertions and corresponding Mu species, we randomly selected
insertions in three distinct genes: (1) Zm00001eb052530 carrying a Mu8 insertion in the F»-
family BonnMu-2-A-0982, (2) Zm00001eb280980, and (3) Zm00001eb030640 harboring a
Mu8 and Mu1 insertion in the mutagenized F,-families BonnMu-7-C-0459 and BonnMu-F7-2-
F-1001, respectively. According to our BonnMu dataset, following insertion identifiers, i.e.
distinct 7-digit numbers, identifying unique insertions, were assigned to the three insertions:
(1) BonnMu0031087, (2) BonnMu0170576, and (3) BonnMu0446992. The insertion identifier
BonnMu0031087 indicates a Mu8 insertion in the single exon of the gene Zm00001eb052530
(Figure 15A), located 157 bp downstream of the A from the ATG start codon (Win et al.,
2024b). A PCR-based co-segregation analysis of 11 individual plants of the segregating F»-
family BonnMu-2-A-0982, identified two plants (# 1 and # 11) being homozygous for the wild
type allele. Mutants were identified as heterozygotes, so both wild type and mutant bands
were observed (# 2 - # 10; Figure 15B). Sanger sequencing (Sanger et al., 1977) of the Mu-
specific PCR products confirmed that the Mutator insertion in this gene was caused by a Mu8
element (Mu8; Figure 15C).
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Figure 15. PCR-based segregation analysis. (A) Structure of the gene Zm00001eb052530. The single exon is
illustrated as a black box and UTRs as gray boxes. The Mu8 insertion in the exon is shown as a triangle. Gene-
and TIR-specific primer sites are indicated as arrows. (B) PCR segregation analysis of 11 individual plants of the
segregating F2-family BonnMu-2-A-0982. (continued to page 47)
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(Figure 15. continued) Gene-specific primers (0982-F + 0982-R) flanking the insertion site were combined to
detect the presence of a wild type copy of the gene. Additionally, one gene-specific primer along with a TIR-specific
primer (0982-F + TIR6) were used to test for the presence of an insertion in the gene. To confirm the Mu8 insertion,
a combination of a Mu8-specific primer and a gene-specific primer (Mu8-F + 0982-R2) was used. H20 was used
as a negative control. (C) Confirmation of the Mu8 insertion in the gene Zm00001eb052530 by Sanger sequencing.
The sequence was obtained by sequencing of PCR products amplified using two primer pairs in separate reactions:
0982-F + TIR6 and Mu8-F + 0982-R2. The sequence represents a part of the gene with the Mu8 insertion depicted
in red letters and dashed lines. The black letters represent part of the gene sequence and dashed lines in black

represents the remaining parts of the gene sequences.

Similarly, we confirmed the presence of a Mu1 species in the gene Zm00001eb256020 (Figure
16) and another Mu8 element in the gene Zm00001eb280980 (Supplemental figure S2) by
genotyping individual plants from the F-families BonnMu-F7-2-F-1001 and BonnMu-7-C-
0459, respectively. Subsequent confirmation involved sequencing of the Mu-specific PCR

products to verify the corresponding Mu elements.
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Figure 16. Confirmation of a Mu? element by PCR. (A) Simplified gene model of Zm00001eb256020 tagged by
a Mu1 element in an intron. Exons are illustrated as black boxes, introns as connecting line and UTRs as gray
boxes. The Mu insertions are shown as triangles. Gene- and MuTIR-specific primer sites are indicated as arrows
(F/R= gene-specific forward and reverse primers). (B) PCR segregation analysis of BonnMu-F7-2-F-1001 family
identified 7 of the segregating plants as heterozygotes (+/-: # 1-3; # 7-8; # 10-11) and 5 plants as homozygous
wild types (+/+: # 4-6; # 9; # 12).
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5.1.8 Seedling images of BonnMu F,-families as a forward genetic resource

The BonnMu resource provides easy-to-view photos of segregating F»-families at the seedling
stage accessible at the genome browser at https://jbrowse.maizegdb.org/ (Marcon et al.,
2020; Win et al., 2024b). For the BonnMu reverse genetic resource, which contains 14 Mu-
seq libraries, a total of 8,064 (576 x 14) BonnMu F»-families were used. From these, 12-30
kernels per family for 7,679 families were germinated, and all the seedling images were
phenotyped and photographed 10 dag. The remaining 385/ 8,064 families were not processed

due to an insufficient amount of seeds.

The phenotyping included observations of leaf color and assessments of root and shoot
phenotypes in seedlings aged 10-12 days. Among the BonnMu F>-families analyzed, various
mutants were identified, such as those affecting leaf color (e.g., BonnMu- F7-1-0481; Figure
17A) and root and shoot development (e.g., BonnMu-F7-3-1657; Figure 17B). Notably, the
latter family displayed a segregating mutant characterized by magenta-colored roots and a

dwarf phenotype, and its identification and characterization will be described in section (5.2).

The mutation rate, as determined by the albino and pale green leaf phenotypes, was 16%
(1,219 of 7,679 Fo-families; Table 9). This mutation rate is consistent with previously published
rates (Robertson, 1983; Marcon et al., 2020), indicating high transposon activity in the

BonnMu Fo-families.

Figure 17. Phenotyping of two segregating BonnMu F2-families. (A) BonnMu-F7-1-0481 segregating for a pale
green leaf mutation and (B) BonnMu-F7-3-1657 segregating for the magenta root dwarf 1 (mrd1) mutant, see
chapter 5.2.
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Table 9. Phenotyping and mutation rates of BonnMu F2-families

BonnMu libraries No. of ;;:::Iri\;gped F2- N?:-o ?; rfa:rr‘rluili:ﬁsovr\‘li:g: :c;af % leaf cczl;::)mutation
Museq_1 512 64 13
Museq_2 509* 28 6
Museq_3 522 24 5
Museq_4 524* 68 13
Museq_5 568 94 17
Museq_6 542 53 10
Museq_7 5762 48 8
Museq_8 5762 31 5
Museq_DK105_EP1_1 575 91 16
Museq_EP1_2 574 103 18
Museq_F7_1 567 188 33
Museq_F7_2 559 226 40
Museq_F7_3 562 100 18
Museq_F7_4 513 101 20
Total 7,679 1,219 16

* Two previously published Mu-seq libraries (Marcon et al., 2020) were included in the analysis.

a All 576 families per library were used for phenotyping for forward genetic resource. Not all 576 families per library

were used in the remaining libraries due to insufficient seeds and ongoing propagation.
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5.2 BonnMu discovers a magenta root dwarf 1 (mrd1) mutant
5.2.1 Identification of mrd1 in a forward genetic screen of BonnMu

A unique feature of BonnMu is that photographs of seedling phenotypes of segregating F»-
families are linked to the database entries of each transposon insertion at maizegdb.org. A
forward genetic screen of 10-day-old seedling phenotypes of the BonnMu F2-families allows
to identify striking mutants affecting young root and shoot development. The mutant magenta
root dwarf 1 (mrd1) was first identified in the BonnMu F2-family BonnMu-1-A-0438
(Supplemental figure S3). In this family, from 21 F»-seedlings germinated, the x? (Chi-
squared) test showed a p-value of approximately 0.8997, with the observed 16 wild type to 5
mutant ratio which corresponds to the 3:1 Mendelian segregation expected for a monogenic

recessive mutation (Table 10).

Table 10. x? test for plants with wild type and mrd1 phenotype in BonnMu-1-A-0438.

Wild type mrd1
Expected segregation 3:1
Observed (O) 16 5
Expected (E) 16 5
O-E 0 0
X2 0.02
Significance (p <0.05, df=1) p-value = 0.8997 (Not significant)

In comparison to the wild type, mrd1 mutants show a dwarfed primary root with only few lateral
roots and a limited shoot growth under light and dark conditions (Supplemental figure S4).
Furthermore, under both conditions (i.e. light or darkness), the primary root of mrd1
accumulates anthocyanins in the cortex, resulting in the eponymous magenta root phenotype.
Interestingly, the mrd7 mutant was observed in 747 of 7,679 phenotyped BonnMu F2-families.
indicating a fixed mutation that was inherited from the Mu-active line (PS_07-1502-
8[1st]/1505-5; Supplemental figure S5) used to mutagenize the inbred lines of our resource.
We only detected a 3:1 Mendelian ratio in 7% (49 of 747 F>-families) of the BonnMu families
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segregating for mrd1. In addition, the mrd1 mutant was observed in all genetic backgrounds

used for generating BonnMu F,-families.

The mrd1 plants exhibit the “magenta” pigmentation in primary root, seminal roots and crown
roots shortly after germination, suggesting an over-accumulation of anthocyanins. In maize,
the first emergence of the primary root is typically observable approximately at 3 days after
germination. Notably, magenta pigmentation in the primary root is appeared during the period
of 4 to 5 days after germination. The pigmentation initiates at the basal part of the primary root
adjacent to the kernel. At day 5 or 6 after germination, the whole primary root is pigmented,
with the exception of the root tip which remains without coloration (Figure 18A). The cross
sections of the differentiation zone (~1 cm from the root tip) of the primary root of mrd7 mutant
illustrates an increased accumulation of anthocyanins in the cortical parenchyma compared
to the wild type (Figure 18B & 18C).

(A) (B)

Wild type
(©)

Wild type mrd1 mrd1

Figure 18. Phenotype of wild type and mrd7 mutant seedlings. (A) The root phenotypes of wild type and mrd1
mutant at 10 dag (taken by Volker Lannert, University of Bonn). (B) Cross section of the wild type primary root's
differentiation zone (6 dag). (C) Cross section of the mrd1 primary root's differentiation zone (6 dag). An:
Anthocyanin; Co: Cortical parenchyma; Ed: Endodermis; Ep: Epidermis; Mx: Metaxylem; Ph: Phloem; Xy: Xylem.
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5.2.2 Morphometric analysis of mrd1 mutant and wild type seedlings reveals reduced

growth of mrd1

To compare the phenotypic differences of the mrd7 and wild type seedlings in more detail,
following traits were analyzed under light and dark conditions: primary root length, lateral root
density (number), seminal root number, crown root number, first leaf length, shoot length,

mesocotyl length, and coleoptile length.

Under both light and dark conditions in a climate chamber mrd7 mutants show a significantly
reduced primary root length (Figure 19A). The density of lateral roots was lower in mrd1
mutants, particularly under light conditions (Figure 19B). The number of seminal roots was
also reduced in the mrd1 mutant, with a significant reduction in the dark (Figure 19C). Crown
root numbers in the mrd1 mutants were not significantly different compared to the wild type in
both conditions, but both mrd7 and wild type showed more crown roots in the dark condition
(Figure 19D).

In the case of shoot growth, the first leaf of the mrd1 mutants was significantly shorter,
especially when grown in the dark (Figure 19E). The shoot length did not differ between light
conditions for mrd1 mutant, in contrast to the wild type, which grew significantly longer in the
dark (Figure 19F). In the dark, wild type seedlings undergo skotomorphogenesis
characterized by an increase of mesocotyl length towards a potential light source
(Supplemental figure S4). In contrast to wild type seedlings, mrd1 develops a constitutive
photomorphogenic phenotype in the dark comparable to the mrd1 phenotype in light
(Supplemental figure S4). The mesocotyl length of mrd1 shows a significant difference to wild
type under both conditions. The coleoptile length was also reduced in mrd7 mutant in both
conditions (Figure 19G&H). Across all these measurements, the mrd1 mutant exhibited

reduced growth in comparison to the wild type (Figure 19; Supplemental figure S6).

These findings suggest that the mrd1 mutation has a profound impact on plant development,
and the effects are exacerbated by the absence of light, implying a potential interaction

between the mrd1 gene function and light-mediated growth pathways.



54 Results

(A) (B) 3 (c) ah .
40 .. 807 5 37
g z g
S 30 €601 b E Ll o
- © 5
8 5 3
< 201 © 401 8
g T 5 c
£ 10 T 201 £ |
4 o 01
(/2]
01 0
Light Dark Light Dark Light Dark
(D) a 4 (E) (F)
= 4 8 20 1
© ab
Qo el —
E 3 § 6 E 15
3 S
= b s g
S 2{ T 2 4 3 10
= - s
c 2 n
IR L2 51
o
(@]
0 0 0
Light Dark Light Dark Light Dark
(G) a (H) 3
Light
44 4
a € [CJwild type (N=15)
S 3] S 4] W mrd1 (N=15)
= [0
? b %. Dark
g 21 % 21 W wild type (N=15)
S b S 4. [ mra1 (N=15)
C
01 0
Light Dark Light Dark

Figure 19. Phenotype characteristics of wild type and mrd7 mutant seedlings at 10 days after germination.
The measurement includes (A) primary root length, (B) lateral root density (number), (C) seminal root number, (D)
crown root number, (E) length of first leaf, (F) shoot length, (G) mesocotyl length and (H) coleoptyle length. The
phenotypes were measured under both light and dark condition. Error bars represent the standard error of the
mean. An ANOVA test was performed for all the measurements and the statistical significance of these results
was calculated at a = 0.05, with different letters (a, b, c, d) denoting statistically different groups. Bars with the

same letter are not significantly different at a = 0.05 in all pairwise comparisons.

5.2.3 Analysis of the phenylpropanoid composition in roots of wild type and mrd1

seedlings

To identify phenylpropanoid in roots of wild type and mrd1 seedlings three biological replicates
from each sample were analyzed via ultraperformance liquid chromatography coupled with a
photodiode-array detector and high-resolution quadrupole time-of-flight mass spectrometry
(UPLC-PDA-HR-QTOF-MS), with a special focus on anthocyanins. Among the
phenylpropanoid compounds detected were anthocyanins, absorbing light at 500-550 nm

(Figure 20). Commercial standards were used to confirm two anthocyanins, present in roots
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of mrd1 mutants: cyanidin 3-O-glucoside (CyG) and peonidin 3-O-glucoside (PeoG). Besides,
other anthocynins or anthocyanin metabolites were detected but unknown and not confirmed

by using standards (Figure 20).
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Figure 20. Phenylpropanoid profiles of primary roots of wild type and mrd1 seedlings. Representative
UPLC-UV chromatogram at 500-550 nm. The anthocyanins, cyanindin 3-O-glucoside (CyG) and peonidin 3-O-
glucoside (PeoG), showing intensity peaks (milli-absorbance unit, mAU) at a retention time of 3.2 and 3.8 min,

respectively, were identified. Magenta colored arrows in the chromatogram indicate mrd7-specific anthocyanins.

5.24 BSR-seq in combination with Mu-seq identified a constitutive
photomorphogenesis 9 signalosome complex subunit 4 as a candidate gene

underlying the mrd1 phenotype

The mrd1 mutant was first identified in the BonnMu F,-family 1-A-0438 harboring 64 germinal
Mu insertions, which made it difficult to immediately identify the particular gene, associated
with the phenotype. Therefore, we subjected the mutant to a bulked segregant RNA-seq
analysis using the primary roots of mrd7 mutant and wild type plants. To map the gene, allele
frequencies were detected in the wild type pool against the mrd7 pool (i.e. 85 bulked primary
roots per pool; Mansfeld and Grumet, 2018). In case of a complete linkage of a SNP marker
with a mutated gene, only one marker allele was expected to be detected in the mrd7 pool of
the mapping population. BSR-seq mapped the mrd7 gene to a ~70 Mb interval of the short
arm of chromosome 1 (Figure 21). The total number of differentially expressed genes on the
chromosome 1 of the mrd1 mutant pool compared to the wild type are shown in the

Supplemental figure S7.
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Figure 21. BSR-seq mapping confined mrd1 to the short arm of chromosome 1. The genome was scanned
using a smoothing window size of 3.5 Mb. The linkage probability obtained by BSA for each individual SNP was

determined by a G* analysis and plotted against the genomic position (Mb).

Among the 64 germinal Mu insertions, detected in the Fo-family segregating for mrd1, five
insertions were located in the mapping interval. Only the gene with the accession
Zm00001eb008060 was significantly down-regulated based on the BSR-seq data
(Supplemental table S9). Therefore, this gene, Zm00001eb008060, encoding a constitutive
photomorphogenesis 9 signalosome complex subunit 4 (csn4) was selected as the potential

candidate gene underlying the mrd1 phenotype.

Our Mu-seq detected a Mu insertion in the 2" intron of the mrd1 gene, 546 bp downstream of
the start codon (Figure 22A). To verify if the Mu insertion in the mrd1 gene co-segregates with
the mrd1 phenotype, PCR-based genotyping of segregating F.-plants was performed. To this
end we used gene-specific primers and primers specific for the terminal inverted repeat (TIR)
sequence which is highly conserved among all Mu transposons. Indeed, genotyping of
segregating plants identified all individuals with mutant phenotype as homozygous (-/-) for the
insertion and wild types as heterozygous (+/-) or homozygous for the wild type allele (+/+;
Figure 22B). Sequencing of the Mu-specific PCR-products demonstrated that the Mutator

insertion in this gene was caused by the Mu-element 1 (Mu1).

Expression of mrd1 in young primary roots of homozygous mutant (-/-), heterozygous (+/-),
and homozygous wild type was analyzed via qRT-PCR relative to the homeobox-transcription
factor 3 (hb3; Figure 22C). The expression of mrd1 was significantly reduced in the primary
roots of mrd1 (-/-), compared to heterozygous (+/-) and wild type (+/+) plants. Precisely, mrd1

expression in heterozygous (+/-) individuals was significantly higher than in mrd1
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mutants (-/-), but significantly lower than in wild type (+/+) samples (Figure 22C). Hence, csn4

was depicted as a likely candidate gene, underlying the mrd1 phenotype.
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Figure 22. PCR-based co-segregation analysis to confirm Mu insertion in the magenta root dwarf 1 (mrd1)
gene, Zm00001eb008060. (A) Gene model of mrd1. The Mu1 insertion in the 2" intron is shown as a triangle.
Gene- and MuTIR-specific primer sites are indicated as arrows. Exons are illustrated as black boxes and introns
as lines. The gray boxes represent UTR regions. (B) Exemplary PCR-based co-segregation analysis of 12
individuals identified mrd7 mutants as homozygous (-/-; samples 1-6) and wild types as either heterozygous (+/-;
samples 7-9; 12) for the insertion or homozygous for wild type allele (+/+; samples 10-11). (C) Expression of mrd1
analyzed via qRT-PCR relative to the homeobox-transcription factor 3 (hb3) in pooled 2-4 cm primary roots of
homozygous mutants, heterozygous, and homozygous wild type individuals. Small letters indicate significant

differences of expression values between each sample as calculated by Tukey’s test.
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5.2.5 Phylogenetic tree analysis shows that MRD1 is a homolog to Arabidopsis CSN4

Phylogenetic analysis showed that the Zea mays mrd1 gene (Zm00001eb008060) is part of
a conserved genetic lineage in monocotyledonous and dicotyledonous plants, containing one
mrd1 homolog (Figure 23). It exhibits significant homology with the csn4 gene from
Arabidopsis thaliana, which possesses a similar PCl domain. The inclusion of Arabidopsis in
the phylogenetic tree is particularly relevant given the phenotypic similarities observed in
mutants of both species. The relatively small phylogenetic distance and relatively high
posterior probability at the node encompassing Zea mays and Arabidopsis thaliana suggests
a degree of confidence in their evolutionary relatedness and reflects the conserved functional

aspects of the PCIl domain across these divergent species.

The evolutionary relatedness between the mrd1 gene in maize and csn4 in Arabidopsis is also
consistent with the functional similarities of the resulting phenotypes when mutated. As in
Arabidopsis, the mrd1 mutant shows a photomorphogenesis phenotype when it is grown in
the dark. Unlike Arabidopsis, where anthocyanin accumulates in the cotyledons (Castle and
Meinke, 1994; Pacurar et al., 2017), in the mrd1 mutant, anthocyanin accumulation occurs in
the roots. Despite the evolutionary distance and the basal divergence of monocots and dicots,
the presence of a common domain indicates a potentially similar functional role, which has
been conserved across these two lineages. This functional conservation is further
substantiated by the observed mutant phenotypes, suggesting that the role of the mrd7 gene
and its Arabidopsis homolog may be critical in similar biological processes, potentially relating

to the accumulation of anthocyanins.

In addition, the identity and similarity metrics between the mrd1 gene and its Arabidopsis
thaliana homolog, at 84% and 90% respectively, further support the notion of functional
conservation. Moreover, mrd1 exhibits the highest homology with the gene in Sorghum

bicolor, with 100% identity and similarity (Supplemental table S10).
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Figure 23. Phylogenetic tree of Zea mays MRD1 homologous proteins in selected plants. The protein
sequences of MRD1 and the homologous sequences form other plants were aligned using the MUSCLE algorithm
in MEGA X software (Kumar et al., 2018). Subsequently, the tree was completed using the aligned sequences by
MRBAYES software. The tree shows Bayesian posterior probability values at the nodes for each clade. The scale

bar represents 0.04 estimated substitutions per site.

5.2.6 Microbiome profiling of the rhizosphere from crown roots shows enriched

bacterial taxa in mrd1 and wild type

Root-derived flavonoids promote predominantly the enrichment of bacteria of the taxon
Oxalobacteraceae in the rhizosphere, which in turn promote maize growth and nitrogen
acquisition (Yu et al., 2021). Genetic experiments demonstrated that lateral root development
coordinates the interactions of the root system with flavonoid-dependent Oxalobacteraceae
under nitrogen deprivation. In order to analyze the impact of the altered root anthocyanin
content and altered root architecture of mrd? on the rhizosphere microbiome, we performed
the microbiome profiling experiment. The mrd1 mutant showed a reduced number of lateral
roots with a shortened primary root length and fewer seminal roots compared to the wild type
plant (Supplemental figure S3). Since mrd1 and wild type plants have a different growth rate,
we selected crown roots of similar length for microbiome profiling experiment from mrd1 and

wild type to accurately compare these two genotypes. In maize, crown roots (CR, Figure 24A)
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are post-embryonic shoot-borne roots emerging from the coleoptilar node and become
dominant a few weeks after germination. We harvested the rhizosphere samples from one-
month-old wild type and mrd1 plants and conducted bacterial 16S rRNA DNA sequencing.
Figure 24B displays a multidimensional scaling plot based on OTU (Operational Taxonomic
Unit) level, illustrating the B (beta)-diversity or inter-sample variability in microbial community
composition in wild type and mrd1. Bacterial diversity shows significant differences between
mrd1 and wild type rhizosphere as controlled by analysis of similarities (ANOSIM, R = 0.42,
P = 0.03; Figure 24C). This result identified 10 high abundant bacterial genera to be
significantly different between these two genotypes (Figure 24C). Three bacterial genera—
Luteimonas, Arenimonas, and Thermomonas—were more abundant in the wild type, whereas

seven other genera showed significant enrichment in the mrd1 mutant (Figure 24C).
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Figure 24. Dissimilarity of bacterial microbiome in the rhizosphere of wild type and mrd1 mutant seedlings.
(A) The rhizosphere samples were collected from one-month-old wild type and mrd7 mutant plants. Top figure:
One month after germination mrd?1 shows a shorter shoot system, compared to wild type. Bottom figure: Arrows
indicate crown roots and attached soil, collected for bacterial microbiome analysis. (B) The microbiome of
rhizosphere and bulk soil (i.e. control pots without plants) were profiled using 16S rRNA gene sequencing and the
beta diversity was shown by multidimensional scaling (MDS) plot. (C) Significantly enriched bacterial genera in the
rhizosphere of both wild type and mrd1 mutant. Asterisks indicate the significant levels at the false discovery rate
(FDR) 0.05 (*), 0.01 (**) and 0.001 (***).



Results 61

5.2.7 Comparative RNA-seq analysis of mrd71 and wild type crown roots

The mrd1 mutant is distinguished by its magenta pigmentation in the roots and a dwarfed
shoot phenotype. This mutant exhibits photomorphogenic growth in dark conditions similar to
Arabidopsis. However, in contrast to Arabidopsis, where anthocyanin accumulation occurs in
the cotyledons (Castle and Meinke, 1994; Pacurar et al., 2017), the mrd1 mutant
demonstrates pigmentation predominantly in the roots. This analysis aimed to identify
differentially expressed genes, particularly light-responsive ones hypothesized to be
aberrantly activated in mrd?7 mutants even under dark conditions and to unravel the
transcriptome alterations associated with the mutant's photomorphogenic growth. For the
transcriptome analysis, we sampled crown roots from the same plants (wild type and mrd1
mutant) used for microbiome profiling. For RNA-seq, we extracted total RNA from three
replicates of each genotype. After sequencing, the paired raw reads were aligned to the
reference genome of maize (Zea mays; Zm-B73-REFERENCE-NAM-5.0.57). To understand
the transcriptomic relationships among the samples, we visualized them using a principle
component analysis (PCA) plot (Figure 25A). In the PCA plot, the first two components, PC1
and PC2, represented 87% of the total variation. Specifically, PC1 accounted for 72% of the
total variance and clearly differentiated between the wild type and mrd1 mutant samples. One
replicate from the mutant appeared visually separated from the primary group. Therefore, we
assessed the significance of this separation through outlier detection tests, using Tukey’s and
Hubert’'s method. These outlier tests were applied to PCA results obtained from normalized
gene expression data, reflecting the underlying transcriptomic relationships with adjustments
for sequencing depth and compositional differences among samples. Despite the initial visual
separation of one mrd1 mutant replicate in the PCA plot, the outlier tests using both Tukey's
and Hubert's methods, substantiated by p-values of 0.62 and 0.57 respectively, revealed no
significant divergence from the other mrd1 samples. Therefore, this sample was included in

subsequent analyses.

To analyze genes that are differentially expressed between the two genotypes, we compared
wild type and mrd1 mutant samples. We identified differentially expressed genes (DEGs) with
a false discovery rate (FDR) of less than 5. In total, we found 23,601 genes (59%) of 39,756
coding gene models (B73v5) in the RNA-seq dataset. Among those genes, 778 genes were
differentially expressed in the mutant from which, 422 genes were upregulated, and 356 were

downregulated. Notably, the mrd1 gene was among the downregulated genes (Figure 25B).
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Figure 25. RNA-seq analysis of mrd1 and wild type crown roots. (A) A principal component analysis (PCA)
visualization of four wild type and four mrd1 samples. In the PCA plot, two components (PC1 and PC2) accounted
for 87% of the total variance. (B) A volcano plot highlighting differentially expressed genes (DEGs). Each dot
represents an expressed gene. While green dots denote genes being up-regulated in mrd1, blue dots illustrate
genes that are down-regulated in the mutant. The total number of significant up- and down-regulated DEGs are
displayed in the top left and right corners, respectively. The mrd1 gene is marked with a magenta dot. DEGs that

do not surpass the threshold set at [log2FC| >1 and FDR <1% are shown in grey.

5.2.8 GO term analysis reveals upregulation of light responsive genes in mrd1

We performed Gene Ontology (GO) enrichment analyses using the genes which are up- and
down-regulated in the mrd7 mutant. The GO terms that are significantly affected in biological
processes in the mutant are depicted in Figure 26. An interesting pattern emerged from our
evaluation of the upregulated genes: a strong enrichment in GO terms linked to light
interactions and light processes (Figure 26A). This was particularly evident from the
overrepresentation of terms such as red, far-red light phototransduction (G0O:0009585),
regulation of photosynthesis via light reactions (G0O:0042548), and the broader response to
light stimulus (GO:0009416). Such enrichments elucidate a potentially altered or amplified

interaction of the mrd1 mutant with light.

When examining the down-regulated genes in the mrd1 mutant through GO enrichment
analyses, there was a distinct emphasis on processes tied to cell wall development and
oxidative stress management (Figure 26B). The significantly enriched terms include cell wall

organization (GO:0071555), plant-type secondary cell wall biogenesis (GO:0009834), and a
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Figure 26. Enriched biological processes according to Gene Ontology (GO) enrichment analysis of up- and

down-regulated DEGs. (A) Top ten GO terms of up-regulated DEGs. (B) Top ten GO terms of down-regulated

DEGs. GO terms are displayed as circles. Circle size represents the number of DEGs associated with the

respective term and the distance between those circles indicates relationship between terms. Color indicates

significance of differential expression of an individual GO term. The circle represents the average logz FC of the

associated DEGs. Only the top 10 GO categories with significantly enriched terms with p <0.05 based on Fisher’s

exact test are shown here.
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cellulose microfibril organization (GO:0010215). This pattern indicates potential compromises
in the structural integrity and composition of the cell wall in the mutant. Additionally, terms
such as hydrogen peroxide catabolic process (G0O:0042744), response to oxidative stress
(GO:0006979), and cellular oxidant detoxification (GO:0098869) indicate potential
vulnerabilities in the mutant's ability against oxidative stress. The GO analysis further revealed
that among the down-regulated genes in the mrd1 mutant, there was a notable association
with pathways for responding to external stressors. Specifically, this includes pathways
involved in the biosynthesis of key compounds such as lignin (GO:0009809) and glutathione
(GO:0006749).

5.2.9 MRD1 is localized in the nucleus and endoplasmic reticulum (ER)

In Arabidopsis, the COP9 complex is localized in the nucleus (Chamovitz et al., 1996). The
subcellular localization of the MRD1 protein was investigated in tobacco leaf epidermal cells
utilizing the 2in1 FRET vectors, which allow for simultaneous visualization of two proteins of
interest. This system was applied following the protocol described by Baer et al., (2022),
enabling the study of co-localization and potential protein-protein interactions. The MRD1
protein was fused to the fluorescent reporter mVenus and HMGA (chromatin-associated high
mobility group protein A) serving as a nuclear localization control, was tagged with tagRFP.
Confocal imaging revealed a pronounced expression of the MRD1-mVenus fusion protein in
nucleus and cytoplasm when MRD1 was fused to mVenus N-terminally (Figure 27A). When
the MRD1-mVenus is localized C-terminally, the signal is clearly surrounding the nucleus
which is typical for ER localization (Figure 27B). HMGA-tagRFP as nuclear localization control

was expressed in the nucleus exclusively in both N- and C-terminal fusions (Figure 27).
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Figure 27. Subcellular localization of MRD1-mVenus fusion proteins transiently expressed in tobacco

(B)

leaves. Subcellular localization of the MRD1-mVenus fusion protein; (A) the mVenus was fused N-terminally to
MRD1 and (B) mVenus was fused C-terminally to MRD1. HMGA, utilized as a nuclear control, was fused to
tagRFP. RB, right border; LB, left border. Scale bar, 10 ym.
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5.2.10 Validation of mrd7 gene using CRISPR/Cas9 genome editing

To confirm that csn4 is the candidate gene responsible for the mrd1 phenotype, we initially
searched for an independent mutant allele in the BonnMu resource, but without success.
Therefore, we wanted to create independent mutant alleles via CRISPR/Cas9 genome
editing. We applied a dual single-guide RNA strategy to target two regions of the mrd1 gene
(Pauwels et al., 2018). The first target site is a 441 bp region between exon 1 and intron 2.
The second target site is a 592 bp region between exon 11 and exon 13 where the only PCI
domain of the gene is located. In total, nine TO generation plants for the first target site and

24 plants for the second target site were regenerated from the callus.

Subsequently, all these plants were subjected to genotyping to analyze the INDELs
(insertion/deletion). Among the plants targeted at the first target site, six plants were
successfully edited. However, only five of these edited TO plants survived and were
backcrossed with the B104 line (Supplemental table S11). For the second target site, seven
plants were successfully edited, however, all these died 3-4 weeks after transferring into the

soil during the TO stage (Supplemental table S12).

In TO plants, the transgene is present as a single-copy and therefore, we expect that the
backcrossed F1 plants are segregating for 1:1 ratio for the absence and presence of transgene
(Hunter, 2021). Consequently, the F1 plants were examined for the presence of the transgene,
as described in section (4.21). Those plants identified as free from the CRISPR constructs
were then subjected to further genotyping the presence of mutant allele, followed by self-
pollination to generate segregating F> generation. All plants within the F2 generation were
subjected to both genotyping and phenotyping analyses and the outcomes are shown in the
Supplemental table S11. Homozygous mutants which carry different alleles in target region 1
are named mrd1-2 to mrd1-7 (Figure 28A) but they all did not exhibit the magenta root dwarf
phenotype. Therefore, in the following part, the genotyping result of one allele (mrd71-7) with
specific edits in the first target region is shown as an example. Genotypic analysis of the F»
population highlighted specific edits within the mrd? gene: a 3 bp deletion in the first exon and
a 1 base pair insertion within the second intron (Figure 28A, 28B and 28C). The 3 bp deletion
leads to a change of one amino acid from P (proline) to H (histidine) and a deletion of the
following amino acid (D, aspartic acid; Figure 28C). The 1 base pair insertion occurred within
an intronic region, which is not translated into the protein sequence (Figure 28A and 28B).
Given its location, this insertion is not expected to influence the protein's amino acid

sequence, as introns are removed from the pre-mRNA during the splicing process before



Results 67

translation. Consequently, no disruption to the protein structure was anticipated, and this was
consistent with the observed absence of the magenta root dwarf phenotype (Figure 28A and
28B).

(A)

mrd1-2 (+3 bp) mrd1-2 (+1 bp)
mrd1-3 (-27 bp)

mrd1-4 (-36 bp)
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tctatgcgattgcagTGGTTTCGGACGAAGTTCCGCTCGTGGTGTCGCGTCAATTGCTCC
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ACGCGCTCACGCAGATCCAGCCGCGTGTGGTCTCCTTCGAGGAGCAGgttggctacattyg
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tgtattgccattggttgcattgttgctttacaatgccagttttttttattcteccatteg
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gDNA_Wild type GTCCTCTCGTCTTICCCLACCGGACATCTCTCAGGCCAAGCGCTTCCTC
Protein_Wild type ~V--L--S--§--§--P--P--D--I--S--Q--A--K--R--F--L-
gDNA_CRISPR edited GTCCTCTCGTCTTCCCCAC---ACATCTCTCAGGCCAAGCGCTTCCTC
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Figure 28. Validation of mrd1 plants edited via CRISPR/Cas9. (A) The gene model of mrd1 is depicted, with
black boxes indicating exons and the connecting line representing introns. Mutations induced by CRISPR/Cas9
are denoted by red triangles, including six edited mutant alleles and one original BonnMu mrd1 allele depicted by
a black triangle. (B) Sanger sequencing of the mrd1-7 allele confirms that the first guide RNA induced a deletion
of 3 bp (depicted as -3 bp in red), and the second guide RNA facilitated the insertion of a single base pair (+1 bp
in red) adjacent to the cut sites. Exons are shown in bold uppercase letters, whereas introns are represented in
lowercase letters. The red letters with red boxes in the sequence highlight the deletion and insertion. (C) The
genomic DNA and amino acid sequences of wild type and CRISPR edited mrd1-7 allele are compared. The amino
acid sequence of edited mrd71-7 was obtained by NCBI translation tool. Green box indicates PAM sequence and

red boxes indicate insertion and deletion.
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These results suggest that the specific genomic alterations introduced by the CRISPR/Cas9
system were not sufficient to alter the protein function, as evidenced by the preservation of

the wild type phenotype (Figure 29).

Wild type Mutant

Figure 29. The phenotype of a CRISPR/Cas9 edited mrd1-7 mutant with a 3 bp deletion in the first exon and

a 1 bp insertion in the second intron and a wild type plant at 14 dag.
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6 Discussion

6.1 BonnMu resource expansion in different maize germplasm backgrounds

Sequencing of 8,064 Mu transposon-tagged BonnMu F.-families identified 425,924 germinal
insertions, representing 36,612 (83%; Table 7) of all annotated gene models of maize. This
number marks a substantial increase from the prior 57% coverage (Marcon et al. in 2020),
which incorporated data from the UniformMu (McCarty et al., 2013a) and the ChinaMu
(Liang et al., 2019) resources. The ChinaMu database has been updated with 32,224 Mu-
tagged genes, which covered 73% of the maize genes (Liang et al., 2024). Nearly
approaching whole-genome coverage, the BonnMu collection in maize tagged more
genes than those mutagenized in rice (60%; Wang et al., 2013) but fewer than in Arabidopsis
(>94% gene coverage; Alonso et al., 2003). For rice and Arabidopsis different techniques
were employed, such as the two-component transposon system Ac/Ds-based mutagenesis
(van Enckevort et al., 2005), the Tos17 retrotransposon mutagenesis (Miyao et al., 2003), and
the transfer-DNA insertional mutagenesis (Alonso et al., 2003; Toki et al., 2006). To track Mu-
induced insertions in the maize genome, the BonnMu library uses the high-throughput
sequencing strategy Mu-seq (McCarty et al., 2013a; Liu et al., 2016), which has been coupled
to the robust automated downstream analysis MuWU (Stdcker et al., 2022), accelerating the

identification of germinal insertions.

A unique feature of the BonnMu resource is that different North American Dent and European
Flint germplasms were mutagenized thereby expanding and complementing the available
resource. Notably, the Flint lines DK105, EP1 and F7 are adapted to the climate of central
Europe (Unterseer et al., 2016), and they represent important founders for European breeding
programs (Haberer et al., 2020). In this study, we demonstrated that a substantial number of
4,027 genes were exclusively tagged in at least one Mu-seq library of the mutagenized Flint
lines, but not in the Dent lines B73 and Co125 (Figure 10). In contrast, the mutagenized
BonnMu F»-families of the Dent pool contributed 2,585 Mu-tagged genes, which remained
unaffected in any of the mutagenized Flint lines. It could be worth checking for genic presence-
absence variations among the genes affected by Mu insertions. Moderate genic presence-
absence variations exist among Flint and Dent germplasm. Some of these genes found in
either the Dent or the Flint pool, are expressed at high levels (Haberer et al., 2020), which
could contribute to line-specific adaptations to environmental impacts and hence be of interest

for maize improvement and breeding. Therefore, in future studies, the effect of Mu-tagged
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presence-absence genes could be investigated to identify genotype-specific mutations and

their impact on the mutant phenotype.

It has been reported that Mu elements exhibit a pronounced preference for 5 UTRs of genes
and tend to concentrate in genomic regions with epigenetic marks of open chromatin near the
transcription start site of genes (Liu et al., 2009; Springer et al., 2018; Marcon et al., 2020;
Zhang et al., 2020). In support with this, we identified the vast majority of 94% of all Mu
insertions in genic regions of the genome, while only 6% of the insertions targeted intergenic
regions (Figure 12). Moreover, the distribution pattern of BonnMu insertions across the 10
maize chromosomes indicates that gene-dense chromosome arms are hotspots for Mu
elements, whereas the heterochromatic centromere regions harbor fewer insertions (Figure
13). This finding is consistent with previous observations that gene-rich chromosome arms
are associated with highly accumulated Mu elements, e.g. in the B73 (Schnable et al., 2009)

and W22 (Springer et al., 2018) genomes.

Remarkably, we pinpointed chromosomal regions, specifically on chromosomes 5-8, that
exhibit minimal occurrences of BonnMu insertions. These areas could represent highly
heterochromatic non-accessible knob regions in the genome that suppress local
recombination (Ghaffari et al.,, 2013). Knobs are multi-megabase tandem repeat arrays,
predominantly located in mid-arm positions of chromosomes (Dawe and Hiatt, 2004). They
primarily consist of two tandemly repeated DNA sequences: the 180 bp knob repeat and the
350 bp tandemly repeated element TR-1 (Ananiev et al., 1998). TR1 and 180-bp repeat knobs
are known to contribute to meiotic segregation by pulling themselves toward spindle poles
(Swentowsky et al., 2020). However, they have not been fully sequenced or accurately
represented in genome assemblies due to the challenge of assembling their long, repetitive
structures. Karyotyping has identified knob loci in maize, but there is a significant discrepancy
in their representation (Ghaffari et al., 2013). While the physical size of knobs extends over a
million base pairs, they are represented as only a few kilobases in genome assembilies.
Advances in DNA sequencing technologies have significantly improved the maize B73
genome assembly, thereby reducing the initial count of over one hundred thousand gaps to
just a few thousand (Schnable et al., 2009; Jiao et al., 2017; S. Sun et al., 2018). In the
genome of the maize inbred line Mo17, heterochromatic knob180 and TR-1 arrays were
predominantly detected in the chromosome arms of chrilL, chr4L, chr6S, chr6L, chr8L and
chr9S (Chen et al., 2023). Similarly, the karyotype of B73 identified such tandem repeat DNA
sequences, primarily on chr4L, chr5L, chr6S, chr7L, chr8L, chr9S (Ghaffari et al., 2013).
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These areas are roughly overlapping with the regions on chr5L, chr6S, chr7L, and chr8L in
the B73 genome (Figure 13), showing a notable absence of BonnMu insertions. Since knobs
represent heterochromatic repeat elements, it is likely that they are not accessible for Mu
transposon integration. The phenomenon highlights a fundamental limitation in achieving
100% gene coverage in maize using Mu transposon-tagged mutagenesis, underscoring the
complex interplay between chromatin accessibility, gene expression (CSHL, 2000; Carvalho
et al., 2022), and transposon insertion preferences. Therefore, while significant strides have
been made in expanding the scope of gene coverage through Mu transposon tagging in
maize, the inherent genomic architecture, particularly the presence and characteristics of

knob regions, presents a barrier to complete genome-wide tagging.

As previously shown, Mu elements exhibit a preference for targeting the 5 UTRs and
transcription start sites of genes (Liang et al., 2019; Marcon et al., 2020), which corresponds
to open chromatin signals (Liu et al., 2009; Springer et al., 2018). To analyze the epigenomic
landscape around Mu elements, we aligned BonnMu insertions with open chromatin signals
and histone modifications, obtained from published datasets (Makarevitch et al., 2013; Zhang
et al., 2015; Ricci et al., 2019; Hufford et al., 2021). BonnMu insertion patterns were in line
with transposase-accessible chromatin, as demonstrated by a comparison with ATAC-seq
datasets (Figure 14; Ricci et al., 2019). Both transposase accessible chromatin and BonnMu
insertions showed a depletion at gene model midpoints, gradually increasing in frequency in
250 bp bins away from these midpoints. The opposite frequency was found for most of the
DNA methylation marks, which were predominantly found at midpoints of gene models. This
finding was previously reported by a meta-analysis of ATAC-seq signals (Ricci et al., 2019),
and using Micrococcal Nuclease (Rodgers-Melnick et al., 2016) and DNase based assays
(Oka et al., 2017), respectively. Generally, the relationship between TEs and chromatin in
maize has been shown to be markedly variable, with a complex interplay between DNA
methylation, histone modifications and TEs impacting gene expression in the maize genome
(West et al., 2014; Zhao et al., 2016; Noshay et al., 2019; Ricci et al., 2019). The identification
of a pronounced preference for Mu elements targeting the 5 UTRs and transcription start
sites, regions characterized by open chromatin (Liu et al., 2009; Springer et al., 2018; Marcon
etal., 2020; Zhang et al., 2020), highlights the complex relationship between transposons and
the epigenomic landscape. This relationship is further complicated by the interplay between
different transposable element families and DNA methylation patterns in maize (Noshay et al.,
2019). The dynamic interplay suggests that Mu elements, through their insertion patterns,

may not only contribute to the physical tagging of genes but also potentially influence the
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regulatory regions that control gene expression. This dual role of Mu transposons, as both
mutagens and modulators of epigenetic states, highlights the need for a nuanced
understanding of their impact on the maize genome. Future studies should therefore delve
deeper into the epigenetic consequences of Mu insertions, exploring how these elements
might influence maize phenotypes through alterations in gene expression patterns. Such
investigations could provide valuable insights into the mechanisms by which transposable
elements contribute to plant adaptability and evolution, offering new avenues for maize

improvement and breeding.

Functional genetics experiments using mutagenized maize stocks, such as BonnMu F»-
families (Marcon et al., 2020), which were extended within this study or UniformMu stocks
(McCarty et al., 2013a) require the validation of Mu insertions by PCR-based genotyping (Liu
et al., 2016). This method specifically amplifies DNA located between the highly conserved
TIR sequence of the Mu element and adjacent regions of the genome. The TIR6 primer, which
was generated based on the TIR sequences of Mu1, Mu7, Mu3, Mu8, and their variants
(Settles et al., 2004), is typically used to confirm Mu insertions (Figure 16). The TIR6 primer
is mostly effective to amplify the different classes of autonomous and nonautonomous Mu
elements (Liu et al., 2016). Among the classes of Mu elements, Mu1, Mu8 and MuDR exhibit
the highest copy numbers in the maize genome (Liu et al., 2009). Here, we identified Mu1,
Mu8, and MuDR elements in 30% of the BonnMu insertions (Figure 15 & 16; Supplemental
figure S2; Win et al., 2024b), facilitating future genotyping of BonnMu F»-families. For these

three classes of Mu elements, specific primers can be designed to validate the insertions.

In summary, the BonnMu resource has undergone significant expansion, providing a
comprehensive assortment of Mu-seq libraries that encompass diverse genetic backgrounds.
The genetic diversity represented by the different genetic backgrounds in BonnMu enables
the identification of genotype-specific mutations in the future. The ability to tag and identify
almost every gene in the maize genome is particularly noteworthy, as it enhances the

resource's utility for researchers conducting functional genomic studies.
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6.2 Application of BonnMu as a forward and reverse genetic resource and

identification of mrd1 mutant

Forward genetics starts by identifying a mutant phenotype and then identifying the underlying
gene to examine the gene function. In contrast, reverse genetics begins with a known gene
and looks for a mutant affected by the gene to confirm the function (Candela and Hake, 2008).
The BonnMu repository, serving as both a forward and a reverse genetic tool, aids in
conducting a thorough genetic analysis, ranging from elucidating gene function to identifying
phenotypically uncharacterized mutants. Thus, this resource contributes to deepening our
understanding of the genetic architecture and developmental processes of maize. Meanwhile,
several Mu-induced mutants associated with maize root development have been identified
and functionally characterized (Hochholdinger et al., 2001, 2008; Wen et al., 2005; Taramino
et al., 2007; von Behrens et al., 2011; Li et al., 2016). Mutant analyses have enabled the
dissection of the genetic architecture underlying maize root development (Hochholdinger et
al., 2018b).

We identified the magenta root dwarf 1 (mrd1) mutant in a forward genetic screening of
BonnMu Fz-families. In comparison to the wild type, mrd71 mutants are characterized by a
dwarfed shoot and an over-accumulation of magenta colored anthocyanins in primary,
seminal, and crown roots (Figure 18). Only a small subset of the BonnMu F,-families (49 out
of 747) segregating for mrd1 exhibited a Mendelian segregation ratio of 3:1. This could at
least in part be explained by the fact that we phenotyped a limited number of seedlings per
BonnMu F2-family due to seed limitations. Moreover, several mrd1 BonnMu families showed
poor or no germination during our forward genetic analysis. This is also consistent with the

the delayed or poor germination observed in csn mutants in Arabidopsis (Jin et al., 2018).

In this study, we have explored the morphological differences between mrd1 mutants and wild
type plants under both light and dark conditions. Our findings reveal a pronounced reduction
in growth across several parameters in mrd1 mutants, including primary root length, lateral
root density, and shoot length, among others (Figure 19). Similarly, Arabidopsis csn4 mutant
also exhibit a reduced main root system, affecting the primary root and the lateral root
formation compared to the wild type (Kwok et al., 1996; Pacurar et al., 2017). Similar to the
Arabidopsis mutants which display smaller rosettes and dwarfism (Kwok et al., 1996; Pacurar
et al., 2017), the mrd1 maize mutants also showed significantly shorter first leaves with dwarf
phenotype (Figure 19 E & F). In addition, the mutant displayed shorter hypocotyls in

Arabidopsis (Pacurar et al. 2017). Similarly, in our study, the coleoptile and mesocotyl length
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in maize mrd1 mutants showed a comparable reduction (Figure G & H), highlighting a

consistent effect across different monocot and dicot plant species.

Arabidopsis cop9 null mutants exhibit a severe phenotype of constitutive photomorphogenesis
and accumulation of anthocyanins in the embryo, culminating in early seedling lethality
(Serino and Deng, 2003). Reduction-of-function lines for several CSN subunits have been
generated in Arabidopsis. In addition to an altered photomorphogenic response, phenotypic
alterations of CSN reduction-of-function plants include morphological abnormalities such as
modified number of cotyledons, loss of leaf symmetry, and altered auxin responses (Peng et
al., 2001). The pleiotropic phenotypes in CSN reduction-of-function lines indicated a cellular
activity of CSN affecting multiple pathways. Hence, reduced levels of CSN would impair many
aspects of plant development. Maize mrd1 mutants show similarities to Arabidopsis csn
mutants such as the constitutive photomorphogenesis (Supplemental figure S4). However,
anthocyanin accumulates predominantly in primary, seminal, and crown roots of mrd1
mutants, shortly after their emergence (Figure 18A), while it occurs in the cotyledons in the
dicot Arabidopsis mutant (Kwok et al., 1996; Pacurar et al., 2017). In the mrd1 mutant, the
root is pigmented with magenta color in both light and dark conditions, in contrast, the
Arabidopsis mutant develops greenish coloration only in the light grown condition (Wei and
Deng, 1992), which could be explained by the formation of chloroplasts instead of amyloplasts
in the root cells (Chory and Peto, 1990; Deng and Quail, 1992).

Phenolic compounds, like phenylpropanoids, are widespread secondary metabolites in plants
which are involved in key metabolic and physiological processes (Boudet, 2007). Large
phenylpropanoid-derived groups of phenolic compounds are represented by lignols and
colorless flavonoids. The biosynthesis of flavonoids, including anthocyanins, is induced in
plants by exposure to abiotic and biotic stresses (Li and Ahammed, 2023). Several
transcription factors that control the expression of genes involved in anthocyanin biosynthesis
during stress conditions have been identified across various plant species (Sun et al., 2018;
An et al., 2020). The color variation in plants, ranging from orange to blue-red, is determined
by the type of anthocyanidin — such as pelargonidin, cyanidin, and malvidin — each modified
differently and identified by specific absorption peaks within the visible spectrum from 494 nm
to 510 nm (Ma et al., 2021). In mrd1, the magenta color in the primary root appears 4-5 days
after germination. The ultraperformance liquid chromatography coupled with a photodiode-
array detector and high-resolution quadrupole time-of-flight mass spectrometry (UPLC-PDA-

HR-QTOF-MS) confirmed that mrd7 root presents cyanidin 3-O-glucoside and peonidin 3-O-
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glucoside (Figure 20). These anthocyanins have been previously reported to be present in
maize kernels (Castafieda-Ovando et al., 2009; Hu et al., 2020). Anthocyanins, belonging to
the flavonoid family, are water-soluble pigments that impart purple, blue, and red hues to plant
tissues, examples of which include cyanidin-3-O-glucoside (C3G), pelargonidin-3-O-
glucoside (Pg-3-glc), peonidin-3-O-glucoside (P3G), and malvidin-3-O-glucoside (M3G). Not
all anthocyanin compounds present could be identified through this preliminary analysis and
the presence of additional, yet to be characterized, anthocyanins may also play significant

roles in the mutant.

The presence of flavonoids in maize root exudates not only facilitates a beneficial microbial
environment conducive to plant growth but also establishes a chemical barrier against
pathogens (Cesco et al., 2010; Hu et al., 2018; Kudijordjie et al., 2019). This dual function
underscores the potential of root exudates as a natural strategy for enhancing crop resilience
and productivity. Understanding the role of anthocyanins, such as cyanidin 3-O-glucoside and
peonidin 3-O-glucoside, in modulating root-microbe interactions and nutrient uptake efficiency

could provide valuable insights into enhancing crop performance in the future.

The rhizosphere represents a unique soil environment in which complex biogeochemical
processes and dynamic biological interactions occur that are mainly driven by plant roots via
their secretory activities and soil microorganisms, designated the rhizosphere microbiota
(Marschner, 2012). Maize root exudates contain a variety of metabolites, including substantial
amounts of flavonoids that are secreted into the rhizosphere (Cesco et al., 2010). Flavonoids
have been considered as crucial root-released rhizosphere signal molecules modulating the
interaction of legume roots with microbes (Hassan and Mathesius, 2012; Mierziak et al.,
2014). Root flavonoids are essential for initiating symbiosis with rhizobia in legumes and also
act as auxin transport regulators (Wasson et al., 2006; Subramanian et al., 2007). This implies
that flavonoid-mediated root—microbe interactions could modulate developmental processes
also in the host plant (Mierziak et al., 2014). Thus, metabolic profiles of specific mutants and
the analyses of the microbial composition in the respective rhizosphere could contribute to the
mechanistic understanding of root—microbe interaction underlying root flavonoid homeostasis.
Furthermore, such analyses could contribute to improve nutrient uptake and crop performance
in the future. In recent years, next-generation sequencing technologies such as RNA
sequencing (RNA-Seq) and 16S rRNA gene sequencing have been introduced to plant
functional genomics and soil microbial metagenomics (Hatzenpichler et al., 2020). Therefore,

a combined strategy of reverse genetics and multi-omics study will pave a promising way to
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identify the functional gene-encoded flavonoid homeostasis interacting with beneficial
microbes underlying plant growth and fitness. Under nitrogen deficiency, lateral root
development coordinates the interactions of the root system with flavonoid-dependent
Oxalobacteraceae (Yu et al., 2021). It has been demonstrated that the flavonoid composition
in maize roots, notably influenced by flavone synthase type 12 (FNSI2), correlates with
variations in rhizosphere microbiota composition. The maize genotypes with root exudates
rich in specific flavonoids like apigenin and luteolin modulate bacterial community structure in
the rhizosphere (Yu et al., 2021). The investigation of the mrd1 mutant's role in flavonoid
biosynthesis and its subsequent impact on rhizosphere interactions adds a significant layer to
our understanding of plant-microbe dynamics. We examined that some bacterial genera were
enriched in the rhizosphere of mrd1 mutant such as Lautropia, Haliangium, Dongia,
Pseudolabrys, Steroidobacter, Nitrosospira and Opitutus. In contrast, three bacterial genera
were enriched in the rhizosphere of the wild type such as Luteimonas, Arenimonas and
Thermomonas. It has been reported that there was an increased denitrification with an
increased Lautropia abundance (Pan et al., 2020). However, the bacterial genera Haliangium
were enriched which has an antifungal effect by producing haliangicin compound (Fudou et
al., 2001). The haliangicin is a novel beta-methoxyacrylate antibiotic isolated from Haliangium
luteum that inhibits fungal growth through interference in the mitochondrial electron flow,
particularly within the cytochrome b-c1 segment (Fudou et al., 2001). We also found the
genera Nitrosospira to be enriched in the rhizosphere of the mrd1 mutant. It was previously
shown that the presence of Nitrosospira in the rhizosphere can increase nitrate nitrogen
content, soil nitrification activity, and shoot dry weight, indicating its vital role in promoting
nitrogen availability and plant growth (Li et al., 2023). In comparison, the observed three
genera Luteimonas, Arenimonas and Thermomonas in the wild type are from the same family
Xanthomonadaceae. The enrichment of Luteimonas in the wild type indicates a distinct
microbial interaction potentially influencing nitrogen cycling differently from the mrd1 mutant.
Luteimonas, comprised of many species in multiple habitats, is known for its unusual
denitrification ability (Finkmann et al., 2000; Ulrich et al., 2022) and plant growth promotion
(Xiao et al., 2017; Gu et al., 2020). Arenimonas can be found in various habitats including
sand and soil substrates (Kwon et al., 2007; Han et al., 2020; Zhou et al., 2022). Little is known
for Thermomonas-plant interaction but has been reported that those bacteria might inhibit the
soybean cyst nematode (Yuan et al., 2021). Nonetheless, the accumulation of anthocyanins
in the mrd1 mutant may confer enhanced stress tolerance and influence rhizosphere microbial

communities, potentially through anthocyanin-mediated signaling pathways. It would be
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worthwhile to confirm and further analyze how mrd1 root exudate-derived flavones contribute

to changes in the rhizosphere microbiome in the future.

In addition, one of the most striking aspects of the mrd7 mutant is its constitutive
photomorphogenic phenotype (Supplemental figure S3). Typically, in many plants, including
maize, dark-grown seedlings exhibit skotomorphogenesis. This developmental program is
characterized by elongated hypocotyles/ mesocotyles, a phenotype attributed to the plant's
natural instinct to reach light (Casal et al., 2014). In Arabidopsis, mutants in COP9
signalosome (CSN) subunits exhibit constitutive photomorphogenic phenotypes (Pacurar et
al., 2017) which is similar to the mrd1 mutant, and this suggests that MRD1 can have a
conserved role for the COP9 signalosome in modulating light responses across different plant

species.

In order to identify the gene underlying the phenotype, we subjected mrd7 mutant to BSR-seq
mapping. The advantage of BSR-seq is that it does not only provide the map position of a
gene underlying a mutant phenotype. It also provides the effect of a mutation in this gene on
global gene expression patterns (Liu et al., 2012). In this study, we locate the causative gene
to a 70 Mb interval on the short arm of chromosome 1 by allele frequency detection (Mansfeld
and Grumet, 2018) in mrd1 in comparison to wild type pool. To precisely identify the causative
gene such as the mrd71 gene identified within the large 70 Mb interval, it is essential to refine
and narrow this interval by conducting backcrosses over 6-9 generations to reduce genetic
background noise, increasing mutant and wild type pools for BSR-seq analysis (Liu et al.,
2012; Li et al.,, 2016). Additionally, optimizing SNP window size could enhance mapping
accuracy (Liu et al., 2012; Li et al., 2016).

In addition, the BonnMu mrd1 family harbors 64 germinal Mu insertions, from which five
insertions were detected to be located in the mapping interval. Remarkably, only one gene,
Zm00001eb008060, exhibited significant downregulation in the BSR-seq data. The mrd1
mutant phenotype was identified across 747 BonnMu insertional mutant families. Of these,
only 49 families exhibited the expected 3:1 wild type to mutant segregation ratio. Notably,
Zm00001eb008060 emerged as the gene most frequently tagged by Mu in 16 of these
families. Additionally, out of all BonnMu families, 125 had insertions in this gene, regardless
of whether the mrd1 phenotype was observed or not. This could also be explained by the fact
that the insertions in the intron of the mrd1 gene were mostly confirmed with few Mu-seq reads
(Marcon et al., 2020; Stocker et al., 2022). In many cases only 4-5 reads support the insertion.

In our read analysis we required at least 4 reads to call it a true Mu-insertion. Therefore, it is
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likely that we omitted some of the insertions due to this cutoff. The consistency of this gene's
association across multiple families and its significant downregulation in the mutant line
provide a significant evidence that not only we confirmed the mrd71 candidate gene but also
highlight the utility of Mu-seq in combination with BSR-seq methods in genetic mapping and

gene function studies.

The gene Zm00001eb008060 encodes a cop9 signalosome complex subunit 4 (csn4). The
COP9 signalosome (CSN) is a multiprotein complex, composed of eight distinct subunits, that
was initially identified in Arabidopsis thaliana as a repressor of photomorphogenesis (Serino
and Deng, 2003). The identification of Zm00001eb008060 as a candidate gene underlying the
mrd1 phenotype was verified through genotyping confirmation where the mrd1 phenotype
strictly co-segregates with the genotype. This genotypic confirmation is critical as it provides
a direct link between the Mu insertion in the csn4 gene and the mrd1 phenotype. The precise
co-segregation of the Mu insertion with the phenotype across the segregating population not
only implicates csn4 as the gene responsible for the mrd1 phenotype but also demonstrates
the utility of combining BSR-seq, Mu-seq, and traditional molecular genotyping techniques for
genetic mapping and mutation validation. Additionally, the relative expression analysis of
mrd1 compared to the wild type shows a significant down-regulation of mrd7 gene in the
mutant which is usually the case if the gene is directly involved in the physiological process
or pathway being disrupted. This observation in mrd1 with Mu insertion can be possibly
explained by the process of nonsense-mediated mMRNA decay (NMD), a mechanism that
detects premature stop codons, leading to the degradation of the affected mRNA and
preventing the translation of shorter and non-functional proteins (Kervestin and Jacobson,
2012; Rayson et al., 2012). Moreover, the significant decrease in expression levels of the
mrd1 gene in mutants indicates that its Mu insertion in the mrd71 gene leads to loss of function

or reduction of function.

We constructed a phylogenetic tree of mrd7 gene in maize against monocots like
Brachypodium distachyon, Hordeum vulgare, Oryza sativa, and Sorghum bicolor, dicots such
as Arabidopsis thaliana and the angiosperm Physcomitrella patens. The phylogenetic
relationship exhibited the homology between maize MRD1 and Arabidopsis CSN4, providing
a further confirmation that csn4 is indeed the candidate gene of mrd7 mutant as observed in
the previous analyses. Moreover, identity and similarity analyses revealed that mrd1 shares

high identity and similarity with the homologous genes of the species examined (Supplemental



Discussion 79

table S10). Shi et al., (2023) also showed that CSN genes are evolutionarily conserved in land

plants.

Our transcriptome analysis identified 422 upregulated and 356 downregulated genes in the
crown roots of the mrd71 mutant. The upregulation of 422 genes suggests an activation of
pathways that might compensate for or respond to the altered photomorphogenic growth
observed in the dark. Conversely, the downregulation of 356 genes, including the mrd1 gene,
highlights potential targets of the mutation that directly contribute to the observed phenotype.
In Arabidopsis, cop9 mutant also exhibits high-level expression of light-inducible genes in the
absence of light (Wei and Deng, 1992). The identification of light-responsive genes among
the upregulated genes in mrd1 plants supports the hypothesis that the mrd1 mutation
aberrantly activates certain pathways leading to the unique pigmentation and light responsive

growth characteristics.

Previous studies on CSN have predominantly focused on model organisms like Arabidopsis
(Wei and Deng, 2003), offering limited insights into the maize-specific genetic and molecular
mechanisms. Therefore, this study not only contributes to filling this gap but also raises
questions about the conservation and divergence of photomorphogenic pathways among
different plant species. The impact of downregulated genes on the susceptibility to external
stressors, such as an increased abundance in microbiome species (Figure 24) and the
biosynthesis of crucial compounds like lignin and glutathione suggests a complex interplay
between the mrd1 mutation and the plant's ability to respond to environmental challenges. In
conclusion, our comparative RNA-seq analysis has unveiled a complex network of
transcriptional changes associated with the mrd7 mutation in maize, offering novel insights

into plant photomorphogenesis and pigmentation.

Furthermore, our preliminary subcellular localization experiments have indicated that MRD1
is localized in the nucleus and cytosol but also within the endoplasmic reticulum (ER).
However, the COP9 complex in Arabidopsis resides in the nucleus (Chamovitz et al., 1996).
The ER localization of MRD1 suggests a possible involvement in processes such as protein
folding, maturation, or trafficking, which are critical for cellular homeostasis and response to
environmental stimuli (Liu and Li, 2019). This multifaceted localization implies that MRD1
could be playing a complex role in cellular signaling pathways, potentially gene regulation with
cytoplasmic and ER-associated processes. However, it is crucial to consider that the fusion
of fluorescent proteins at the N-terminus can obscure targeting signals, leading to erroneous

localization (Wiemann et al., 2001; Palmer and Freemen, 2004). Similarly, C-terminal fusions
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can disrupt localization signals at the protein's C-terminus (Huh et al., 2003). Thus, the precise
localization of MRD1, particularly its association with the ER, necessitates further validation
to rule out potential artifacts from fusion protein influences. The redox-based topology analysis
(ReTA) visualizes the orientation of ER membrane proteins by fusing the roGFP2 to either the
N- or the C-termini of the protein sequence (Brach et al., 2009). This will allow us to visualize
the orientation and topology of ER membrane proteins of MRD1 through the transient

expression of these fusion proteins in tobacco leaves.

In Arabidopsis, the loss of any subunit from the COP9 complex causes identical seedling
lethal phenotypes and limits the analysis of its full physiological roles in adult plants
(Gusmaroli et al., 2007). It has also been demonstrated that the two independent T-DNA
insertions in the 1stintron and 12" exon of csn4 gene in Arabidopsis led to seedling lethality
(Pacurar et al., 2017). However, the viable csn mutants with only partial loss of the CSN
function are available for CSN1, CSN2, CSN3, CSN4, CSN5 and CSN6 (Dohmann et al.,
2005; Gusmaroli et al., 2007; Zhang et al., 2008; Stuttmann et al., 2009; Huang et al., 2013;
Pacurar et al., 2017). The mrd1 mutant allele with mutation in the PCI domain created by
CRISPR/Cas9 genome editing in our study showed lethality, suggesting a possible knockout.
This outcome underscores the potential to generating a new partially deficient knock-down
mutant via RNA interference (RNAi; Kir et al., 2015) in the future to elucidate the role of this

complex in maize.
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7 Conclusion

Establishing the BonnMu sequence-indexed resource of transposon induced maize mutations
identified 425,924 germinal Mu insertions affecting 36,612 (83%) of all annotated gene
models. This surpasses prior gene coverage rates, firmly placing the BonnMu collection
among the top reverse genetic resources. Mutagenizing North American Dent and European
Flint germplasms underscores the potential to uncover genotype-specific mutations that could

impact maize adaptation to various environmental conditions.

The analysis of BonnMu insertions revealed a clear preference for targeting 5 UTRs and
regions near the transcription start sites of genes, commonly associated with open chromatin.
This trend mirrors broader patterns observed in plant genomes, where insertion sites often
correlate with epigenetic marks of transcriptionally active regions. In support with that BonnMu
insertions align with open chromatin signals and mainly target gene-dense chromosome arms.
In contrast, Mu insertions are less frequently identified in heterochromatic centromere regions,
indicating that certain genomic regions, e.g. highly heterochromatic knob areas could inhibit
Mu insertions due to their dense chromatin structure, which suppresses local recombination
and transposon integration. Therefore, genes located in or near knob regions could be
challenging or even impossible to tag with Mu transposons, explaining why the BonnMu

resource is unlikely to achieve 100% gene coverage in the future.

In the second project, the potential of the BonnMu repository as a valuable forward genetic
resource was demonstrated with the mrd71 mutant, distinguished by magenta-colored roots
and a dwarfed shoot stature. Although, pinpointing the causal gene underlying the mutant
phenotype was challenging, due to the dozen insertions in the respective BonnMu F,-family,
the combined BSR-seq and Mu-seq approach identified csn4 as a promising candidate gene.
The functional plasticity of the mrd7 mutant phenotype was extensively characterized,
including anthocyanin profiling, comparative transcriptome and microbiome analyses.
However, gene validation with an independent mutant allele generated by genome-editing via
CRISPR/Cas9 failed initially, necessitating another attempt in the near future, such as

employing a gene-silencing strategy via RNA..
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Supplemental figure S1. Overview of Mu-seq library construction (adapted from McCarty et al., 2013). This
schematic depicts the Mu-seq process for sequencing and identifying Mutator (Mu) transposon insertions within
genomic DNA. The procedure genomic DNA (green), which contains Mu elements characterized by terminal
inverted repeats (TIRs in red), a Mu internal sequence (orange), and target site duplications (TSDs in blue), through
bioruptor sonication. Subsequently, fragments are ligated to a universal adapter (U-adapter in yellowish green).
The first PCR amplification (PCR-I) uses primers specific to the TIR and U-adapter to specifically amplify Mu-TIR
flanking genomic DNA, enriching both the left and right border DNA fragments. In the second PCR (PCR-Il), parts
of the lllumina sequencing adapters (A1 and A2 in light green and purple) are attached to the ends of the enriched
fragments. The third PCR (PCR-III) completes the remaining parts of lllumina sequencing adapters and adds a 6-
base pair barcode (illustrated in black) to each fragment, allowing for the multiplexing of 48 samples. The prepared
Mu-seq library is then measured for quality and quantity using a Bioanalyzer and sequenced using HiSeq 2500 or

lllumina XTen platform.
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Supplemental figure S2. Confirmation of Mu8 insertion by PCR. (A) Simplified gene model of
Zm00001eb280980 carrying a Mu8 element in its 5° UTR. (B) PCR segregation analysis of 13 segregating plants
of the BonnMu-7-C-0459 family (lower picture). Genotyping of the individual plants using gene-specific primers
0459-F + 0459-R and Mu-specific primers 0459-F + TIR6 and 0459-R + TIRG6 identified 10 plants as heterozygotes
(-/+: #1-3; # 5-6; # 8-12) and three plants as homozygous wild types (+/+: #4; #7; # 13).
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mrd1 Wild type or heterozygous

Supplemental figure S3. Phenotype of the 10-day-old BonnMu F2-family (BonnMu-1-A-0438) segregating
for mrd1 mutation. The mrd7 mutant was first discovered in this family, where x? test showed 3:1 (wild type:
mrd1) Mendelian segregation ratio (Table 11).
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(A)

Wild type mrd1 Wild type mrd1

Supplemental figure S4. Phenotype of 10-day-old wild type and mrd1 mutant seedlings under light and
dark condition. (A) Under light condition (800 pmol/m2/s), mrd1 displays a reduced primary root and shoot growth,
compared to wild type. (B) In the dark, mrd7 mutants are de-etiolated, comparable to the mrd? phenotype grown
in light. Under both conditions (i.e. light or darkness) the primary root of mrd1 accumulates anthocyanins, resulting
in the magenta root phenotype.
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mrd1 Wild type or heterozygous

Supplemental figure S5. Phenotype of the 10-day-old Mu-active line PS_07-1502-8[1st]/1505-5. This Mu-

active line is segregating for mrd1 mutant.
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Wild type mrd1

Supplemental figure S6. Phenotype of 45-day-old wild type and mrd1 mutant plants.
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Supplemental figure S7. Significant differentially expressed genes in mrd7 mutant. The bar plot shows the

number of un-regulated, down-regulated and up-regulated genes in the chromosome 1 of mrd1 mutant via BSR-

seq analysis.
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9.2 Supplemental tables

Supplemental table S1. Calculated probability of obtaining at least one mutant allele per tagged gene
among 3-8 germinated plants per BonnMu F2-family. The left panel, highlighted in grey, shows probabilities for
scenarios with eight germinated seedlings per F2-family. The right panel represents probabilities when only three

out of the eight seedlings per F2-family germinated and were subsequently harvested. WT: wild type, mut.: mutant.

Ll LG Probability, if 3 seedlings are harvested?
assumed -
e g Probability of
mutants Probability > 1 mutant
among eight 3 mut., 2 mut., 1 mut., 0 mut., =

seedlings OWT 1WT 2WT 3WT

0 0.00 NA3 NA NA 1.00 0.00

1 0.00 NA NA 0.50 0.50 0.50

2 0.00 NA 0.10 0.50 0.40 0.60

3 0.02 0.02 0.27 0.54 0.18 0.83

4 0.09 0.07 0.43 0.43 0.07 0.93

5 0.21 0.18 0.54 0.27 0.02 0.98

6 0.31 0.36 0.54 0.12 NA 1

7 0.27 0.50 0.50 NA NA 1

8 0.10 1.00 NA NA NA 1

' The probability of having at least one mutant allele per tagged gene among eight seedlings was calculated using
the binomial probability formula in R:

Formula 1:
. n -
Biny(k) =P (X = k) = () p*(1 - p)"~*
In this formula:
n represents the number of kernels: 8.

p is the probability of each kernel harboring a mutant allele, which is 0.75.

k is the number of mutants among 8 kernels, 0-8, representing the number of mutants among the 8 kernels.

(Z) is the binomial coefficient, representing the number of k mutants can occur in n trials.

The formula calculates the probability of having exactly k mutant alleles. To find the probability of having at least

one mutant allele, we sum the probabilities for all cases where k ranges from 1 to 8
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2 The probabilities, when only three out of eight seedlings per Fz-family are harvest, are calculated using the

following formula in R.
Formula 2:
K N—-K
P(X=k) =—(") XIS”_")
()

3 NA, combination not possible.

The final probability to have at least one mutant allele per tagged gene included among the 3-8 germinated plants

per F2-family was calculated as:

0x0+0x0.50+0x0.60+0.02x0.83+0.09x0.93+0.21x0.98+0.31x1+0.27x1+0.1x1=0,9861 (99%).
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Supplemental table S2. Primers used in Mu-seq library construction

Name

Sequences (5'—3')

Adapter_rc-tiB

CTGAGACTGCCAAGGCACAC

PCR-I_TIR6 AGAGAAGCCAACGCCAWCGCCTCYATTTCGTC

PCR-I_tiB CCTATCCCCTGTGTGCCTTGGCAGTCTCAG

PCR-II_fwd GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCBCTCTTCKTCYATAATGGCAAT
PCR-ll_rev CTTTCCCTACACGACGCTCTTCCGATCTGCCTTGGCAGTCTCAG
PCR-Ill_rev AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
PCR-III_RPI01 | CAAGCAGAAGACGGCATACGAGAT CGTGAT GTGACTGGAGTTCAGACGT
PCR-III_RPI102 | CAAGCAGAAGACGGCATACGAGAT ACATCG GTGACTGGAGTTCAGACGT
PCR-III_RPI03 | CAAGCAGAAGACGGCATACGAGAT GCCTAA GTGACTGGAGTTCAGACGT
PCR-III_RPI04 | CAAGCAGAAGACGGCATACGAGAT TGGTCA GTGACTGGAGTTCAGACGT
PCR-III_RPI05 | CAAGCAGAAGACGGCATACGAGAT CACTGT GTGACTGGAGTTCAGACGT
PCR-III_RPI06 | CAAGCAGAAGACGGCATACGAGAT ATTGGC GTGACTGGAGTTCAGACGT
PCR-III_RPI07 | CAAGCAGAAGACGGCATACGAGAT GATCTG GTGACTGGAGTTCAGACGT
PCR-III_RPI08 | CAAGCAGAAGACGGCATACGAGAT TCAAGT GTGACTGGAGTTCAGACGT
PCR-III_RPI09 | CAAGCAGAAGACGGCATACGAGAT CTGATC GTGACTGGAGTTCAGACGT
PCR-III_RPI10 | CAAGCAGAAGACGGCATACGAGAT AAGCTA GTGACTGGAGTTCAGACGT
PCR-III_RPI11 | CAAGCAGAAGACGGCATACGAGAT GTAGCC GTGACTGGAGTTCAGACGT
PCR-III_RPI12 | CAAGCAGAAGACGGCATACGAGAT TACAAG GTGACTGGAGTTCAGACGT

PCR-III_RPI13

CAAGCAGAAGACGGCATACGAGAT TTGACT GTGACTGGAGTTCAGACGT




116

Supplemental data

Supplemental table S2. Primers used in Mu-seq library construction (continued)

Name Sequences (5'—3')

PCR-IlI_RPI14 | CAAGCAGAAGACGGCATACGAGAT GGAACT GTGACTGGAGTTCAGACGT
PCR-IlI_RPI15 | CAAGCAGAAGACGGCATACGAGAT TGACAT GTGACTGGAGTTCAGACGT
PCR-III_RPI16 | CAAGCAGAAGACGGCATACGAGAT GGACGG GTGACTGGAGTTCAGACGT
PCR-III_RPI17 | CAAGCAGAAGACGGCATACGAGAT CTCTAC GTGACTGGAGTTCAGACGT
PCR-III_RPI18 | CAAGCAGAAGACGGCATACGAGAT GCGGAC GTGACTGGAGTTCAGACGT
PCR-III_RPI19 | CAAGCAGAAGACGGCATACGAGAT TTTCAC GTGACTGGAGTTCAGACGT
PCR-III_RPI20 | CAAGCAGAAGACGGCATACGAGAT GGCCAC GTGACTGGAGTTCAGACGT
PCR-III_RPI21 | CAAGCAGAAGACGGCATACGAGAT CGAAAC GTGACTGGAGTTCAGACGT
PCR-IlI_RPI22 | CAAGCAGAAGACGGCATACGAGAT CGTACG GTGACTGGAGTTCAGACGT
PCR-IlI_RPI23 | CAAGCAGAAGACGGCATACGAGAT CCACTC GTGACTGGAGTTCAGACGT
PCR-IlI_RPI24 | CAAGCAGAAGACGGCATACGAGAT GCTACC GTGACTGGAGTTCAGACGT
PCR-IlI_RPI25 | CAAGCAGAAGACGGCATACGAGAT ATCAGT GTGACTGGAGTTCAGACGT
PCR-IlI_RPI26 | CAAGCAGAAGACGGCATACGAGAT GCTCAT GTGACTGGAGTTCAGACGT
PCR-IlI_RPI27 | CAAGCAGAAGACGGCATACGAGAT AGGAAT GTGACTGGAGTTCAGACGT
PCR-III_RPI28 | CAAGCAGAAGACGGCATACGAGAT CTTTTG GTGACTGGAGTTCAGACGT
PCR-III_RPI29 | CAAGCAGAAGACGGCATACGAGAT TAGTTG GTGACTGGAGTTCAGACGT
PCR-III_RPI30 | CAAGCAGAAGACGGCATACGAGAT CCGGTG GTGACTGGAGTTCAGACGT
PCR-III_RPI31 | CAAGCAGAAGACGGCATACGAGAT ATCGTG GTGACTGGAGTTCAGACGT
PCR-III_RPI32 | CAAGCAGAAGACGGCATACGAGAT TGAGTG GTGACTGGAGTTCAGACGT
PCR-III_RPI33 | CAAGCAGAAGACGGCATACGAGAT CGCCTG GTGACTGGAGTTCAGACGT
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Supplemental table S2. Primers used in Mu-seq library construction (continued)

Name Sequences (5'—3')

PCR-IlI_RPI34 | CAAGCAGAAGACGGCATACGAGAT GCCATG GTGACTGGAGTTCAGACGT
PCR-IlI_RPI35 | CAAGCAGAAGACGGCATACGAGAT AAAATG GTGACTGGAGTTCAGACGT
PCR-III_RPI36 | CAAGCAGAAGACGGCATACGAGAT TGTTGG GTGACTGGAGTTCAGACGT
PCR-III_RPI37 | CAAGCAGAAGACGGCATACGAGAT ATTCCG GTGACTGGAGTTCAGACGT
PCR-III_RPI38 | CAAGCAGAAGACGGCATACGAGAT AGCTAG GTGACTGGAGTTCAGACGT
PCR-III_RPI39 | CAAGCAGAAGACGGCATACGAGAT GTATAG GTGACTGGAGTTCAGACGT
PCR-III_RPI140 | CAAGCAGAAGACGGCATACGAGAT TCTGAG GTGACTGGAGTTCAGACGT
PCR-III_RPI141 | CAAGCAGAAGACGGCATACGAGAT GTCGTC GTGACTGGAGTTCAGACGT
PCR-IlI_RP142 | CAAGCAGAAGACGGCATACGAGAT CGATTA GTGACTGGAGTTCAGACGT
PCR-IlI_RPI43 | CAAGCAGAAGACGGCATACGAGAT GCTGTA GTGACTGGAGTTCAGACGT
PCR-IlI_RPI44 | CAAGCAGAAGACGGCATACGAGAT ATTATA GTGACTGGAGTTCAGACGT

PCR-IlI_RPI45 | CAAGCAGAAGACGGCATACGAGAT GAATGA GTGACTGGAGTTCAGACGT
PCR-IlI_RP146 | CAAGCAGAAGACGGCATACGAGAT TCGGGA GTGACTGGAGTTCAGACGT
PCR-IlI_RP147 | CAAGCAGAAGACGGCATACGAGAT CTTCGA GTGACTGGAGTTCAGACGT

PCR-III_RPI48

CAAGCAGAAGACGGCATACGAGAT TGCCGA GTGACTGGAGTTCAGACGT
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Supplemental table S3. Primers used for genotyping

Name Primer sequence (5'—3’) Target sequence BonnMu F2z-family Insertion_ldentifier GenelD

A0982-F GGCCTAAACTCGCAAAGGGAT

Gene-specific
A0982-R ATGCTTCTTGAGGCGACCAT

BonnMu-2-A-0982 BonnMu0031087 Zm00001eb052530
A0982-mu8-F | GCCGAGTTCTGGACGATGA Mu8
A0982-mu8-R | GACCATGGTTCTTGACGACG Gene-specific
C0459-F TACTACGGTTTAAGGCGTGTGG Gene-specific
BonnMu-7-C-0459 BonnMu0170576 Zm00001eb280980

C0459-R AAGAGAGCAAGGGGTTTAGGC Gene-specific
F1001-F ATATGCAGGTGAGCGGGTAG

Gene-specific BonnMu-F7-2-F-1001 | BonnMu0480236 Zm00001eb256020
F1001-R AAATCGAGATCGCAAGGCCA
TIR6 AGAGAAGCCAACGCCAWCGCCCYATTTCGTC | MuTIR
mrd1_Fwd1 CCGGTAGAAGCCATGGACAG

Gene-specific BonnMu resource All mrd1 families Zm00001eb008060
mrd1_Rev1 TCGAACCGAGCGTGGAAATC
mrd1_Fwd2 CTCTGCGCTTTGCAGTCATC

Gene-specific ChinaMu resource 23809630 Zm00001eb008060
mrd1_Rev2 AACCAATGTAGCCAACCTGCT
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Supplemental table S4. Primers used for qRT-PCR

mrd1-qRT-PCR-F TTTGATGATGACACGGAAGAGC
Zm00001eb008060 (mrd7)
mrd1-gRT-PCR-R TCAAGGATGTCGTTCAGGGC
hb3-gRT-PCR-F TCATGAAGCTTCCACTGAGATAC
Zm00001eb295800 (hb3)
hb3-gRT-PCR-R CGGCCATTGCTGTTAGTTAGC

Supplemental table S5. Primers used for validation of mrd7 gene sequence of B104 genome

CROPGEN962 AATGCCAAAACCCTAGCTCGC
CROPGEN963 AAACTCACGCAGTACTAACAGGA

GRMZM2G153769 (mrd1)
CROPGEN964 GATGCCTGTTATTTTGTGTTGCC

CROPGEN965 ATTGCTGCAGCTCTTCCGT
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Supplemental table S6. Primers used for cloning sgRNAs

Name Primer sequence (5'—3') Gene

CROPGEN1002 GGCAGGCCTGAGAGATGTCCGGTG

CROPGEN1003 AAACCACCGGACATCTCTCAGGCC

CROPGEN1010 GGCAGTATGGCGTGTGTGCCTTAA

CROPGEN1011 AAACTTAAGGCACACACGCCATAC

GRMZM2G153769 (mrd1)

CROPGEN1012 GGCAGATTATGCTCGATCATTGCT

CROPGEN1013 AAACAGCAATGATCGAGCATAATC

CROPGEN1014 GGCAGATTTATGAGGATAGAATGC

CROPGEN1015 AAACGCATTCTATCCTCATAAATC
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Supplemental table S7. Partition of the B73v5 genome.

Partition %
Intergenic 88,414
PromoterProx! 3,343
PromoterCore? 0,178
5 UTR 0,494
Exon 1,871
Intron 5,052
3*UTR 0,648
Total 100%

' PromoterProx: Proximal promoter region located 101 — 2,100 bp upstream of the start of the 5’ untranslated
region (UTRs) of a gene.
2 PromoterCore: Core promoter region located 1 — 100 bp upstream of the the start of the 5 UTR of a gene.
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Supplemental table S8. Number of observed and expected Mu insertions across the B73v5 genome.

Intergenic 52,718 684,938 -1,114
PromoterProx 98,510 25,899 0,580
PromoterCore 53,950 1,380 1,592

5°UTR 331,168 3,824 1,938
Exon 115,786 14,491 0,903
Intron 95,371 39,141 0,387

3*UTR 27,189 5,020 0,734

We used Pearson's x? test with Yates' continuity correction to calculate the ratio between the number of observed
and expected insertions per genomic partition.
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Supplemental table S9. Top five Mu-tagged genes identified to overlap in at least six BonnMu-F2-families, segregating for the mrd1 phenotype.

7 Zm00001eb007200 21,551,923-21,555,136 N/A Not regulated
38 Zm00001eb008060 24,000,830-24,011,578 Cop9 signalosome complex subunit 4 Downregulated
6 Zm00001eb011170 35,712,410-35,717,428 N/A Not regulated
8 Zm00001eb013450 45,537,884-45,539,961 Probable protein phosphatase 2C 30 Not regulated
11 Zm00001eb015320 53,030,837-53,032,126 'a",/7§’2,/75c5f',.f7‘$’;‘j’2i’:7’;{n"sf TFs having WRKY | \ ot regulated
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Supplemental table S10. The matrix displays the percent identity and similarity among MRD1 homologs.
The full protein sequences of each organism were aligned using MUSCLE algorithm in Mega X (Kumar et
al., 2018) and the percentages of identity and similarity of the aligned sequences were calculated using
Ident and Sim (Storthard, 2000).

Identity (%)
At B. d. H.v. O.s. P.p. S. b. Z. m.
Similarity (%)

At 82 84 85 72 84 84
B. d. 90 95 92 72 94 94
H. v. 91 98 94 74 95 95
O.s. 91 95 97 74 96 96
P. p. 84 83 84 85 74 74
S. b. 90 96 98 98 84 100
Z m. 90 96 97 98 84 100

A. t., Arabidopsis thialiana; B. d., Brachypodium distachyon; H. v., Hordeum vulgare; O. s., Oryza sativa; P. p.,
Physcomitrella patens; S. b., Sorghum bicolor; Z. m., Zea mays.

The UniProt accession numbers used for each organism are Q8L5UO (A. t.), [1H8K4 (B. d.), AOA8I6XNS54 (H. v.),
Q10QG2 (O. s.), A9TH34 (P. p.), CSWUNS5 (S. b.) and B4FCA4 (Z. m.).
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Supplemental table S11. CRISPR/Cas9-edited mrd1 plants for the first target region (WT, Wild type; mut., mutant). The dual gRNA1 and gRNA2 were used
to target a 441 bp region between exon 1 and intron 2 of the mrd1 gene.

843-481-A mrd1-2 +3 +1 WT mut. WT mut. Edited
843-481-Ba mrd1-3 -27 No INDEL WT mut. WT mut. Edited
843-481-Bb mrd1-4 -36 No INDEL WT mut. WT mut. Edited
843-481-E mrd1-5 +2 -10 WT mut. WT mut. Edited
843-481-F mrd1-6 +1 No INDEL WT mut. WT mut. Edited
836-481-A mrd1-7 -3 +1 WT mut. WT mut. Edited
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Supplemental table S12. CRISPR/Cas9-edited mrd1 plants for the second target region (WT, Wild type; mut., mutant). The dual gRNA3 and gRNA4 were

used to target a 592 bp region between exon 11 and exon 13 of mrd1 gene where the PCl domain of the gene is located.

837-482-Aa mrd1-8 4 9
837-482-Ab mrd1-9 +1 No INDEL

837-482-Ac mrd1-10 | NoINDEL | -2, -44,-32

837-482-Ae mrd1-11 1 NA Di‘:fag‘em
837-482-Af mrd1-12 -35 A, -2

837-482-Ag mrd1-13 |  No INDEL A

837-482-B* mrd1-14 | -11,-597 597

TO transformants were chimeric for the target gene editing and therefore, there are more than one INDELs for the same gRNA in some plants.
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