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ABSTRACT

Plant height is an important agronomic trait and a major target for crop improvement.
Owing to the ease of detection and measurement of plant stature, as well as its high heritability,
several height-related mutants have been reported in maize. The genes underlying a few of those
mutants have also been identified, with a majority of them related to the biosynthesis or signaling
of two key phytohormones - gibberellins (GAs) and brassinosteroids (BRs). However, most other
maize dwarfing mutants, and especially those that result from gain-of-function mutations, remain
uncharacterized. The present study was undertaken to characterize a novel dominant dwarfing
mutant, named D13. This mutant appeared in the M1 population of the inbred B73 that was
generated by mutagenesis with ethyl methanesulfonate (EMS). Like most other maize dwarfing
mutants, the reduction in D13 height was largely due to the compression of the internodes.
However, unlike the GA or BR mutants, D13 had no defects in the female or male inflorescences.
Further, in contrast to the GA and BR mutants, the mesocotyl elongation during etiolation was not
impacted in D13. D13 seedlings developed red coloration in two to three lowermost leaves. In
addition, D13 also showed enhanced tillering when the phenotype was very severe. The size of the
shoot apical meristem of D13 was reduced slightly, and significant aberrations in the structure of
vascular bundles in the mutant were observed. All anatomical and phenotypic features of D13 were
highly exaggerated in homozygous state, indicating the partially dominant nature of the D13
mutation. Interestingly, the heterozygous mutants showed remarkable variation in their phenotype,
which was maintained across generations. Moreover, the D13 phenotype was found to be sensitive
to the genetic background, being completely suppressed in Mol17, Oh7B, enhanced in CML322,
P39 and changed to different degrees in others. To identify the genetic defect responsible for the
D13 mutant phenotype, a map-based cloning approach was used, which identified a single base-
pair change from G to A (G2976A) in the coding region of a glutamate receptor gene
(Zm00001d015007). The G2976A missense mutation resulted in the replacement of alanine with
threonine at the location 670. The replaced alanine is highly conserved in glutamate receptors
across all domains of life from cyanobacteria to plants to mammals, suggesting a causal
relationship between the G2976A substitution and the D13 phenotype. To validate this relationship,
a targeted EMS-based mutagenesis approach was used to knock-out (inactivate) the D13 mutant

allele. A suppressor mutant was found in which the D13 mutant phenotype reverted to the normal
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tall phenotype. The sequence of the revertant allele, designated D13*, revealed that the original
D13 mutant allele underwent a second G to A mutation (G1520A) to change glycine into aspartic
acid at position 473. This intragenic second-site mutation in the D13 allele suppressed the function
of the D13 allele, thereby preventing it from interfering with the function of the wild type allele.
To further unveil the genes and underlying mechanisms that enable the D13 mutant to confer a
dwarf phenotype, transcriptomic and metabolomic analyses of D13 mutants were conducted and
compared to the wild type sibs. While the omics analysis confirmed that stress responses were
upregulated and genes related to shoot system development were downregulated in the mutant, the
data did not allow us to pinpoint the underlying mechanisms that connect the D13 mutation with
its dwarfing phenotype. Furthermore, it remains unclear whether these stress and shoot system-
related changes result in the manifestation of D13 phenotype, or the dwarf phenotype due to D13
mutation activates the stress-related mechanisms. This is the first study that signifies the

importance of a glutamate receptor gene in controlling plant height.
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CHAPTER 1. REVIEW OF LITERATURE

1.1 Plant height

Plant height, mainly attributed to elongation of the stem, is a highly heritable agronomic trait
that contributes to the yield potential of crop plants. Manipulating the height has a significant
impact on the overall yield of the plant. The green revolution during the 1960s and 70s is a great
example, where introduction of semi-dwarf wheat and rice varieties in the developing countries,
in combination with the increased use of nitrogen fertilizer, resulted in a tremendous increase in
the crop yield (Khush 2001). The short height prevented lodging and allowed the plant to utilize
energy efficiently to convert the fertilizer inputs into higher yields. Thus, manipulating plant height
is an effective strategy to improve crop productivity. However, to achieve this goal, it is
fundamental to understand the genetic and molecular mechanisms that regulate plant height.

Plant height, being easily measurable, has been widely studied by breeders and geneticists,
and several genes that influence this trait are known. The green revolution genes- semidwarfl
(sd1) and Reduced height (Rht), are responsible for the semi-dwarf rice and wheat cultivars,
respectively. The Sd1 gene in rice encodes GA20-oxidase, which is an important enzyme involved
in gibberellic acid (GA) biosynthesis (Monna et al. 2002). The wheat Rht genes, Rht-B1 and Rht-
D1, encode DELLA proteins (Pearce et al. 2011). Mutations in Sd1 and Rht lead to defects in GA
biosynthesis and signaling (Peng et al. 1999; Spielmeyer et al. 2002). Utilizing such mutants
compromised in plant height is an excellent way to identify the genes related to the trait. Similarly
in maize, dwarf mutants have helped to identify several genes responsible for the dwarf phenotype,
such as d1, d3, d5, D8, D9, nal, na2 (Winkler and Helentjaris 1995; Hartwig et al. 2011; Chen et
al. 2014; Best et al. 2016). These genes are mainly associated with phytohormones and affect their
biosynthesis, transport, or signaling. This chapter provides an overview of the factors that are
known or potentially involved in controlling plant height in maize.

1.2 Effect of phytohormones on plant height

Plant hormones are the chemical messengers that control multiple aspects of plant growth
and development. All plant processes, starting from the germination of the seed until the

production of new seed, involve the activity of these hormones. They are required for cell division,
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elongation, response to stimuli, stress response, flowering, maturation, and abscission. The
hormones that influence plant height in maize include gibberellins, brassinosteroids, and auxins.
Defects in the biosynthesis or signaling of these hormones cause a characteristic phenotype in the
mutants, e.g., the appearance of anthers in the ear in GA mutants, and shortening of upper
internodes in BR mutants. There are only two known genes AP2 and ZmRPHZ1, that are not directly
related to phytohormones that affect plant height in maize. There is a possibility that these might
indirectly influence phytohormone pathway, but the mechanism of action of these is not yet known.
Phytohormones are by far the indispensable regulators of plant height in corn.

1.2.1 Gibberellins

The plant hormones gibberellins (GAs) are tetracyclic diterpenoids that regulate seed
germination, stem elongation, and induction of flowering (Achard and Genschik 2009). Dwarf
maize mutants are grouped into two categories: GA-responsive and GA-nonresponsive mutants,
depending on their ability to respond to exogenously applied GA (Fujioka et al. 1988a). Short
internodes, short broad leaves, reduced tassel branching, and anther development in the ear are
characteristics of typical GA mutants (Bensen et al. 1995; Cassani et al. 2009).

The biosynthesis of GAs takes place in three phases in different cellular compartments
catalyzed by three classes of enzymes: terpene synthases (TPPs), cytochrome P450 mono-
oxygenases and 2-oxoglutarate-dependent dioxygenases (20DDs) as described below (Yamaguchi
2008) (Figure 1.1).

Phase I: Conversion of geranylgeranyl phosphate to ent-kaurene in the plastid is mediated
by two terpene synthases: ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS)
('Yamaguchi 2008). Mutations that affect these enzymes result in dwarf phenotype in maize. For
example, loss of function mutations in the Anl gene that encodes CPS resulted in GA responsive
semi-dwarf phenotype (Bensen et al. 1995). In addition, the d5 mutants are associated with loss of
ent-kaurene synthases (KS) due to mutation in the 5’UTR region of the ZmKSL3 gene (Fu et al.
2016). Exogenous supply of kaurene derivatives (kaurenol and kaurenoic acid) to anl and d5
mutants restores the phenotype in seedlings compared to untreated mutants (Katsumi et al. 1964),

thus, revealing the importance of these two genes in controlling plant height.
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Figure 1.1 Schematic of the GA biosynthesis pathway (modified from Igielski and K¢pczynska 2017). The
red circles show the know GA mutants in maize. The enzymes impacted in these mutants are shown in red.
The gray boxes represent the active forms of GA.
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Phase I1: Formation of GA12 in the endoplasmic reticulum. GA12 is a common precursor
for all GAs in plants (Hedden and Thomas 2012). The conversion of ent-kaurene to GA12 is a Six-
step process carried out by two cytochrome P450 mono-oxygenases: ent-kaurene oxidase (KAO)
and ent-kaurenoic acid oxidase (KAO). Maize gene Dwarf 3 (D3) encodes a cytochrome P450
enzyme of subfamily CYP88 (Winkler and Helentjaris 1995). Earlier, it was proposed that
mutations in D3 impact the 13-hydroxylase activity (GA12 — GA53) (Winkler and Helentjaris
1995; Fujioka et al. 1988b), however, later studies suggested that Dwarf3 likely encodes KAO
(Helliwell et al. 2001), impacting the biosynthesis of GA12.

Phase I11: Production of bioactive GAs in the cytosol. It is the bioactive GAs that regulate
various aspects of plant growth and development. Major bioactive GAs in plants include GA1,
GA3, GA4, and GA7 (Yamaguchi 2008). The synthesis of these bioactive GAs from GA12, which
requires 20DDs (GA20ox and GA3ox), occurs by hydroxylation of C-13 (13-hydroxylation
pathway) and/or C-20 (non-13-hydroxylation pathway). These parallel pathways lead to the
production of GA20 and GA9, respectively, by the action of GA200x. The final steps catalyzed by
GA3ox produce bioactive GAs. Dwarf-1 (d1) gene in maize encodes GA3ox that catalyzes four
reactions: GA20 to GA3, GA20 to GAl, GA5 to GA3, and GA9 to GA4. Four independent d1
alleles carrying mutations in GA3ox have been identified. These d1 mutants are recessive, GA-

responsive, and display dwarfism and andromonoecy.

Following the synthesis of GAs, the GA signaling requires a class of plant-specific GRAS
family transcription regulators known as DELLA proteins. They are nuclear-localized proteins that
act as negative regulators of GA response. DELLA proteins repress the GA response by either
physically interacting with other transcription factors like PIF (Phytochrome interacting factors)
to inhibit DNA binding or interacting with transcription regulators to inhibit their activity. Some
studies also suggest that DELLA proteins function as trans activators (Hirano et al. 2012).
DELLA-mediated growth repression is overcome by the proteasomal degradation of DELLA
proteins initiated by the availability of GAs. The bioactive GAs bind to the GA binding pocket of
a soluble GA receptor, Gibberellin insensitive dwarf 1 (GID1) (Ueguchi-Tanaka et al. 2005)
inducing conformational changes in the protein. GID1 then binds to DELLA, forming a GA-GID1-
DELLA complex that allows the interaction of DELLA with SLEEPY1/GID2, an F-box protein

that recruits DELLA to the SCFS-Y!E3 ligase complex for ubiquitination and subsequent
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degradation via the ubiquitin-26S proteasomal pathway. In maize, two dominant mutants, Dwarf8
(D8) and D9 (a D8 paralog) encoding DELLA proteins have been identified. Both are GA-non-
responsive mutants and show phenotypes similar to the GA-responsive mutants i.e. dwarfing,
delayed flowering, and anthers in ears (Lawit et al. 2010). Transgenic Arabidopsis plants that
express D8 and D9 alleles also exhibit a dwarf phenotype, strongly indicating the relation of
these genes to plant height. The D8-1023 mutant has an insertion in the VHYNP domain
(Cassani et al. 2009). This domain, along with another conserved domain DELLA in the N-
terminal regions of a DELLA protein, is required for interaction with GID1 and thus, mutations in

DELLA and VHYNP domains can impair GA perception and in turn impact plant height.

1.2.2 Brassinosteroids

Brassinosteroids (BRs) are commonly occurring steroid hormones that control many
aspects of plant growth and development. More than 70 BRs have been identified in plants (Bajguz
2007; Zhao and Li 2012). The most active form of brassinosteroids is brassinolide (BL). It is
synthesized from a phytosterol, campesterol (CR), either via campestanol (CN)-dependent or
campestanol-independent pathways (Figure 1.2). In the CN-dependent pathway, CN is converted
to castasterone (CS) via early or late C-6 oxidation pathways, which is then finally converted to
BL. Plants defective in brassinosteroid signaling or biosynthesis result in a typical dwarf
phenotype, delayed flowering time, and de-etiolated phenotype in dark-grown plants (Clouse and
Sasse 1998). In addition, BR deficiency in maize results in a tassel seed phenotype (Hartwig et al.
2011; Best et al. 2016). Several BR mutants have been identified in Arabidopsis, tomato, and rice
(Bishop 2003). However, only three brassinosteroid biosynthesis mutants have been characterized

in maize.

The maize dwarf mutant nanal (nal) carries a loss of function mutation in the DET2 (DE-
ETIOLATED2) homolog in the BR biosynthetic pathway (Hartwig et al. 2011). DET2 encodes a
steroid Sa-reductase involved in BR biosynthesis in Arabidopsis. This enzyme catalyzes the
conversion of 4-en-3-one to 3-one (Noguchi et al. 1999; Fujioka et al. 1997). Defects in the DET2
enzyme lead to accumulation of the substrate 4-en-3-one resulting in BR deficiency. The nal
mutant is one-third of the height of wild type plants and shows a decrease in internode length and

a tassel seed phenotype.
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Similar to nal mutants, nana2 (na2) mutants show severe dwarf and tassel seed phenotypes
(Best et al. 2016). The na2 mutants accumulate 24-methylenecholesterol and have reduced levels
of downstream intermediate campesterol. These findings suggest that the na2 phenotype is due to
a defect in A%*-sterol reductase. The maize na2 gene is an ortholog of the Arabidopsis DWF1 gene
involved in the conversion of 24-methylenecholesterol to campesterol. Sequencing of na2-1
mutant plants revealed a C to T change that generated a premature stop codon resulting in a loss
of 110 amino acids from the protein. Three additional alleles na2-2, na2-3, and na2-4 identified
from the dwarf plants carry novel G to A mutations in the same gene, further strengthening the

link between na2 and plant height.

Another mutant, brd1, is also defective in BR biosynthesis (Makarevitch et al. 2012). The
mutant exhibits a very severe dwarf phenotype with no internode elongation. The mutation is
mapped to chromosome 1 in a region containing four genes. Among the four genes, only
brassinosteroids-deficient dwarf 1 (brd1) has a mutation in the exonic region. The brd1 gene in
maize encodes brassinosteroid C-6 oxidase (Br-6-o0x), which is involved in the final steps of BR
biosynthesis. A single base change leading to a premature stop codon results in the loss of cyp450
domain, thus rendering the protein non-functional. The mutant phenotype can be partially rescued
by the exogenous supply of BRs in the growth media. The mutants possess an increased quantity
of brd1 transcripts, which are reduced by exogenous brassinolide treatment, suggesting negative

feedback regulation of brd1 by brassinolide.

The formation of the active BRs in plants initiates BR signaling cascades. Most of our
understanding of BR signaling is derived from studies in Arabidopsis, whereas it is not well
understood in maize. The active BRs, e.g., BL bind directly to a leucine-rich repeat (LRR)
containing receptor-like kinase (RLK) known as Brassinosteroid insensitive 1 (BRI1) localized in
the plasma membrane. The binding of BL to BRI1 allows the formation of BRI1-BAKL1
(Brassinosteroid insensitive-1-associated receptor kinase) complex. This heterodimer formation
activates a phosphorylation cascade in the plant. BRI1 gets activated by auto- and
transphosphorylation events between BRI1 and BAKL. The activation of BRI1 leads to the
activation of BR signaling kinases (BSK1, BSK2, and BSK3). These kinases then bind to and
activate BRI1 suppressorl (BSU1), which dephosphorylates BIN2 (Brassinosteroid insensitive 2).
In the absence of BR, BIN2 inactivates BZR and BES1 protein through phosphorylation. Inactive
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BZR/BES1 proteins are retained in the cytoplasm by binding to 14-3-3 proteins.
Dephosphorylation of BIN2 renders it inactive and allows its degradation by 26S proteasome,
eliminating its inhibitory effect on BZR/BESL1 proteins. The active forms of BZR and BES1 bind
to the promoter of target genes and regulate the transcription of many BR- responsive genes, thus

regulating BR-mediated plant development.

Arabidopsis and rice contain one BRI1 and three functionally redundant BRI1-like receptor
kinases (BRL1, BRL2, and BRL3) (Cano-Delgado 2004; Nakamura et al. 2006). Maize contains
two BRI1 homologs and three BRLs (Kir et al. 2015). Transgenic plants developed by knockdown
of the five BRI1/BRLs in maize exhibit reduced height. The reduction in height was due to
shortening of internodes, especially above the ear (Kir et al. 2015). This is the only report in maize

that shows the effect of BR signaling on the height of plants

1.2.3 Other genes

All the genes influencing plant height in maize discussed so far are related to hormone
biosynthesis, signaling, or transport. Besides these, some additional height-related genes like Dill

and ZmRPH1 have been identified, but their mode of action is not well understood.

Dill (dwarf and irregular leaf 1) affects the leaf and stalk development in maize (Jiang et
al. 2012). Two semi-dwarf mutants, dil474 and dil338 identified through EMS mutagenesis have
shorter internodes and small size of stalk parenchyma cells. Dill encodes an AP2 transcription
factor-like gene. Sequence comparison of this gene in both the mutants and wild type plants shows
independent point mutations. The mechanism of action of dill is not yet known but it is believed
that it might influence the expression of genes related to hormonal pathways. Another gene
ZmRPH1 (Reducing Plant Heightl) encodes a microtubule-associated protein (MAP) (Li et al.
2019). Overexpression of this gene in maize inbred line B73 leads to a reduction in the mesocotyl
length as well as the size of parenchyma cells. The seedlings also exhibit reduced root length. At
later stages, the plants show reduced internode length. Overexpression of ZmRPHL1 in Arabidopsis

also results in shorter hypocotyls in the transgenic lines.
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1.2.4 Auxins

In addition to GAs and BRs, auxins have emerged as another important class of hormones
influencing plant height in corn. The brachytic 2 (br2) mutant in maize shows defects in polar
auxin transport in a light-dependent manner (Multani et al. 2003). The reduced height of this
mutant is caused by shortening of lower stalk internodes. The dwarf plants also display an increase
in the diameter of affected internodes. This increase in girth is a result of an increase in the number
of stalk cells and not an increase in the size of cells. The br2 mutation in maize leads to loss of
function of a transporter of the multidrug-resistant (MDR) class of P glycoproteins (PGPs).
Mutations in PGPs in Arabidopsis also impact the auxin transport, strongly suggesting the role of
PGPs in polar movement of auxins. Multani et al. further extended their study to dw3 mutants in
sorghum. The interest in these mutants arose because of their strikingly similar dwarfing
phenotype to br2. The sequence of dw3 gene shows high similarity to the br2 gene further

suggesting the role of auxin in regulating plant height.

1.2.5 Hormone crosstalk to regulate plant height

BR and GA mutants exhibit severe dwarfing phenotype and defects in floral development.
These hormones have been shown to interact with each other in rice and Arabidopsis. Best et al.
(2016) studied the interaction between these hormones in maize. They developed BR and GA
biosynthetic double mutants using the BR mutants na2-1, nal-1, and GA mutants, d1 and d5. BR
and GA have an additive effect on plant height. The double mutants have much shorter internodes
than the individual mutants. The treatment of na2-1 mutants with GA results in a similar increase
in length of the internodes as the wild type counterparts, therefore, indicating that these hormones
independently influence plant height and show no interaction in maize. However, Best et al.
reported that tiller number and reproductive organ development are influenced by interactions

between these hormones (Best et al. 2016).

There are other studies that show direct cross talk between GA and BR. Hu et al. utilized
GA and BR inhibitors, Ucz (Uniconazole) and Pcz (Propiconazole), respectively, to mimic the
effect of GA and BR biosynthetic mutants in maize (Hu et al. 2017). Both inhibitors independently
affect plant height in backcross families of a stiff stalk crossed to a tropical line. However, they
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also discovered that lines more tolerant to one of the inhibitors also show similar response to the
second inhibitor. In addition, GWAS analysis identified one SNP marker, that was linked to a BR
signaling pathway gene ZmBSU1, that is associated with both BR and GA indicating that BSU1
may be involved in interaction between GA and BR. Recent studies in Arabidopsis have also
demonstrated that direct interactions between BZR/BES1 and DELLA mediate BR/GA crosstalk
to control cell elongation (Li and He 2013). DELLA proteins act as negative regulators of the BR
pathway, whereas BZR1 positively regulates the GA pathway.

The interaction between BR and GA in maize is complex and there is no defined mode of
communication. More studies are needed to better understand the influence of crosstalk between

the two hormones on plant growth and development.

1.3 Plant glutamate receptor genes

The glutamate receptor gene family is well known for its role in mammalian excitatory
neurotransmission (Ozawa 1998). Mammalian glutamate receptors act as non-selective cation
channels and transport cations, including Na*, K*, and Ca?* across the cell membrane (Mayer and
Armstrong 2004; Ozawa 1998). They are broadly divided into two categories: ionotropic and
metabotropic receptors (Nakanishi 1992). lonotropic glutamate receptors (iGluRs) themselves act
as ion channels and allow passage of cations across the membrane, whereas metabotropic receptors
(mGIuRs) are G-protein coupled receptors that work indirectly by activating other ion channels.
The iGIuRs further group into different classes based on the selective agonist: NMDA, AMPA,
kainate, and delta receptors.

Plant glutamate receptors (GLRs) are homologs of ionotropic class of mammalian glutamate
receptors (iGIuRs) (Lam et al. 1998; Davenport 2002). This gene family was first identified in
Arabidopsis and is comprised of 20 members (Lam et al. 1998; Chiu et al. 2002). GLRs have been
identified in other plant species, including mosses, rice and tomato (Li et al. 2006; Aouini et al.
2012; Lu et al. 2014; Ortiz-Ramirez et al. 2017). In contrast to mammalian GluRs, plant GLRs
play arole in plethora of processes, including light signaling, carbon-nitrogen metabolism, defense
response, stomatal closure, pollen tube growth, root growth and development, and drought
tolerance. Since the discovery of this gene family in plants, scientists have been interested in

determining its roles and mechanism of action. However, progress has been slow due to high gene
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redundancy. Fully characterizing this receptor family has been a challenge due to a lack of mutants
with an apparent phenotype. Most of our knowledge about plant GLRs relies heavily on their

similarity with their mammalian counterparts.

1.4 Evolution of plant glutamate receptor genes

Before the discovery of glutamate receptors in plants in 1998, these receptors were
predominantly associated with neurotransmission. The occurrence of this receptor family in plants
was surprising initially because plants lack nervous system. The initial studies focused on placing
the newly discovered plant GLRs in the evolutionary tree. Plant GLRs share common ancestry
with iGIuRs but diverged very early from animal iGIuRs, before the divergence of different classes
of iGIuRs (Chiu et al. 1999; 2002). Primitive GIuR signaling mechanisms existed even before the
separation of plants and animals, as is indicated by the presence of GIuRs in the prokaryotes,
cyanobacteria Synechocystis (GIuR0) and Anabaena (Chen et al.1999; Chiu et al. 2002). Thus, this
receptor family is not unique to animals and evolved in both plants and animals. High similarity
of functional domains in glutamate receptors with other proteins suggests that glutamate receptors
originated by the fusion of a periplasmic binding protein (PBP) with a potassium ion channel
(Galen Wo and Oswald 1995).

Arabidopsis possesses 20 glutamate receptor-like genes (AtGLRs), which are grouped into
three clades based on sequence similarity, with clade I and 11 being sister clades (Chiu et al. 2002).
Tomato contains 13 GLRs, which are also grouped into three clades. Comparison of tomato and
Arabidopsis GLRs shows homology between two of the three clades (clade Il and I1), whereas
clade | of tomato is distinct from Arabidopsis clade | (Aouini et al. 2012). The rice GLRs also
divide into three clades, but one of the rice GLR clades does not group with any of the three clades
in Arabidopsis (Ni et al. 2016). These studies indicated the presence of a distinct clade in plants
apart from the three clades in Arabidopsis, which was later identified by Bortoli et al. (2016). The
fourth clade contains sequences from tomato and rice that did not group with the three Arabidopsis
clades. Besides these, clade IV also contains sequences from Phoenix dactylifera, E. guineensis,
M. acuminate, and C. melo (Bortoli et al. 2016). The GLRs in mosses (Physcomitrella patens) and
gymnosperms (Ginkgo biloba) group with the clade 111 in Arabidopsis indicating that clade 111 is

the most ancient among all the clades (Bortoli et al. 2016).

25



The clade classification of mammalian glutamate receptors into NMDA, AMPA/KA, delta
receptors conforms to their division based on ligand binding and electrophysiological properties.
However, no such distinctions have been established for plant GLRs. The differentiation of clades
in plants is independent of specific function or expression patterns (Chiu et al. 2002). While clade
I and I11 genes in Arabidopsis are ubiquitously expressed (leaves, siliques, roots, and flowers) with

high expression in the roots, clade 11 genes are mostly root specific.

1.5 Structure of glutamate receptors

Although the plant and animal iGIuRs diverged very early on during evolution, they do share
a similar structure consisting of an N terminal domain (NTD), two ligand-binding domains, three
transmembrane domains (M1, M3, M4), a pore domain (M2) and a C terminal domain (Madden
2002; Lam et al. 1998). The structural domains share sequence identity ranging from 16 to 63%,
with the M3 region showing the highest identity (Lam et al. 1998; Chiu et al. 1999). The N-terminal
domain and the two ligand-binding domains are on the extracellular side of the membrane, and the
C-terminal domain is intracellular. Between these lie the transmembrane domains that form the

channel for the cations to pass through.

Mammalian iGIluRs assemble as homo- or hetero-tetramers to form a functional ion channel
(Madden 2002; Traynelis et al. 2010). Dimerization is facilitated by a strong interaction between
the NTDs of two subunits. A subsequent dimerization takes place through interactions of the
ligand-binding domains and transmembrane domains. Functional channels are formed by
interactions between the subunits within the same iGIuR class (Nath et al. 1988). Studies suggest
that glutamate receptors form multimeric complexes in plants but the subunits that make up plant
GLRs are not well known. Roy et al. (2008) proposed the possibility of heteromer formation when
they observed co-expression of an average of five to six AtGLRs in single epidermal and
mesophyll cells obtained from leaves. AtGLRs 3.2 and 3.4 physically interact with each other
when expressed in mammalian HEK293 cells as well as Nicotiana benthamiana (Vincill et al.
2012; 2013). Homomer formation for AtGLRs 1.1 and 3.4 has also been reported (Price et al.
2013). A modified yeast-2-hybrid system approach known as “yeast mating-based split ubiquitin
system (mbSUS)” identified interactions between various subunits (1.1, 2.1, 2.9, 3.2, and 3.4).

These studies highlight that the interactions between plant iGluRs are not clade-specific (Price et
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al. 2013). Members from any of the three clades can come together to form multimeric complexes,

that contrasts with mammalian iGIluRs, which only interact within their clade.

The four subunits of a functional ion channel cross each other at a conserved “SYTANLAA”
motif in the M3 domains (Wollmuth 2004). This motif, also referred to as the “gating motif,” lines
the opening of the channel on the extracellular side of the membrane. This motif is highly
conserved in all the iGIuRs and mutations in this region significantly alter the channel activity.
The lurcher mutant (Lc) in mice is a result of the spontaneous conversion of alanine at position 8
to threonine in the 62 glutamate receptor (Zuo et al. 1997). It is a semi-dominant neurological
mutation that constitutively activates the ion channel and subsequently causes the death of all the
cerebellar Purkinje cells. The T648A (T3A) mutation in NMDA GIuRs produced large holding
currents, suggesting that channel is constitutively open in these mutants (Kashiwagi et al. 2002).
Similarly, an increase in leak currents is observed with the A4C mutation (Sobolevsky et al. 2007).
A slightly modified form of the “SYTANLAA” motif is present in plant GLRs. Most of the plant
GLRs contain “SYTASLTS” motif (Aouini et al. 2012; Price et al. 2012; Wudick et al. 2018a).
The Alanine at position 4 is the most conserved residue and is present in all the mammalian, plant,
and bacterial glutamate receptors. This particular Alanine (A4 in SYTANLAA motif) acts as the
“hinge” and pulls the M3 helices away from each other, thus opening the channel gate on the

extracellular side (Twomey and Sobolevsky 2018).

Activation of the channel requires the binding of a specific ligand(s) to the ligand-binding
domains, which leads to conformational changes causing the channel to open. L-glutamate is the
primary ligand that binds to the GIuR channels in mammals. Some of the other amino acids, like
glycine, aspartate, and D-serine, have also been reported to bind to these channels. The similarity
of the GLR structure in animals and plants led to the belief that plants GLRs might be gated by the
same amino acids as their mammalian counterparts. However, studies indicate that plant GLRs
have a broader ligand specificity than animal iGIuRs (Forde and Roberts 2014; Vincill et al. 2012;
Tapken et al. 2013). Glutamate is still the most common ligand that activates the channel. However,
membrane depolarizations and Ca®" influxes have also been observed with glycine, asparagine,
serine, alanine, cysteine, methionine and even glutathione (Dubos et al. 2003; Michard et al. 2011;
Vincill et al. 2012; Li et al. 2013; Tapken et al. 2013; Forde and Roberts 2014).
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1.6 Sub-cellular localization of GLRs

Determining the subcellular localization of GLRs can be a step towards better understanding
their specific role in a cell. The analysis of the N terminal domain (NTD) sequence indicates their
involvement in the secretory pathway. Thus, they are most likely located in the plasma membrane
(Meyerhoff et al. 2005; Vincill et al. 2012). However, they are also predicted to be targeted to
other cellular compartments (http://aramemnon.botanik.uni-koeln.de/). AtGLR3.4 is localized in
both the plastid and the plasma membranes (Teardo et al. 2011). Dual targeting to mitochondria
and chloroplast was observed for AtGLR3.5 guided by alternative splicing (Teardo et al. 2015).
Kong et al. (2016) reported AtGLR3.5 localization in the plasma membrane as well as chloroplast.
AtGLR2.1 and AtGLR3.3 are the two GLRs highly expressed in the pollen. Subcellular
localization studies with these two GLRs demonstrated AtGLR2.1-GFP localized to the tonoplast,
whereas AtGLR3.3-GFP is found in the sperm plasma membrane as well as the endomembranes
(Wudick et al. 2018b).

1.7 Role of glutamate receptors in plants

GLRs in plants are implicated in a wide array of processes, including carbon-nitrogen
metabolism, defense response, stomatal closure, pollen tube growth, root growth and development,

and drought tolerance.

1.7.1 Lightsignal transduction

Lam et al. (1998) demonstrated the role of AtGLRs in transmitting light signals in
Arabidopsis. Hypocotyl length is an important indicator of light-driven development in plants.
Arabidopsis seedlings grown in normal light conditions exhibit short hypocotyls, whereas limiting
light leads to hypocotyl elongation. Arabidopsis seedlings treated with DNQX, an antagonist of
animal iGluRs, show an increase in hypocotyl length and reduction in light-induced chlorophyll
accumulation when grown in light. Dark grown plants do not show any effect on either of these
traits. The treatment of light-grown Arabidopsis plants with BMAA, an agonist of animal iGIuRs,

also promotes hypocotyl elongation and inhibits cotyledon opening (Brenner et al. 2000).
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1.7.2 Defense response

Glutamate receptors play both direct and indirect roles in plant defense response. Over-
expression of a GLR from small radish, Raphanus sativus (RsGLR) in Arabidopsis improves
resistance to necrotic fungal pathogen Botrytis cinerea (Kang et al. 2006). AtGLR3.3 is involved
in mediating resistance to downy mildew, caused by the oomycete, Hyaloperonospora
arabidopsidis (Manzoor et al. 2013). In addition, AtGLR3.3 plays a role in glutathione (GSH)
mediated defense response against the bacterial pathogen, Pseudomonas syringae (Li et al. 2013)

as well as in defense response to mechanical wounding (Mousavi et al. 2013).

Plants recognize MAMPs (Microbe Associated Molecular Patterns) and DAMPs (Damage
Associated Molecular Patterns) as foreign molecules and elicit a defense response. Bacterial and
fungal MAMPs (elf18, flg22, and chitin) trigger a rapid influx of calcium ions from the apoplast
(Kwaaitaal et al. 2011). This MAMP-triggered Ca?* flow is disrupted by inhibition of the GLRs
using iGIuR antagonists (AP-5, AP-7, kynurenic acid). The treatment with kynurenic acid also
causes a decrease in transcripts of some of the MAMP-triggered defense genes. Damage to the
plant cell wall elicits the production of oligogalacturonides (OGs), which in turn induce a defense
response. Manzoor et al. (2013) demonstrated the involvement of AtGLR3.3 in OGs-triggered
immune response. Antagonists of iGIuRs, including DNQX, CNQX, and MK-801 cause a 55-60%

reduction in OGs-triggered cytosolic calcium ([Ca?*]eyt) variations.

Induced plant defense response generally involves the production of reactive oxygen
species (ROS), variation in cytosolic calcium concentrations, production of reactive nitrogen
species like NO, membrane depolarizations, production of antimicrobial compounds such as
phytoalexins and accumulation of defense gene transcripts (War et al. 2012). Vatsa et al. (2011)
demonstrated the role of GLRs in cryptogein-induced Ca?* influx and NO production. Cryptogein
triggers the influx of Ca?* and is a well-known elicitor of hypersensitive response in tobacco.
Treatment of tobacco cells with iGIuR antagonists shows a reduction in cryptogein-induced Ca?*

influx as well as a decrease in NO.

Jasmonate dependent defense response was observed in plants upon mechanical wounding.
Mousavi et al. (2013) showed that electrical signals generated upon wounding travel to the distal
leaves in Arabidopsis and are followed by the accumulation of jasmonates and expression of

jasmonate responsive genes. These wound-activated surface potential (WASP) changes travel at

29



an average speed of 5.86 + 1.1cm/min from the wounded leaf to the distal unwounded leaves.
AtGLR3.3 and AtGLR3.6 are involved in propagating these wound-induced signals rather than
generating them (Hedrich et al. 2016). These findings are consistent with another study by
Salvador-Recatala (2016), which reported that GLR3.3 and GLR3.6 mediate the propagation of
signal from the wounded leaf to the neighboring unwounded leaves, whereas GLR3.5 acts as off
switch and prevents the transmission of the wound signal. Toyota et al. (2018) demonstrated a
rapid increase in the [Ca?*]cy: at the site of wounding induced by feeding caterpillar or mechanical
damage. The velocity and pattern of [Ca?*]c,: changes are similar to that of WASPs observed by
Mousavi et al. (2013). The increase in cytosolic Ca?* is accompanied by an increase in the
expression of defense responsive genes and accumulation of JA and JA-lle. The double mutant

glr3.3gIr3.6 completely inhibits the propagation of [Ca?*]cyt signal.

1.7.3 Stomatal movement

AtGLR3.1 and AtGLR3.5 are two GLRs highly expressed in the guard cells suggesting
their role in guard cell signaling (Yoshida et al. 2016; Cho et al. 2009). Transgenic plants
overexpressing AtGLR3.1 show an impaired stomatal closure in response to external Ca* (Cho et
al. 2009). Cytosolic calcium concentration regulates the stomatal closure by two mechanisms:
short-term calcium reactive closure and long-term closure (Allen et al. 2001). Short-term closure
occurs rapidly upon an increase in [Ca?*]eyt, Whereas the [Ca?*]ey: oscillations program long term
closure. Yoshida et al. (2016) showed the involvement of GLR3.5 in Glu-induced stomatal closure
in both Arabidopsis and fava bean. Ca®*-reactive stomatal closure is significantly impaired in the
glr3.1/3.5 double mutants (Kong et al. 2016) with no impact on the maintenance of stomatal

closure.

1.7.4 Stress response

Sivaguru et al. (2003) suggested that GLRs are involved in mediating a response to
aluminum (Al). Both Al and glutamate inhibit root elongation in Arabidopsis and cause
depolymerization of the membrane. Treatment with an iGIUR antagonist AP-5 inhibits the
responses produced by both Al and glutamate, suggesting their involvement in a single pathway.

GLRs are also involved in response to cold stress. Two-week-old Arabidopsis plants exposed to
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touch or cold show a three to six-fold increase in the expression of AtGLR3.4 (Meyerhoff et al.
2005). Cold stress also induces an increase in cytosolic calcium levels. Lu et al. (2014) showed
enhanced drought tolerance in rice and Arabidopsis plants overexpressing either of the two rice
GLRs, OsGLR1 and OsGLR2.

1.7.5 Root architecture

GLR3.4 and GLR3.2 are involved in lateral root initiation in Arabidopsis (Vincill et al.
2013). Knockout mutants glr3.4 and glr3.2 produce an increased number of lateral root primordia
as compared to wild type. However, the number of emerged lateral roots is not affected. The
mutant phenotype is reversed by expressing GLR3.4 in the mutant plants. Both GLR3.2 and 3.4
are localized in the phloem sieve plates and interact with each other. Li et al. (2006) demonstrated
the role of GLR3.1 in regulating cell division in root apical meristem. Loss of function mutation

in GLR3.1 due to T-DNA insertion inhibits root elongation giving rise to a short root phenotype.

1.7.6 Pollen tube growth

Michard et al. (2011) reported the role of GLRs in pollen tube growth. GLR antagonists
significantly inhibit the pollen tube growth rate in tobacco. The knockout mutant in Arabidopsis,
Atglr2.1, displays abnormal pollen tube phenotype with deformed tips. Another mutant Atglr3.7
shows a decrease in the pollen tube growth rate. The GLRs at the tip of the pollen tube are activated
by D-Serine ligand, which induces a Ca?* influx.

1.7.7 Carbon and nitrogen metabolism

Carbon and nitrogen are imperative for optimal growth and development in plants. These
are involved in various cellular functions, so plants need to maintain carbon/nitrogen balance.
Kang and Turano (2003) reported that AtGLR1.1 is involved in regulating carbon/nitrogen
metabolism and controls the germination of seedlings through its effect on ABA biosynthesis.
Disrupting the function of AtGLR by using DNQX or antisense lines increases ABA levels, which

in turn inhibit seed germination.
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This chapter summarizes the genes and mechanisms that are known to influence plant height
in maize. In addition, we described the glutamate gene family in plants and its role in plant growth
and development. Although glutamate receptor gene family influences a plethora of processes in
plants but have never been associated with control of plant height. Moreover, this gene family has
not been studied in maize. The present study will give insights into role of a glutamate receptor

gene in controlling plant height in maize.
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CHAPTER 2. A NOVEL SEMI-DOMINANT DWARF MUTANT IN
MAIZE EXHIBITING SENSITIVITY TO GENETIC BACKGROUND

2.1 Introduction

Plant height is a complex agronomic trait that is an important component of plant
architecture. Mainly attributed to the total length of the internodes of a plant, plant height is highly
heritable and a major contributor to the overall productivity of crops. As explained in chapter 1, it
was the introduction of semi-dwarf varieties of wheat and rice during the 1960s and 70s along with
the widespread use of fertilizers that led to the green revolution (Khush 2001). Dwarf plants not
only responded better to agricultural inputs but were also resistant to lodging. Studies on the green
revolution genes Sd1 in rice and Rht in wheat revealed their association with phytohormone
gibberellin function (Peng et al. 1999; Monna et al. 2002) and allowed identification of primary
targets for crop improvement. In other words, the knowledge of the genes and mechanisms that
control plant height helps facilitate breeding programs aimed at manipulating this trait to achieve

higher yields.

While dwarfism has not been exploited to improve crop productivity in maize but studies
on dwarf mutants such as anl, d1, d3, d5, D8, D9, nal, na2, brd1 and br2 have led to the cloning
of several genes influencing plant height (Bensen et al. 1995; Winkler and Helentjaris 1995;
Multani et al. 2003; Cassani et al. 2009; Lawit et al. 2010; Hartwig et al. 2011; Makarevitch et al.
2012; Chen et al. 2014; Best et al. 2016; Fu et al. 2016). These genes are associated with two key
phytohormones gibberellins (GA) and brassinosteroids (BR), which are described in greater detail
in chapter 1CHAPTER 1. The anl, d3 (dwarf3), and d5 are associated with gibberellin
biosynthesis; Dwarf8 and Dwarf9 encode DELLA proteins and impact gibberellin signaling;
nanal encoding DET2 homolog, and nana2 encoding a sterol reductase, disrupt BR biosynthesis;
brd1 encodes a brassinosteroid C6 oxidase involved in final steps of brassinosteroid biosynthesis;
and br2 shows defects in polar auxin transport. The knowledge of various regions in the genome
associated with a particular trait is very important to the breeders to achieve higher crop yields.
The lack of information, such as unidentified genome regions specific to a particular trait, may
hinder the desired outcome. An excellent example of this is a highly complex trait such as plant
height, which is not just impacted by hormone biosynthesis or signaling, but is also controlled by
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genes like the AP2 transcription factor-like gene and ZmRPH1 in maize. (Jiang et al. 2012; Li et
al. 2019). However, the functions of these genes are not well understood, which highlights the
need to characterize new dwarf maize mutants that will not only allow us to pinpoint the functions
of known genes but also make it possible to identify new genes and pathways that regulate the

height of a plant.

The results of a breeding program are likely to be influenced by the genetic background of
the line into which a trait is introduced. Two lines of maize can be as genetically distinct from each
other as are humans and chimpanzees (Buckler et al. 2006). The comparison of whole-genomes of
B73 and Mo17 revealed several thousand presence/absence variation sequences that are present in
B73 but completely missing in Mol17 and vice versa (Springer et al. 2009). There are several
hundred regions that exist in both genomes but exhibit a high rate of copy number variation
(Springer et al. 2009). This natural genetic variation is useful in identifying main-effect QTLs that
have a significant impact on the phenotypes (Kaeppler et al. 2000; Mickelson et al. 2002; Eichten
et al. 2011; Sorgini et al. 2019; Szalma et al. 2007). However, introgression of a main-effect QTL
into a different background does not always result in the desired phenotype due to interactions
with other loci in the new background (Bocianowski 2013). In hybrid backgrounds like Mo17/B73,
where the two parents are highly diverse, the interactions of single-locus QTLs with the other
regions can either enhance or suppress the effect of the original QTL. Several studies with maize
mutants have shown the impact of genetic background on different traits like plant architecture
(Lukens and Doebley 1999; Anderson et al. 2019) and lesion mimics (Hoisington et al. 1982;
Penning et al. 2004). The mutants in one genetic background might show a severe phenotype,

whereas in another background the phenotype can be partially or even completely suppressed.

In this dissertation, we report a semi-dominant dwarf mutant, D13 with a unique phenotype
that is unlike any of the known dwarf mutants. The plants have short stature and accumulate red
pigmentation in the tips of juvenile leaves. We describe the effect of genetic background on the
D13 phenotype. The mutant phenotype is clearly visible in B73, whereas it completely disappears
when introduced into some other backgrounds such as Mo17 and Oh7B. To map the D13 modifiers,
disease resistance introgression lines (DRIL41) (Lopez Zuniga et al. 2016) were crossed to
D13/+:B73 heterozygotes and mutant plant height was recorded in the F1 progeny of each cross.
Single marker analysis and composite interval mapping revealed three chromosomal regions

associated with the suppressed plant height.
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2.2 Material and Methods
2.2.1 Plant material

The D13 mutant was identified previously in our lab in an M1 population of EMS
mutagenized B73. The mutant plant was used as a pollen parent and crossed to inbred B73 to
generate progeny segregating 1:1 for wild-type (WT) and D13/+:B73 heterozygotes. The mutant
has been maintained in heterozygous condition by repeated backcrossing to B73. The
heterozygotes show instability in phenotype at maturity so only the severe D13 plants were used
for backcrossing to B73. Homozygous D13 mutants were obtained by selfing an intermediate

D13/+:B73 plant. D13 homozygotes are sterile, so they cannot be used for crossing.

Two F2 populations generated previously by crossing D13 heterozygotes with Mol17 and
Mo20W were used for mapping D13 locus. The Mol7 background profoundly suppressed the
phenotype of the mutants, whereas mutants were intermediate height in Mo20W. The three
backgrounds B73, Mol7, and Mo20W, showed considerable differences in plant height of D13
mutants, indicating a high impact of genetic background on the mutant phenotype. To further test
this in other backgrounds, the mutants from progeny of B73 x D13/+:B73, segregating 1:1 for
mutant and WT sibling, were crossed to inbreds (A632, Mo20W, and W22) and 25 NAM lines in
summer of 2017. As the D13 heterozygotes in B73 show variable severity in the plant height, so
to ensure uniformity, only severe D13 plants were used for crossing. D13 heterozygotes were also
crossed with 70 DRIL41 lines (Lopez Zuniga et al. 2016) in the summer of 2019 for mapping the
modifiers. Seed for 70 DRIL41 lines was provided by Peter Balint-Kurti at NC State University,
Raleigh, North Carolina.

2.2.2 Experimental design

The greenhouse experiments were conducted at Lilly greenhouses, Purdue University,
West Lafayette, Indiana. The D13 mutants, both heterozygous and homozygous, were screened

under greenhouse as well as field conditions.

The field experiments were conducted at Purdue agronomy center for research and
education (ACRE) in West Lafayette, Indiana. Seeds from B73 x D13/+:B73, segregating 1:1 for
wild type and D13 heterozygotes were planted in two replications for the phenotypic
characterization experiments. The Fis derived from crossing NAMs and inbreds with D13
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heterozygotes were evaluated in single replications in 2018 and two replications in a completely
randomized design (CRD) during 2019. The 70 F1 families derived by crossing D13/+:B73 with
DRIL41 population were evaluated in 2019 with two replications in CRD. Each plot was 3.84 m
in length and contained 15-16 kernels. The row-to-row spacing for all experiments was 0.79 meters.
The inbred lines B73 and Mol17, B73 x D13/+:B73, and Mol17 x D13:B73 were included as

controls. The F1 progenies were expected to segregate 1:1 for the mutant and wild type plants.

2.2.3 Phenotyping

The mutants were phenotyped for appearance of anthocyanin pigmentation in the leaves at
the seedling stage and for plant height at maturity. Seeds from B73 x D13/+:B73 were planted in
the greenhouse and the presence/absence of red color on leaves was recorded three weeks after
planting.

To study the variation in mutant and wild type at seedling stage, the seeds were germinated
in paper towel rolls. Thirty seeds from the cross B73 x D13/+:B73 were placed on the unrolled
paper towel about 1 inch apart. The paper was then rolled and placed vertically in a beaker
containing 100 ml of water. The setup was placed in dark at room temperature and seeds were
allowed to germinate for ten days. The root, mesocotyl, and shoot length of the seedlings were
measured manually. The root length was measured from the root-mesocotyl transition zone to the
tip of the main root. The mesocotyl length was measured from the root-mesocotyl transition zone
to the first node. The shoot length included the length of the coleoptile and the first leaf (does not

include mesocotyl).

Adult plant height was measured in centimeters from the base of the plant to the topmost
leaf collar at maturity. Three mutants and three wild type plants were randomly selected in each
F1 family of inbreds and NAMSs crossed to D13/+:B73. For the DRIL41 derived F1s, height was
measured for all the plants in each F; family. However, only the data of severe mutants were used
for QTL mapping. The internode measurements were done for 8-10 plants from all five height
groups of D13 heterozygotes as well as wild type plants selected from the field. The leaves were
removed to expose the stem, and number of internodes was counted from top to bottom, the
internode below the tassel being the first. The length of individual internodes was then manually

measured on all the plants.
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2.2.4 Genotyping

D13 region was mapped to chromosome 5 by map-based cloning in collaboration with
Pioneer/Dupont (now Corteva Agriscience). An InDel marker (polymorphic between B73 and
Mo17) in the D13 region was designed to distinguish D13 heterozygotes and homozygotes in
Mol7 background. PCR to detect the InDel marker was performed using forward primer 5’-
ATATATCGCATGCAGCGGGG -3’ and reverse primer 5’- GCTAGCTGCTTCTTCCGGTT -
3’. PCR products were resolved on 3% agarose gel.

The genotypic data for the DRIL41 population was obtained from Peter Balint-Kurti at NC
State University, Raleigh, North Carolina. The data was comprised of a total of 337 markers. The
genetic map and the map positions of each marker were also obtained from NC State University.
The genotypic data was converted into A, B, and H format using “A” for B73, “B” for Mo17, “H”
for the heterozygous individuals and “-” for the missing data. A chi-square analysis was performed

to determine the segregation ratios of individual markers.

2.2.5 Statistical analysis

The phenotypic data were tested for normality by the Shapiro-Wilk test (Shapiro and Wilk
1965) using SigmaPlot version 14.0 (https://systatsoftware.com/). Paired t-test was also performed

using the same software.

2.2.6 Histological analysis

The tissue for histostaining was collected from four-week-old mutant and wildtype plants
obtained from B73 x D13/+:B73. The leaves were removed from the plants to collect the stems.
This experiment was done in collaboration with Yun Zhou and Han Han at Purdue University,
West Lafayette, IN. The stem tissues were fixed in FAA solution and embedded in wax. The wax-
embedded samples were sectioned with a microtome to observe the shoot apical meristems. The
sections were de-waxed, hydrated and stained with toluidine blue as described previously (Zhou
et al. 2018).
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2.2.7 QTL mapping

QTL mapping was performed using the data for 70 DRIL41 lines. Single marker analysis
(SMA) and composite interval mapping (C1M) were executed using WinQTL cartographer version
2.5 (http://statgen.ncsu.edu/qticart/WQTLCart.htm). Threshold values were calculated using a
1000 permutation test (Churchill & Doerge, 1994).

2.3 Results
2.3.1 A novel mutant ‘D13’ exhibits a semi-dominant dwarfing phenotype

D13 is a novel dwarf mutant that was identified in an EMS mutagenized population of the
inbred line B73. Homozygous D13 plants show a severe reduction in plant height, with the mutants
being only 4-10 cm tall while the wild type plants are 160-180 cm tall (Figure 2.1A, B). The
phenotype starts to show very early during growth (one week after planting) with the plants
appearing very tiny and bearing red pigmentation on the leaves. Figure 2.1C depicts three-week-
old D13 homozygotes showing extensive anthocyanin accumulation in the leaves when grown in
the greenhouse. These plants die 3-4 weeks after planting in the greenhouse when all the leaves
turn red. On the contrary, D13 homozygotes in the field show relatively less red pigmentation in
the leaves and survive until maturity; however, these do not produce any ears or tassel, and cannot
be used for crossing. Also, homozygous D13 plants tiller profusely in the field (Figure 2.1B).

The D13 phenotype is semi-dominant, with homozygous plants showing more severity in
phenotype than the heterozygotes. D13 heterozygotes start to show the phenotype much later than
the homozygotes. We measured the mesocotyl length, root length, and shoot length in 10-day old-
seedlings obtained from B73 x D13/+:B73. At this stage of development, the heterozygous D13
mutants were indistinguishable from their wild type siblings (Figure 2.1D, Figure 2.2). The
phenotypic variation began to appear two to three weeks after sowing when the leaf tips in the
mutant start accumulating anthocyanin (Figure 2.1E). The red pigment in the leaf tips starts to
emerge in the first collar leaf and is also observed at the tips of the second and third leaves but is
rarely visible on the fourth leaf or beyond. The reduction in height is noticeable at the VV5-V6 stage,
approximately four weeks after sowing. At the V6 stage, mutants are shorter in height, and the

adjacent leaves are closer to each other, indicating a reduced length of the internodes (Figure 2.1F).
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Figure 2.1 Morphology of the D13 mutant. (A) Variation in the height of wild type (WT) and the homozygous D13 mutant. (B) Close up view of
homozygous D13 plant showing stunted growth and profuse tillering. (C) Three-week-old WT and D13 homozygote. The leaves of the mutants turn
red. (D) Dark-grown ten-day-old WT and mutant seedlings obtained from B73 x D13/+:B73. (E) Three -week -old WT and D13 heterozygous plants
obtained from B73 x D13/+:B73. The arrows indicate the red coloration of tips in the mutant. (F) Four-week-old WT and D13/+:B73 showing
variation in plant height.
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Figure 2.2 The distribution of shoot, mesocotyl, and root length in dark-grown ten-day-old wild type (WT)
and mutant (D13/+:B73) seedlings obtained from B73 x D13/+:B73.
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Figure 2.3 The D13 mutants have a reduced meristem size. (A) The meristem of the wild type (WT) and
D13 heterozygotes obtained from four-week-old B73 x D13/+:B73. Scale bar = 250 um. (B) The
distribution of meristem height and width in WT and D13 heterozygotes.
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The D13/+ mutants also have smaller shoot apical meristems (SAM), both horizontally and

vertically, relative to the wild type siblings (Figure 2.3).

2.3.2 D13 phenotype is unstable in heterozygous condition

We observed instability in height within the D13 heterozygotes at maturity (Figure 2.4A).
The height of mutants ranged from 13 cm to 140 cm. The mutants could be grouped into five
height categories: very severe (v. severe), severe, intermediate (int), intermediate plus (int+) and
intermediate ++ (int++). The height of plants in each of the groups, along with the standard
deviation (SD) is presented in Table 2.1. A paired student’s t-test shows a significant difference in
the height of each class compared to the wild type plants as well as other classes. The variability
is observed in both greenhouse and field conditions as well as over the years and thus does not
appear to be influenced by environmental conditions. The ratio of mutant height to the wild type
plant height in B73 ranges from 0.07-0.82.

Table 2.1 Plant height of wild type (WT) and D13 mutants

Phenotype | n | Average Plant height £ SD | Mutant/WT plant height

WT (B73) 8 [170.63+7.5

Int++ 10 | 140.05 £ 11.37 0.820
Int+ 8 |101.16 +£10.53 0.593
Int 10 | 60.6x 12.97 0.356
Severe 8 |3595+6.48 0.210
V. severe 10 | 12.96 + 3.62 0.076
D13/D13:B73 |5 |6.0%2 0.035

The severe and very severe D13 mutants exhibit high tillering, whereas the taller mutants
do not produce any tillers (Figure 2.4A). D13 heterozygotes flower at the same time as the wild
type plants, but variations in the floral organ development exist among the different groups. The
very severe and severe mutants mostly bear a tassel and no ear. Ears are sometimes formed in both

these groups but are tiny and do not produce any seed. All three intermediate types produce functi-

41



WT Int*+ Int* Intermediate Severe V. Severe D13/D13
(B73) :B73
D13/+:B73

WT Int++ Int+ Int WT  Int++ Int+ Int Severe
(B73) D13/+:B73 (B73) D13/+:B73
D Internode
Number
180 = 1
| ]
= =
D 150 o 4
9 s
I
” =6
=7
© .
= 120 —
2 o9
10
s 901 = n
‘:"‘ 0 12
2 [
s 60 = [~ 7Y
c
[*]
|9
30
0

WT Int++ Int+ Int Severe V. severe

Figure 2.4 The phenotype of D13 heterozygotes is unstable at maturity. (A) The phenotype of WT and D13
heterozygotes obtained from B73 x D13/+:B73 and D13 homozygote (extreme right). (B) Size of ear
obtained from selfed WT and D13 heterozygotes. (C and D) Differences in internode length of WT and
D13 heterozygotes obtained from B73 x D13/+:B73.
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-onal tassels and ears; the sizes of which vary depending on the height of the plant (Figure 2.4B).
The reduction in the height of the D13 plants is due to reduced internode length (Figure 2.4C, D).
The decrease is evident in all the D13 heterozygotes but is relative to the height of the mutant. The
very severe mutants have much shorter internodes than the relatively larger intermediate classes.
The number of internodes is same in both the mutants and their wild type siblings. Thus, the overall

height of the plant is due to the contribution of each internode and not the number of internodes.

2.3.3 D13 phenotype is sensitive to genetic background

D13/+:B73 heterozygotes, when crossed to Mo17, show complete suppression of the mutant
phenotype. The mutant height is similar to the wild type (WT) siblings and is not clearly
distinguishable (Figure 2.5A, B). The ratio of mutant/WT height in M017/B73 hybrid is 0.9. To
further study the effect of genetic background, D13/+:B73 heterozygotes were crossed to 25 NAM
lines and three inbred lines (A632, M0o20W, and W22). The plant height of the resulting F1
progenies from all the crosses was measured in one replication in 2018 and two replications during
2019. D13 was found to be extremely sensitive to the genetic background. As observed in the B73
background, the D13 phenotype was enhanced (E) in F1 hybrids obtained from A632, CML228,
CML322, and P39. On the other hand, F1 hybrids from NC350, Oh7B, and Tx303 showed
complete suppression similar to that observed in Mol7. In all the other lines, the mutant plants
showed an intermediate phenotype. To eliminate environmental effects over the years and between
the replications, all plant height data is presented as the ratio of mutant and wild type plants. Mutant
to wild type height ratios were consistent for both years in all F1 families. The average data for

both the years is presented in Figure 2.5C.

2.3.4 Mapping of the D13 locus

An F, mapping population was created earlier in the lab using heterozygous D13
(D13/+:B73) as adonor to introgress the D13 region into Mo17. D13 was first mapped to the long
arm of chromosome 5 (Ch 5) flanked by markers umc1935 and umc1591. A set of 276 plants was
selected from the F2 population for fine scale mapping . In collaboration with Pioneer/Dupont (now

Corteva Agriscience), the region was mapped to a ~1.3 Mb interval. To obtain higher mapping
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Figure 2.5 Effect of genetic background on D13 mutants. (A) The phenotype of WT (Mol7), D13
heterozygote and D13 homozygote in the Mo17 background. (B) Distribution of plant height in WT (M017)
and D13 heterozygotes (D13/+:Mo17). (C) The ratio of Mutant/WT plant height in Fis generated by
crossing inbreds and NAM lines to D13/+:B73.
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resolution, 1026 F» plants from Mo17 x D13/+: B73 were planted. Among these, six recombinants
were identified for progeny testing, and the D13 region was narrowed down to 630 kb (Figure S1).
Mo020W enhances the D13 phenotype, so it is easier to screen for the mutant phenotype. This
population allowed the mapping of D13 to a ~530 kb region, which overlapped with the previously
identified D13 region. The D13 interval contained a total of 15 genes.

2.3.5 DRILA41 population used for mapping the modifier loci

As mentioned above, the D13 phenotype shows variable severity in different genetic
backgrounds. We hypothesized that the variation in mutant height in different maize lines could
be due to the presence of modifier loci. To map these potential modifiers, a mapping population
was generated by crossing 70 disease resistance introgression lines (DRIL41) (Lopez Zuniga et al.
2016) to severe D13/+:B73 heterozygotes. A single D13 heterozygote produces a small amount of
pollen, so multiple mutant plants were used as male parents, but pollen from each male parent was
kept separate. Only the male parents showing similar severity of the D13 phenotype were selected
for crossing. The resulting F1 families from each of these crosses segregated 1:1 for the mutant
and wild type phenotypes. The heights of all plants in each F1 family were measured. Although
approximately half of the plants in a F1 family were mutant, they did not have the same height.
Mutants with severe as well as intermediate heights were seen in the same F1 family. As mentioned
earlier, D13 mutants in B73 also exhibit such variation, so to eliminate the noise in QTL mapping
that could arise by inclusion of suppressed mutants, we only selected the three shortest mutants
from each F1 family for further analysis. Only the F. families that did not show any enhanced
phenotype in both replications were considered highly suppressed. The mutant/wild type plant
height ratio in the 70 DRIL41 F1s ranged from 0.034 to 0.869, with a mean of 0.454 (Figure 2.6A).
The data presented here is the average of two replications. The frequency curve followed a normal
distribution with a low skewness value of -0.12 (Figure 2.6B). We identified 12 suppressed F1
progenies out of 70, with a mutant/wild type ratio of >0.7.

DRIL 41 is a set of chromosome segment substitution lines (BCsFa:5) generated by crossing
Mo17 as the donor to recurrent parent B73. Since we are using a BCsF4 population, the background
is mostly uniform with variations due to the Mo17 introgression. The considerable variation in
mutant height could be due to two reasons: first, it could be due to the differences that we see in

the B73 background. Second, it could be due to Mo17 introgression in the regions that suppress
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Figure 2.6 Identifying the modifiers of D13. (A) Ratio of mutant (Mt) to wildtype (WT) plant height in 70
DRILA41 derived F1s. (B) Frequency distribution of Mt/WT plant height in DRIL41 derived F; families. (C)
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the effect of D13. To rule out the variation of phenotype that we already see in B73, we only picked

the severe mutants in each line.

2.3.6 ldentification of D13 modifying regions

Single marker analysis (SMA) revealed markers associated with the suppression of plant
height. The details of the SMA are presented in Table 2.2. A p-value of < 0.5 was selected as the
cutoff to select the markers linked to the phenotype. Genotypic data of each selected marker was
manually checked to verify that suppressed lines had the Mo17 chromosomal region at these sites
(Figure 2.6C) in each DRIL. The selected markers that showed similar Mol17 introgression in
enhanced and suppressed lines were not considered as significantly associated with the phenotype.
We identified three putative regions on chromosomes 2, 3, and 6 as the potential modifiers. Some
of the suppressed lines had Mo17 introgression in these regions, while none of the enhanced lines
had any shared introgression of Mo17 genetic material. The introgressed regions that did exhibit a
suppressive effect on the mutant were designated as qSOD1 (Suppressor of D13), gSOD2, and
qSOD3 (Table 2.2).

Table 2.2 Single marker analysis (SMA)
QTL | Chromosome | Marker
qSOD1 | 2 PHM12979-9 | <0.01 ***
PHM58222-15 | <0.01 ***
PZA00108-12 | <0.001 ****
PZA01753-1 | <0.00] *#***
PZA02337-4 | <0.00] ****
PZA03559-1 | <0.00] ****
gSOD2 | 6 PZA01884-1 | <0.05 **
PZA00357-19 | <0.05 **
PZA02478-7 | <0.05 **
PZA02148-1 | <0.05 **
PZA02247-1 | <0.05 **
PHM11985-27 | <0.05 **
gSOD3 | 3 PZA00892-5 | <0.05 **
PHM3688-14 | <0.05 **
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A composite interval mapping approach was then used to identify the QTL associated with
plant height in the DRIL41 F; population. We detected two QTLs on chromosomes 2 and 6 (Figure
2.6 C). The QTL gSODL1 explained 17 percent of phenotypic variance, had a LOD score of 3.58
and was localized in a 39.1 cM region, which is ~12 Mb in size. The QTL on chromosome 6,
qSOD?2, explained 11.75 percent of phenotypic variance with an additive effect of 0.2 and LOD
score of 3.38. It was located in a 7.29 cM region (~11 Mb). The QTL analysis was also conducted
on the wild type data, which confirmed that these QTLs were unique and not an artifact of the
DRILA41 population.

2.4 Discussion

The maize dwarfing mutant described in this chapter appeared in an M1 population of B73
that was generated by pollen mutagenesis with EMS. Since recessive mutations do not have a
phenotype in the M1 generation, this mutation was expected to inherit in dominant or partially
dominant manner. Its re-appearance in an outcross progeny of the mutant with B73 supported this
hypothesis. The mutant dwarfing phenotype segregated in a 1:1 ratio with the wild type siblings
in this population, indicating that the mutation was dominant and conferred by a single gene.
Further characterization of the mutant indicated the mutation to be partially dominant, as the
phenotype of the plants homozygous for the mutation is more severe than heterozygous phenotype.
This dwarfing-mutation mapped to a region on chromosome 5 where no other dwarfing locus has
been previously reported, strongly indicating that the mutation belongs to a new dwarfing locus,
which we designated as d13, and the mutant allele is designated as D13. This new dwarfing locus
has been given the number 13 because dwarf loci up to d12 have already been described
(https://www.maizegdb.org/).

In addition to the dwarf stature, D13 has two other phenotypic aberrations including the
reddening of seedling leaves, and enhanced tillering. While both these additional phenotypes are
prominent in D13 homozygotes, they also show up in severe D13 heterozygotes. The reddening
of the leaves is restricted to the tips of the first 3 to 4 leaves on D13 heterozygotes, whereas it
covers almost the entire leaf blade in homozygotes. This red color is likely due to the accumulation
of anthocyanins, which form in maize either because the plants are experiencing stress (biotic or
abiotic), or the leaves are compromised in their ability to export sugars (Efeoglu et al. 2009;
Christie et al. 1994; Braun et al. 2006; Janda et al. 1996). We were able to rule out the latter
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possibility (unpublished data), implying that the red coloration of the leaves is likely due to some
physiological stress that the D13 mutation imposes on maize seedlings. Enhanced tillering in D13
suggests that the mutants either suffer from auxin deficiency, which would release the lateral
shoots from apical inhibition, or aberration in the function of strigolactones, a class of
phytohormones that control branching in plants (McSteen 2009).

The dwarf stature of D13 mutants results from the shortening of the internodes, with no
change in the total number of internodes. Internode elongation is mediated by cell division, cell
elongation, or a combination of these two processes and is mainly regulated by phytohormones
including gibberellins (GAs), brassinosteroids (BRs), auxins and strigolactones (Wang et al. 2018).
GA s influences both cell elongation and cell division, whereas auxins and BRs mainly control cell
elongation. Stem elongation can also be controlled by interactions between various phytohormones.
However, the mechanisms by which these hormones promote cell elongation or division are not
fully understood. The dwarf mutants characterized in maize show variable patterns of internode
elongation, which suggests that the underlying mechanisms in these mutants might be variable. In
maize, most of the GA and BR mutants usually have uniformly short internodes (Bensen et al.
1995; Cassani et al. 2009; Wang et al. 2013; Best et al. 2016). However, there are other mutants
like BR-deficient nal in which internodes are not equally reduced in length. Moreover, internode
lengths are also variable among nal mutants. In brevis plantl mutants, which are proposed to be
involved in auxin mediated signaling, all internodes are shorter than wild type, but the reduction
is more prominent in the upper internodes. In contrast, br2 mutants (associated with polar auxin
transport) are characterized by reduction in length of lower stalk internodes (Multani et al. 2003).
The internodes of the D13 heterozygotes are not equally reduced in height. The very severe and
severe mutants show higher reduction in the length of each internode than all the intermediate D13
mutants. The decrease in length is observed in all the internodes and is not restricted to top or
bottom internodes.

One question that arises here is whether the D13 dwarfing phenotype results from the
functional impairment of some of the major pathways known to mediate cell elongation in maize,
such as the GA or the BR pathway. Mutants of these two pathways are not only dwarf but also
impacted in the development of male and female inflorescences (Bortiri and Hake 2007). For
instance, GAs prevent the development of male floral primordia in the ear (the female

inflorescence), thereby causing it to have only ovules (Bortiri and Hake 2007). But when GAs are
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not produced or perceived, the male primordia are not arrested, allowing the ears to develop
functional anthers (called the anther-ear or andromonoecious phenotype) (Harberd and Freeling
1989; Bensen et al. 1995; Cassani et al. 2009; Chen et al. 2014). In contrast, the BRs terminate the
development of female primordia in the tassel (male inflorescence). When BR production or
perception is hindered, the ovules continue to develop in the tassel, giving it a tassel-seed
(gynomonoecious) phenotype (Hartwig et al. 2011; Makarevitch et al. 2012; Best et al. 2016). The
D13 mutants do not exhibit either of these sexually aberrant phenotypes, indicating that their
dwarfing phenotype may not result from impairments in either the GA or the BR pathway. Another
indication that the D13 phenotype is unrelated to those pathways comes from the elongation
phenotype of the mesocotyl, which is an embryonic stem whose function is to push the coleoptile
(shoot/modified leaf) out of the soil. In both the GA and BR mutants, the mesocotyl fails to
elongate in etiolated seedlings (Landoni et al. 2007; Cassani et al. 2009; Hartwig et al. 2011;
Makarevitch et al. 2012; Best et al. 2016), while this elongation remains largely unaltered in D13
seedlings. Furthermore, none of the 15 genes, that lie in the genomic region delimiting d13 locus,
have ever been shown to have a role in the function of GAs or BRs, or any other phytohormone.
Therefore, it is very likely that the D13 phenotype results from a novel mechanism not found to
be associated with dwarfing in plants thus far.

An intriguing feature of D13/+ heterozygous mutants is their phenotypic instability. Even in
the completely uniform background of B73, the D13 heterozygotes can range in height from being
less than a foot to more than 4 feet tall. This kind of variability in plant height has not been reported
for any of the known dwarf mutants in maize or any other plant species. What causes D13/+ to
have this height variability remains unclear. One possibility is that it is the result of epigenetic
changes in the mutant gene or the genes that it interacts with. It has been previously shown that
plants can undergo epigenetic regulation in response to stresses to ensure survival and adapt to
environmental fluctuations (Thiebaut et al. 2019; Chinnusamy and Zhu 2009). In fact , there are
indications of increased stress response in D13 that are discussed in detail in chapter 3.

Another interesting feature of D13 is the dramatic sensitivity of its phenotype to the genetic
background. While some genetic backgrounds such as CML322 enhance its phenotype, others
suppress it to varying degrees, indicating the involvement of genetic modifiers in shaping the trait
underlying D13. This dependence of D13 on genetic background was first observed with Mo17,
which suppressed the mutant almost completely. As a result, it was possible to generate D13
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homozygotes, which looked identical to wild type Mol7. To dissect the genetic basis of this
suppression by Mo17, we used a NIL population in which the Mo17 genome had been introgressed
as fragments into the B73 genome. Three QTL regions on chromosomes 2, 3, and 6 were identified
that modified the height of D13 plants. These QTL regions are still fairly large and need to be

narrowed down further to identify the modifier genes.

51



CHAPTER 3. A GAIN-OF FUNCTION MUTATION IN A
GLUTAMATE RECEPTOR GENE IMPACTS PLANT ARCHITECTURE
AND TRIGGERS STRESS RESPONSE IN CORN

3.1 Introduction

Glutamate receptors are tetrameric non-selective cation channels well-known for their role
in neurotransmission in the mammalian central nervous system. While mammals have two types
of glutamate receptors: ionotropic (iGIuRs) and metabotropic (mGIuRs), only ionotropic
glutamate receptor-like (GLR) genes have been found in plants, which were first discovered in
Arabidopsis in 1998 (Lam et al. 1998). Arabidopsis has 20 GLRs (AtGLRs) grouped into three
clades based on their sequence similarity (Chiu et al. 2002). GLR gene families have also been
identified in other plants like mosses, tomato and rice with each comprising 2, 13 and 24 genes
respectively (Ortiz-Ramirez et al. 2017; Aouini et al. 2012; Lu et al. 2014; J. Li et al. 2006; Singh
et al. 2014). In addition to the three clades initially identified in Arabidopsis, a fourth clade of
GLRs also exists among the land plants (Bortoli et al. 2016). The glutamate receptors in plants
share common ancestry with iGIuRs but diverged very early from animal iGIuRs, even before the
divergence of different classes of iGIuRs (Chiu et al., 1999; 2002).

Despite their early divergence, plant GLRs are structurally similar to animal iGluRs
consisting of an N terminal domain (NTD), two ligand-binding domains, three transmembrane
domains (M1, M3, M4), a pore domain (M2) and a C terminal domain (Madden 2002; Lam et al.
1998). The structural domains share 16 to 63% sequence identity with the highest identity in the
M3 region (Lam et al. 1998; Chiu et al. 1999). GLRs in Arabidopsis have been shown to mainly
localize at the plasma membrane (Meyerhoff et al. 2005; Vincill et al. 2012), however, they can
also be targeted to other cellular compartments like chloroplasts, mitochondria, and vacuoles
(Teardo et al. 2011; Kong et al. 2016; Wudick et al. 2018b).

Since their discovery, plant GLRs have paved the way for understanding signaling and
communication in plants. They have been shown to influence a plethora of processes, including
pollen tube growth, stomatal closure, root growth and development, light signal transduction,

drought tolerance, and defense response. It is not possible to generalize the functions of this
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receptor family, but their roles can be divided into two major categories: (i) plant growth and

development, and (ii) plant response to environmental stress.

The effects of GLRs on plant growth and development have been reported from the very
first stage of plant growth i.e. seed germination. AtGLR3.5 promotes germination by increasing
cytosolic Ca?* concentration that, in turn, mitigates the inhibitory effect of ABA (Kong et al. 2015).
GLRs also influence shoot architecture in plants. The first report of glutamate receptors in
Arabidopsis revealed that blocking the GLRs by treatment with DNQX (an antagonist of iGIuRs)
led to an increase in hypocotyl length in light-grown seedlings. The treatment of light-grown
Arabidopsis plants with BMAA (an agonist of animal iGIuRs) also promotes hypocotyl elongation
(Brenner et al. 2000). AtGLR3.4 and AtGLR3.2 are involved in lateral root initiation in Arabidopsis
(Vincill et al. 2013). AtGLR3.6 plays a role in regulating root architecture in Arabidopsis (Singh
et al. 2016). A T-DNA insertion mutant (atglr3.6-1) displays a reduction in primary and lateral
root density as well as the size of root apical meristem, whereas AtGLR3.6 overexpression
enhances the root growth. A loss of function mutation in rice GLR3.1 leads to a short-root
phenotype in the early seedling stage (Li et al. 2006). The mutant phenotype comprising a reduced
length of primary and lateral roots and smaller diameter of primary root apex can be restored to
wild type by genetic complementation with the GLR3.1 gene, thus, confirming the role of this gene
in root development. Michard et al. (2011) reported a role for GLRs in pollen tube growth in
tobacco and Arabidopsis. Glutamate receptors also play a role in the stomatal movement in plants
(Choetal. 2009; Yoshida et al. 2016; Kong et al. 2016). However, there are no reports of glutamate

receptors directly or indirectly influencing plant height.

Besides their role in growth and development, glutamate receptors are also involved in
response to environmental stimuli like pathogens, wounding, or abiotic stresses. AtGLR3.3
mediates resistance to downy mildew caused by Hyaloperonospora arabidopsidis (Manzoor et al.
2013). Besides, AtGLR3.3 is required for GSH (reduced glutathione) mediated Ca?* signaling in
Arabidopsis. The loss of function atglr3.3 mutant shows a reduction in expression of pathogen-
induced defense genes and an increased susceptibility to the bacterial pathogen Pseudomonas
syringae pv tomato DC3000 (Li et al. 2013). Overexpression of small radish GLR (RsGLR) in
Arabidopsis improves resistance to Botrytis cinerea by upregulating jasmonic acid (JA) responsive
and biosynthetic genes (Kang et al. 2006). Similarly, the resistance of tomato fruits to Botrytis

cinerea can be achieved by pre-treatment with L-glutamate that leads to an upregulation of GLRs
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and pathogenesis-related (PR) proteins (Sun et al. 2019). Tomato fruits treated with DNQX, do
not show resistance to pathogen despite the presence of L-glutamate, thus suggesting that enhanced

resistance due to L-glutamate treatment is mediated through GLRs.

Plants respond to mechanical wounding (caused by herbivore feeding or insect damage) by
inducing a jasmonate dependent defense response in the unwounded regions, which is made
possible by long-distance electrical signaling from the wounded tissue to the unwounded parts of
the plant. GLRs (AtGLR3.3 and AtGLR3.6) are involved in the propagation of these wound-
induced signals in leaves (Hedrich et al. 2016; Mousavi et al. 2013; Salvador-Recatala 2016). The
electrical activity is greatly reduced in the wounded leaves of the glr3.3 glr3.6 double mutant.
Toyota et al. (2018) demonstrated that GLRs trigger a rapid increase in [Ca?*]eyt in response to

wounding caused by a feeding caterpillar or mechanical damage.

Glutamate receptors are also involved in response to abiotic stimuli like salt, cold, and
drought. In Arabidopsis, AtGLR1.2 and AtGLR1.3, confer cold tolerance by increasing
endogenous jasmonate levels and promoting the CBF/DREB1 cold response pathway (Zheng et
al. 2018). Meyerhoff et al. (2005) reported a three to six-fold increase in the expression of
AtGLR3.4 in two-week-old Arabidopsis plants when exposed to touch, cold, or osmotic stress in a
calcium-dependent manner. In tomato, SIGLR3.3 and SIGLR3.5 are involved in cold acclimation-
induced chilling tolerance (Li et al. 2019). The exposure of Arabidopsis wild type seeds to NaCl
has an inhibitory effect on seed germination, that is alleviated by exogenous supply of amino acids
(Cheng et al. 2016). The mutants atglr3.4 and atglr3.7 have even lower germination rates than the
wild type when exposed to NaCl and the exogenous amino acids are less effective in mitigating
NaCl-induced inhibition in mutants. Also, the germination rates of mutants were less sensitive to
DNQX under salt stress than the wild type plants. These results indicate that GLRs are involved
in seed germination under salt stress (Cheng et al. 2016). Another study reported that mutant line
glr3.7-2 shows a much lower increase in [Ca**]ey: concentration than the wild type when exposed
to salt stress (Wang et al. 2019) and the GLR3.7-S860A overexpression line is less sensitive to salt

stress than wild type.

Significant progress has been made in determining the function of glutamate receptors in
Arabidopsis in the last few years, yet we know very little about their function in other plant species.

Considering that this gene family was identified 22 years ago, the progress in Arabidopsis has been
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slow as it is a challenge to fully characterize this receptor family due to lack of mutants with clear
phenotypes. This is likely a result of high gene redundancy and functional overlap between the 20
members of this gene family in Arabidopsis. Therefore, it is important to develop mutants with
clear phenotypes to fully understand the functions of the plant GLR gene family. Only four of the
knockout mutants developed so far in Arabidopsis (gIr3.2, glr3.4, glr2.1, and glr3.7) have a clear
phenotype. The mutants glr3.2 and glr3.4 show an overproduction of lateral root primordia
(Meyerhoff et al. 2005; Vincill et al. 2013). The other two mutants, glr2.1 and glr3.7, are defective
in pollen tube growth (Michard et al. 2011). None of these mutants show any defects in shoot

architecture and moreover, there are no mutants for this gene family available in maize.

In chapter 2, we described a novel semi-dominant dwarf mutant (D13) in maize identified
from an EMS mutagenized population of B73. The D13 homozygotes show a severe reduction in
height with an accumulation of red pigmentation at leaf tips in young seedlings. Compared to D13
homozygotes, the phenotype is relatively less severe in the heterozygous condition. D13 mutants
are also characterized by shorter internodes and a smaller shoot apical meristem (SAM) as
compared to wild type. The phenotype of D13 mutants is unlike any of the know dwarf mutants in
maize. In addition, genetic background has a significant impact on the mutant phenotype with
some backgrounds highly enhancing the phenotype while others completely suppressing it.

In this study, we report that a single base change in one of the glutamate receptor genes is
responsible for the D13 dwarfing phenotype. This change occurs in a highly conserved motif. We
generated a second mutation in the gene using EMS mutagenesis to validate the causal effect of
this gene on the D13 phenotype. Transcriptomic and metabolomic profiling was performed to shed
light on the biological processes impacted in the mutants. In addition, we identified seventeen
glutamate receptor genes in maize and studied their phylogenetic relationship with other known
GLRs.

3.2 Material and Methods
3.2.1 Plant material

We have maintained D13 mutant (D13/+:B73) in our lab in heterozygous condition by
repeated backcrossing to inbred line B73. The progenies of crosses B73 x D13/+:B73, segregating
1:1 for wild type:mutant phenotypes were used for co-segregation analysis, stem cross-sections,
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RNA-sequencing, and metabolite profiling. The D13 region was introgressed into inbred Mo17 by
crossing with D13/+:B73 and repeated backcrossing with Mo17 for six generations. BCs progenies
were planted in the greenhouse and heterozygous plants were sib mated to generate homozygotes.
Pollen from three randomly selected D13 homozygotes (D13/D13:Mo017) was treated with EMS
and individually crossed to CML322 during the summer of 2017 and the M1 families were
screened for loss of D13 phenotype in summer 2018. Tall M1 plants were identified and crossed

to B73 and the resulting progenies were screened in summer 20109.

3.2.2 Experimental design

The field experiments were conducted at Purdue agronomy center for research and education
(ACRE) in West Lafayette, Indiana. Each plot was 3.84 m in length and contained 15-16 kernels.
The row-to-row spacing for all experiments was 0.79 meters.

A total of 296 seeds from D13/+:Mo17 sib-mated progeny were planted in the field along
with the inbreds B73 and Mo17, and B73 x D13/+:B73 progeny included as controls. Two rows
of inbred line CML322 were planted immediately adjacent to this material. Three homozygous
plants (D13/D13:Mo17) were selected from the above 296 plants and pollen mutagenized with
EMS. The mutagenized pollen was then put on the ears of CML322. The ears produced from
crosses with the three pollen parents were harvested separately. A total of 16230 M1 seeds (216
ears) from three M1 families were planted in summer 2018. Unlike Mo17/B73, CML322/Mo17
hybrid background does not mask the D13 phenotype. The M1 plants in CML322/Mol7
background were expected to be shorter than the parents, and only the plants with the knockout of
the D13 allele were expected to be tall like the wild type. Tall M1 plants were selected and crossed
to inbred B73 for progeny testing. The resulting F1 families were planted in two replications in
completely randomized design (CRD) in summer 2019. The inbred lines B73, Mol17, CML322,
and progeny of B73 x D13/+:B73, CML322 x D13/+:Mo17 were included as controls. The tall
plants, being CML322/Mo017/B73 hybrids, were expected to be taller than all the inbreds. Only F1
families in which all the plants were tall in both the replications were considered as true positives
and used for further analysis. The selected families were genotyped with an Indel linked to D13
locus to confirm the presence of D13 allele and rule out any contaminants. The crossing scheme

for this experiment is represented in Figure 3.1.
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Figure 3.1 Schematics of the experimental design to knockout (KO) D13 allele by EMS mutagenesis.

Co-segregation analysis: Exome sequencing identified a G to A change in coding region of
gene Zm00001d015007 in the D13 mutants. To test the co-segregation of plant height with the G
to A SNP in Zm00001d015007 gene, we selected 192 individuals (96 wild type and 96 mutant)
displaying the wild type or dwarfing phenotypes from the progeny of B73 x D13/+:B73 in the field.
The data for the presence or absence of red leaf tip phenotype was collected in the greenhouse.
Sets of 54 plants with no red pigmentation and 60 plants displaying red pigmentation on leaf tips
were selected from the cross B73 x D13/+:B73.

Stem and root cross-section: Heterozygous D13 plants (D13/+:B73) were selfed to generate
D13 homozygotes. The selfed seed was planted in soil beds in the greenhouse. The stems were
collected from three homozygous, heterozygotes and wild type plants each, three weeks after
planting. For the four-week old stem samples, the progeny of B73 x D13/:B73 was planted in the
greenhouse in 6-inch pots to obtain D13 heterozygotes and wild type. The mesocotyl and root
samples from ten-day old seedlings were obtained by germinating the seeds from B73 x
D13/+:B73 in paper towel rolls. The paper towel rolls were placed vertically in a beaker containing

100 ml of water and the setup was placed in dark at room temperature.
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RNA-sequencing and metabolite profiling: The seeds from two crosses, B73 x D13/:B73
and Mo17 x D13/:Mo17, were planted in 99 six-inch square pots in the greenhouse with two seeds
per pot. All plants were genotyped to identify the wild type and D13 heterozygotes. The mutant
and wild type plants were divided into three groups/biological replicates each, with ten plants per
replication. The samples, comprising one-inch stem sections from base of the plant, were collected
four-weeks after planting (around V5 developmental stage). Samples were placed immediately in
liquid nitrogen and stored at -80°C. The one-inch sections included the stem, the shoot apical
meristem (SAM), and the surrounding leaf sheaths. Metabolite profiling was performed using

same mutant and wild type samples but only in B73 background.

3.2.3 EMS mutagenesis

Targeted EMS mutagenesis to knockout the D13 allele was performed as described by
Neuffer (Neuffer 1994). EMS stock solution was prepared by dissolving 1 mL of EMS (Sigma-
Aldrich) in 99 mL of paraffin oil overnight. Fresh working solution was then made by mixing 1ml
of stock solution with 14ml paraffin oil. Pollen was collected from three D13 homozygotes
(D13/D13:Mo17) and placed in individual small Nalgene bottles. Freshly prepared EMS working
solution was added to the bottle in a ratio of 10 parts solution to 1-part pollen. The bottles were
placed on ice for 45 minutes and gently inverted every 5 minutes. The treated pollen was then
spread onto the silks of inbred line CML322. The ears from crosses with the three pollen parents

were harvested separately.

3.2.4 Genotyping

A dCAPS marker designed using the G to A change in Zm00001d015007 gene was used to
distinguish the mutant and wild type plants in the progeny of crosses: B73 x D13/+:B73. DNA
was extracted using the standard CTAB method (Doyle 1991). PCR amplification was performed
in a 12 pl reaction (Saiki 1990) using the forward primer 5’- GCCTTTCCTGTTCAGTCCTTC -
3’ and reverse primer 5’- TGCACGGTTAGGATGGAAGTAAGACCTG -3’. The PCR products
were digested with Pstl enzyme (New England Biolabs, MA, USA) for 3 hours at 37°C. An InDel
marker flanking the D13 region was designed to genotype the progeny of Mol17 x D13/:Mo17 and
B73 x D13/+:CML322/Mo017 crosses. PCR to detect the InDel marker was performed using
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forward primer 5’- ATATATCGCATGCAGCGGGG -3 and reverse primer 5’-
GCTAGCTGCTTCTTCCGGTT -3°. PCR products were resolved on 3% agarose gel.

3.2.5 Histological analysis

Histostaining was performed in collaboration with Yun Zhou and Han Han at Purdue
University, West Lafayette, IN. The tissues collected from D13 (both homozygous and
heterozygous) as well as wild type plants were fixed in FAA solution and embedded in wax. The
wax-embedded samples were sectioned with a microtome. The cross-sections of the stem were
obtained from second internode, counted from the bottom. The mesocotyl and root cross-sections
of ten-day old seedlings were obtained at approximately 1 cm from the root-shoot interface. The
sections were de-waxed, hydrated and stained with a combination of Alcian blue and Safranin O,
as described previously (Zhou et al. 2015). In addition, the mesocotyl and root cross-sections were

also stained with toluidine blue as described previously (Zhou et al. 2018).

3.2.6 Sequencing

The nucleotide sequence of the glutamate receptor gene (Zm00001d015007) was obtained
from MaizeGDB. Four overlapping primers were designed spanning the whole gene. Each primer
amplified approximately a 1.4-2.0 kbp region, and there was an overlap of 300 bp between the
amplicons. The primers were searched against the maize genome using Primer-BLAST to avoid
any untargeted binding. PCR amplification of D13 locus from genomic DNA was performed using

the following four primer pairs:

a) forward primer AK-D13-G1-F 5’- GTCTCTTGGCATCAACCTCCT -3’ and reverse
primer AK-D13-G1-R 5’- AATCCATACATAGCCATTGCCCA -3’

b) forward primer AK-D13-G2-F 5’- GGACTATGCCCAGCGATCTC -3’ and reverse
primer AK-D13-G2-R 5’- TGTTAGATGTTCCATTGCGAAAGG -3’

c) forward primer AK-D13-G3-F 5’- GCAACATGTTTCACTTGATTGG -3’ and
reverse primer AK-D13-G3-R 5’- ATTGGCCCATAGATGATGTATTCC -3’

d) forward primer AK-D13-G4-F 5°- CGCCAGTACCTGAGACATGAG -3’ and reverse
primer AK-D13-G4-R 5’- CACTCCAGTTCTGCTTATTGTCC -3’
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PCR products from all the four reactions were run on 1% TAE gel. The bands were eluted
and purified using ZymoClean gel DNA recovery Kit. The purified products were quantified using
Nanodrop 2000c spectrophotometer (Thermo Scientific). The four reactions of each sample were
then pooled in equal concentrations and sent for sequencing. Wide-seq and SNP calling was
performed by Purdue genomics core facility at Purdue University, West Lafayette, IN. The SNPs
were called by aligning the reads to the Zm00001d015007sequence in reference B73. Multiple
sequence alignment was carried out using ClustalX 2.1 (Larkin et al. 2007).

3.2.7 Transcriptome analysis

The tissues collected from 10 plants within each replication were crushed individually to a
fine powder in liquid nitrogen, and equal amounts from each were pooled. The pooled tissue
samples were sent to Pioneer/Dupont, Johnston, 1A for RNA sequencing. They constructed
libraries using lllumina TruSeq stranded mRNA Kits. Single end reads of 50 bp were aligned to
maize reference genome (Zm-B73-REFERENCE-GRAMENE-4.0) using Tophat 2.1.0 (Trapnell
et al. 2009). Aligned sequences were analyzed separately by cufflinks 2.2.1 (Trapnell et al. 2012).
Cufflinks assembles the aligned reads into set of transcripts and estimates their relative abundance.
The transcriptome assemblies from cufflinks for all conditions were merged and compared to
reference annotation using cuffmerge. The BAM files generated by Tophat and merged annotation
from cuffmerge were input in htseg-count to generate counts files containing number of aligned
reads corresponding to each gene (Anders et al. 2015). Differentially expressed genes (DEGS)
were identified using DESeqg2 (Love et al. 2014). DEGs were defined as genes having padj < 0.05

and |log2 fold change| > 1. Heatmaps were generated using pheatmap package in R.

3.2.8 GO Enrichment and pathway analysis

Gene Ontology (GO) annotation of DEGs was performed using singular enrichment analysis
(SEA) in a web-based ontology tool AgriGO v2.0 (Tian et al. 2017). SEA was carried out
separately for the upregulated and downregulated genes by comparing them to the background
gene set comprising 39324 genes. Significant GO terms (FDR < 0.05) were determined using
Fisher’s exact test and Yekutieli (FDR) correction method (Yekutieli and Benjamini 2001). KEGG
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pathway analysis (FDR < 0.2) was performed using ShinyGO v0.61. MapMan software (Usadel
et al. 2005) was utilized for visualizing the DEG data.

3.2.9 Metabolite profiling and pathway analysis

The metabolites were extracted from the ground stem tissue (100 mg) of four-week old wild
type and D13 heterozygotes using Bligh-Dyer method (Sundermann et al. 2016). Untargeted
metabolite profiling was performed using high performance liquid chromatography/mass
spectrometry (HPLC/MS) platform at Metabolite profiling facility, Bindley Bioscience Center,
Purdue University. The data was converted to mzXML format using msConvert (Adusumilli and
Mallick 2017).

Univariate and multivariate statistical analyses were performed using the web-based tool
suite MetaboAnalyst 4.0 (Chong et al. 2019). Data was filtered based on relative standard variation
(RSD) and normalized using autoscaling. Univariate analysis included two-paired t-test and fold
change analysis to identify significantly differential mass features between wild type and mutant
samples. FDR was used to adjust for multiple tests. Differential mass features were defined as
those with FDR adjusted p-value < 0.05 and |log2 fold change| > 1. Multivariate analysis was
performed using PCA and partial least squares discriminant analysis (PLS-DA). Variable
importance in projection (VIP) score > 1 was used to identify the most important features
discriminating the two groups. Pathway analysis for differential mass features was conducted with
MS peaks to pathways module of MetaboAnalyst 4.0 using the Arabidopsis thaliana KEGG
pathway library. Both mummichog and gene set enrichment analysis (GSEA) algorithms were
used for pathway analysis. However, the mummichog algorithm yielded few significant pathways.
Therefore, the pathways with GSEA p-value < 0.05 were considered significant. The combined p-
value for these pathways from both the algorithms was < 0.2.

3.2.10 Identification of ZmMGLRs

The protein sequences of the 20 AtGLRs were downloaded from the NCBI database. These
AtGLR protein sequences were used as queries in a BLAST search against the maize genome
(Altschul et al. 1990). All the hits were downloaded, and duplicate entries were removed. The

remaining entries were then individually searched on NCBI using the accession numbers to remove
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any redundant entries. A set of seventeen independent maize GLRs (ZmGLRs) was identified. The
gene IDs for all the ZmGLRs were obtained from NCBI and the chromosomal locations were
identified from MaizeGDB (Portwood et al. 2019). The chromosomal positions correspond to the
B73 v4 assembly (Zm-B73-Reference-Gramene-4.0). The protein sequences of newly discovered
ZmGLRs were analyzed using InterProScan and HMMER to check the presence of characteristic
glutamate receptor domains. Transmembrane domains were predicted using Polyphobius

(http://phobius.sbc.su.se/poly.html). The localization of ZmGLRs was predicted by using

aramemnon (http://aramemnon.uni-koeln.de/), a plant membrane protein database (Schwacke and

Flugge 2018). This database uses several targeting prediction algorithms like Chloro P, TargetP,
PCLR, SignalP to predict the localization of proteins and gives a consensus from all the different

tools.

3.2.11 Phylogenetic analysis

The protein sequences of known iGIuRs in Humans, mice, and Drosophila were retrieved
from GenBank. The sequences of gymnosperm Ginkgo biloba were obtained from Medicinal plant

genomics resource (http://medicinalplantgenomics.msu.edu/). The predicted protein sequences

from crops, including Oryza sativa, Sorghum bicolor, Triticum aestivum, were retrieved from
NCBI BLAST search using AtGLRs as queries. The complete list of plant GLRs used in this
analysis is provided in supplemental file 1. The full-length amino acid sequences of glutamate
receptors in maize, cyanobacteria Synechocystis and all the above organisms were aligned with
MEGA X Clustal W using the following alignment parameters: gap opening penalty: 10; gap
extension cost: 1.0; amino acid substitution matrix: Blosum 30. A phylogenetic tree was
constructed by the neighbor-joining (NJ) method (Saitou and Nei 1987) using p-distance
substitution model. Bootstrap values were generated using 1000 bootstraps. The sequence of a
prokaryotic glutamate receptor from cyanobacteria Synechocystis (GIuRO) was used as an

outgroup. The protein sequences used in this analysis are available in supplemental file 2.
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3.3 Results
3.3.1 A glutamate receptor gene is responsible for D13 phenotype

The D13 mutant initially identified in B73 exhibits reduced plant height due to reduction in
the length of the internodes, behaves in a semi-dominant fashion and is highly sensitive to the
genetic background (see chapter 2). D13 was mapped to a 530kbp region on chromosome 5
comprising 15 genes. Exome sequencing of these fifteen genes in D13 mutants, in collaboration
with Pioneer/Dupont (now Corteva Agriscience), revealed a G to A change in exon 5 of the gene
Zm00001d015007, encoding a glutamate receptor (Figure 3.2A). This G2976A change in the gene
was selected as a putative candidate responsible for the D13 phenotype. The other fourteen genes
did not show any variation in protein-coding regions in the mutant as compared to the wild type.
We sequenced the full-length gene Zm00001d015007 in the wild type and D13 heterozygotes to
confirm the SNP. All the mutants had the G2976A change. The rest of the gene sequence was
completely identical in wild types and mutants.

The glutamate receptor gene, Zm00001d015007, contains the signature three plus one
transmembrane domains of an ionotropic glutamate receptor, which includes three transmembrane
domains (M1,M3, and M4) and a pore loop (M2) (Figure S2). The G2976A mutation did not
impact the transmembrane domain structure.

The G to A change in the D13 mutants was determined to be a missense mutation that led to
the replacement of non-polar alanine (A) with polar threonine (T) at position 4 (A4T) in a highly
conserved nine-amino acid motif in the third transmembrane domain (M3) of the glutamate
receptor (Figure 3.2D). The amino acid sequence of the M3 domain of mutant Zm00001d015007
(D13) was compared to the glutamate receptor homologs in maize, sorghum, rice, and Arabidopsis,
as well as other organisms — humans, mice, Drosophila, and cyanobacteria. The A4 residue of
SYTANLAA motif was found to be conserved in ionotropic glutamate receptors in all the
organisms (Figure 3.2B), which strongly indicates that the D13 phenotype is the result of the A4T
mutation in a highly conserved region of the glutamate receptor gene.

A dCAPs marker associated with the G to A SNP in the Zm00001d015007 gene was tested
for linkage with the D13 phenotype. We selected 96 wild type and 96 mutants (D13/+:B73) from
B73 x D13/+B73 progeny with reduced height. The marker clearly differentiated the wild type and

mutant plants, showing a complete co-segregation of the phenotype and genotype (Figure 3.2C).
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Figure 3.2 Mutation in a glutamate receptor gene is responsible for D13 phenotype. (A) Structure of glutamate receptor gene (Zm00001d015007).
Exons and introns are drawn in proportion to their lengths. The black arrow indicates the position of the G to A mutation in exon 5. (B) Amino acid
sequence comparison of M3 domain of Zm00001d015007 gene in D13 mutants with glutamate receptors in other species (Hs: Homo sapiens, Mm:
Mus musculus, At: Arabidopsis thaliana, Zm: Zea mays, Os: Oryza sativa, Gm: Glycine max, Sb: Sorghum bicolor, Dm: Drosophila melanogaster).
The grey rectangle highlights the M3 transmembrane domain, black rectangle indicates conserved SYTANLAA motif and the blue box highlights
the conserved alanine. The alanine residue that is changed to threonine in D13 mutants is highlighted with a red box. (C) Co-segregation analysis of
plant height with D13 mutation. The left panel shows the height of the selected plants and the right panel depicts their genotype. (D) Co-segregation
analysis of red leaf phenotype with D13 mutation.



Another striking phenotype of D13 mutants was the accumulation of red pigmentation, specifically
at the leaf tips of juvenile seedlings. While we did occasionally observe red pigmentation in wild
type plants, it had a scattered pattern and was not restricted to the tips of the leaves. Our evaluation
showed that all plants with red leaf tips were heterozygous for the D13 mutation, whereas the ones
without the red leaf tips were wild types (Figure 3.2D). In conclusion, our data confirmed complete
linkage of the G2976A SNP in the glutamate receptor gene (Zm00001d015007) with the D13
phenotype.

3.3.2 D13 mutants display defects in the plant vasculature

Visualization of transverse sections of the second internode of three-week-old D13/D13:B73
indicated severe defects in the morphology of vascular bundles (Figure 3.3 A-D). Typically, a
vascular bundle in a monocot stem follows a collateral arrangement where xylem is located on the
inner side and phloem is on the outer side of the bundle. However, in the stem cross-section of
homozygous D13, phloem was localized to the center of the vascular bundle and the xylem tissue
was not fully developed (Figure 3.3D). Unlike that of D13 homozygotes, the arrangement of
vascular tissue within the bundles in D13 heterozygotes was similar to that of wild type plants,
however, the vessel elements were smaller and fewer than in wild type (Figure 3.3E-H). While the
vascular bundles were randomly distributed throughout the stem in D13 mutants (both
homozygotes and heterozygotes), as is expected in a monocot, they were densely packed in the
mutants as compared to the wild type (Figure 3.4). This was probably because of the reduced
diameter of the stem in the mutants in comparison to the wild type. We also looked at the cross-
section of the mesocotyl and root in ten-day-old D13/+:B73 and wild type seedlings. The mutant
sections looked identical to the wild type (Figure 3.5), which was consistent with our phenotypic
observations that D13 heterozygotes were indistinguishable from wild type at this stage of
development.

3.3.3 A second-site mutation in D13 gene reverts the mutant phenotype to wild type

The D13 phenotype exhibits marked sensitivity to the genetic background. We exploited this
background variation to generate a second site mutation in the D13 gene, taking advantage of the
CML322/Mo017 background. The suppressed D13 phenotype in Mol17 allowed us to obtain D13
homozygous pollen to make enough crosses required for screening and the mutant phenotype was
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Figure 3.3 Vascular patterns in the stem of wild type (WT) and D13 mutants in maize. The stem sections were obtained from the second internode
of 3-week-old (A-D), or 4-week-old (E-H) plants. (A) Cross-section of WT stem. (B) Stem cross-section of a D13 homozygote. (C) Structure of
vascular bundle in WT. (D) Structure of a vascular bundle in a D13 homozygote. (E) Cross-section of 4-week-old WT stem. (F) Stem cross-section
of a D13 heterozygote. (G) Structure of a vascular bundle in 4-week-old WT. (H) Structure of a vascular bundle in D13 heterozygote. Scale bar =

50 um. (Images contributed by Han Han and Yun Zhou).
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Figure 3.4. Distribution of vascular bundles in the stem of wild type (WT) and D13 mutants in maize. The stem sections were obtained from the
second internode of 3-week-old (A, B), and 4-week-old (C, D) plants. (A) Stem cross-section of WT. (B) Stem cross-section of a D13 homozygote.
(C) Stem cross-section of 4-week-old WT. (D) Stem cross-section of D13 heterozygote. Scale bar = 100 um. (Images contributed by Han Han and

Yun Zhou).
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Figure 3.5 Cross-sections of root and mesocotyl from ten-day-old wild type (WT) and D13 seedlings. (A, B) Cross-section of WT root. (C, D) Root
cross-section of D13 heterozygote. (E, F) Cross-section of WT mesocotyl. (F) Mesocotyl cross-section of D13 heterozygote. Scale bar = 50 pum.
(Images contributed by Han Han and Yun Zhou).



readily visible in CML322/Mo17 background (Figure S3). To determine if inactivating the D13
allele reverts the mutant phenotype, three M1 families comprising of a total of 16230 plants were
screened for tall plants.

A great deal of variability was observed in the heights of M1 plants. Theoretically, all the
M1 plants should display a similar reduction in height because they were all D13 heterozygotes,
and only the plants with the knockout of the D13 allele should appear tall like the wild type plants.
However, the number of tall M1 plants observed was much higher than the number expected
(approximately 1 per 1000 or 0.1%) based on previous mutagenesis estimates from EMS treatment
(Candela and Hake 2008). There were 112 tall plants among 5373 M1 plants obtained from the
first pollen parent. Similarly, 2% of the plants (82/4072) were tall in second M1 family. The
number of tall plants in third M1 family was much higher than the other two families. It was tough
to determine the exact number of tall plants in the third family due to relatively high suppression
in all plants in general. We selected 55 of the tallest plants from the third family.

The tallest plants selected from three M1 families were crossed to inbred B73 for progeny
testing. Genotyping with an InDel marker linked to the D13 locus confirmed the presence of D13
allele in all the selected plants. The seeds from 184 F; families obtained from the above crosses
(B73 x D13/+:M017/CML322) were planted in two replications, and F1 progeny were screened
for plant height. If EMS mutagenesis had knocked out the D13 allele, then all the mutant plants in
the F, families were expected to be as tall as wild types . The tall parent plants whose mutant
progeny were shorter than wild type were false positives. A total of 183 F; families showed
segregation of mutant and wild type phenotype with few of them showing a partially suppressed
D13 phenotype. Among the 184 F; families, only one F; family had all the mutant plants of the
same height as the wild type siblings. All the plants in this selected F1 family in both the
replications were genotyped with the InDel marker to confirm the 1:1 segregation of mutants and
wild type (Figure S4). Two revertant plants were selected from this family for sequencing.

Wide-seq was performed to sequence the full-length glutamate receptor gene
(Zm00001d015007) in the revertant plants. We also sequenced two partially suppressed mutants
from other F1 families to serve as controls. The detailed sequencing results are provided in Table
S1. A new G to A change (D13*) upstream of the original D13 allele was identified in the exon 2
of the gene (Figure 3.6A). This allele was present in the revertant plants and was absent in the

suppressed mutants or in B73. The D13* allele replaced the amino acid glycine with the negatively

69



G1520A G2976A
ATG v v TGA
1bp 3970 bp
B PBPe domain
460 470 480 490 500 510
S T S O [ A PR A IR SR RPN VSR B
CML322 PGETAQKPRGWAFPYNGKELK PNRFSFKEFVSKDNGTGSMKGYCIDVFTQALTLLPYPV'
Mol7 PGETAQKPRGWAFPYNAKELK PNRFSFKEFVSKDNGTGSMKGYCIDVFTQALTLLPYPV'
D13 PGETAQKPRGWAFPYNAKELK. PNRFSFKEFVSKDNGTGSMKGYCIDVFTQALTLLPYPV'
B73 PGETAQKPRGWAFPYNAKELK PNRFSFKEFVSKDNGTGSMKGYCIDVFTQALTLLPYPV'
D13* PGETAQKPRGWAFPYNAKELK PNRFSFKEFVSKDNGTGSMKGYCIDVFTQALTLLPYPV'

Clustal Consensus khkkkkkkkhkkhkhkkhkhkd hhkkhkdk khkkkhkkhkhkhkhkhdhkhdhkhhhhhhhdhhhhhdhhrhhdhhi

C PBPe domain

: o | & | P | 50 &0 ‘ &0
HsGRIA1 SVONRTYIVTTILEDPY K====a2- KNAN - -QFEGNDR - = = = = = = =« YEGYCVELAAEII
HsGRIK1 SLANRTLIVTTILEEPY R====a-- KSDK--PLYGNDR == == == -« FEGYCLDLLKEL
HsGRIN1 FVYVKPTLSDGTCKEEF GDPVKKVICTGPNDTSPGSPRH-TVPQCCYGFCIDLLIKL
HsGRID1 RLQGLTLKVVTVLEEPF A--mmm e o a oo ENILGQPKR - - - - - - - YKGFSIDVLDAL
MmGRIA1 SVOANRTYIVTTILEDPY K------ KNAN - -QFEGNDR - - - - - - - - YEGYCVELAAEI
MmGRIK2 SLSNRSLIVTTILEEPY K-=----- KSDK--PLYGNDR - - -- - - - - FEGYCIDLLREL
MmGRIN2D TLEERPFVI VEPADPI S IRDSVPCRSQLNRTHSPPPDAPRPEKRCCKGFCIDILKRL
At_GluR1.1 RKIPRHRVLAEKGEKKY LV---TAGNKVPHLVSVRPDPE-TGVNTVSGFCVEVFKTC
At_GluR2.1 TSVPKGWEIPTNGKRLQI P----- VNNTFQQFVKATRDPI -TNSTIFSGFSIDYFEAV
At_GIuR3.1 SVTPRGWIFRNNGRRLRI P----- DRASFKDFVSRVNGS - - - -SNKVQGYCIDVFEAA
0OsGLR1 AQTPRGWVFPSNAKELKI P----- NRFSFREFVTKDNV - - - - - TGSMKGYCIDVFTQA
OsGLR2 RDTPRGWTVSPSGLPLR P----- TKRGFTQFVDVGNVTA-TGRRNITGYCIDVFDEV
ZmGLR2 VTRPRGWVFPNNGNELRI P----- DRVSYRQF I SVDNQ - - - - - GTVGGFCIDVFAAA
ZmGLR3 TVVPIGWVQPTSGRKLQ LG- --RVDPGYWPIMHLDVDPA-TNRTVAGGFVIEVFEAA
ZmGLR4 ENTPRGWLLPAN-KELK P====-- VKPGFGSFIRSEDG - - - - = = = IPKGFCIDVFEEV
ZmGLR9 TDIPRGWVFPNDGQPLR P----- VKPSFKALVS - -GST----PDSVRGYCIDVFKSA
D13 AQKPRGWAFPYNAKELKI P----- NRFSFKEFVSKDNG - - - - - TGSMKGYCIDVFTQA
D13* AQKPRGWAFPYNAKELKI P----- NRFSFKEFVSKDNG - - - - - TGSMKGYCIDVFTQA
GmGLR1 GERPRGWVFPNNGRLLKI P----- KGVSYKEFVSQIKG - - - - - TDMFEGFCIDVFLAA
GmGLR2 LSKPRGWVFPNNGRQLRI P----- IRVSYREFVAPVQG - - - - - TEMFKGFCVDVFTAA
SbGLR1 TAKPRGWVFPNNGKPLRI P----- YRTTYKQFVSMDRSS - -- -PDGVSGYCVDVFNAA
SbGLR2 TTTPRGWVFADNGTPLR P----- YRTSDTEFVSKDDTS - -- -KDGVSGYCIDVFEAA
DmGIuRIB FEKNRTYIVTTVLEEPY K--=---- QVAFGEKLHGNNR - = = = = = = = FEGYCKDLADLL
DmGIuRIA LVNKTFIVLISVATKPY Voaeoooaaoaa ESIDTLIGNNQ - === == -« FQGYGVDLI KEL
GIuR0 TVDSQTLKVGVVGNPPF G- - s s mm e ma - EGKNAA - - - - - - - FTGISLDVWRAV

Clustal Consensus

Figure 3.6 Second-site mutation in the candidate glutamate receptor gene. (A) Structure of glutamate
receptor gene (Zm00001d015007) indicating the position of D13* allele (red arrow) and original D13 allele
(black arrow). (B) Amino acid sequence comparison of revertant mutant (D13*) with original D13 mutant
and inbred lines B73, Mol7 and CML322. The light blue rectangle highlights the PBPe (eukaryotic
Periplasmic binding protein) domain, dark blue box highlights the Glycine (G) residue that is changed to
Aspartic acid (D) in D13* mutants. (C) Amino acid sequence comparison of PBPe domain in D13* with
glutamate receptors in other species (Hs: Homo sapiens, Mm: Mus musculus, At: Arabidopsis thaliana, Zm:
Zea mays, Os: Oryza sativa, Gm: Glycine max, Sbh: Sorghum bicolor, Dm: Drosophila melanogaster).
GIuRQO is the glutamate receptor in cyanobacteria.
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charged aspartic acid (G473D) in the ligand binding domain that is homologous to eukaryotic
periplasmic binding protein domain (PBPe) (Figure 3.6B).Comparison with the protein sequence
in other organisms showed that the G473 is not conserved in animal glutamate receptors but is
conserved in the majority of plant GLRs (Figure 3.6C). The other amino acids frequently occurring
at this location in plant GLRs include alanine and serine. None of the GLRs had an aspartic acid
or any other negatively charged amino acid at this location. The restoration of the wild type
phenotype in plants carrying the D13 allele due to a second-site mutation (D13*) in the glutamate
receptor gene (Zm00001d015007) validated the relationship between this gene and D13 phenotype.

3.3.4 D13 mutants exhibit an upregulation of stress response gene expression

We used transcriptomics to explore the molecular pathways affected in the mutant. As
mentioned above, the phenotype of D13 mutants is very different in B73 and Mol7. So, we
selected these two genetic backgrounds to explore this variation in mutant phenotype at the
molecular level. One-inch sections from the base of four-week-old mutants (D13/+:B73 and
D13/+:Mo17) and their respective wild type siblings were used for RNA-sequencing. Principle
component analysis (PCA) showed a clear separation between the mutant and wild type groups in
B73 background, with PC1 explaining 72% of variance, whereas the separation of groups was less
distinct in Mo17 with PC1 explaining only 42% of variance (Figure 3.7A-B). These results are
consistent with the phenotype of D13 in both these backgrounds where the mutant phenotype is
clearly distinguishable from wild type in B73 and not in Mo17.

We identified 882 genes differentially expressed in the B73 mutant as compared to wild type
siblings (Supplemental file 3). Among these 882 genes, 765 were upregulated in the mutant and
117 were downregulated (Figure 3.7C). In contrast, D13 mutants in Mo17 only had 43 DEGs as
compared to their wild type siblings. Among these 43 DEGs, 32 genes were upregulated and 11
were downregulated in the mutant (Figure 3.7D). There was no significant overlap between the
DEGs in the two genetic backgrounds, as we identified only 5 genes common in the two gene sets
(Figure S5, Table 3.1). Four of these genes are upregulated in both B73 and Mol7 mutants.
However, unlike what is observed in B73, a gene that encodes salicylate/benzoate carboxyl
methyltransferase is downregulated in Mol17. This gene plays a role in stress response in plants
(Chen et al. 2003).
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PC2: 17% variance

Figure 3.7 Transcriptomic analysis of D13 mutants in B73 and Mo17 genetic backgrounds. The panel on
left (A, C, E) illustrates data for D13 mutant in B73 background and the panel on right (B, D, F) shows data
for D13 mutant in Mol17. (A and B) Principle component analysis (PCA) plots based on the transcript
counts. (C and D) Volcano plots of differentially expressed genes (DEGS). Blue dots display significantly
upregulated genes in mutant as compared to wild type (WT) (log2 fold change > 1, p-value < 0.05) . Green
dots display downregulated DEGs (log2 fold change < -1, p-value < 0.05). (E and F) Heatmaps of DEGs
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The functional annotation of the DEGs in B73 background was performed using GO term
singular enrichment analysis in AgriGO v2. We identified 328 and 59 significant GO terms (FDR
< 0.05) associated with the upregulated and downregulated genes (Supplemental files 4 and 5),
respectively. The upregulated D13 genes were enriched in various metabolic and cellular processes,
signaling, and response to stimulus (Figure 3.8A, Table 3.2). Among the GO terms for cellular
component, sixty-eight percent of the upregulated genes in D13 were associated with the GO term
‘membrane,” and 29 percent were assigned to the term ‘plastid’. Further, these genes were related

to various components of plastids, including envelope, thylakoid membrane, and stroma.

Table 3.1 Common DEGs in B73 and Mo17 RNA-seq data

S.No. Gene ID B73 Mol7 Description
log2 ] log2 .
re | padi | PE | padi
1 | Zm00001d048660 | 3.6495 | 0.0205 | 2.9485 | 0.0096 ﬁ%‘i"éﬂg?‘B'rkty"e”V"S'”
2 | Zm00001d025490 | 2.4158 | 0.0272 | 2.3823 | 0.0203 | Zea mays ARGOS1
3 | Zm00001d003422 | 2.8424 | 0.0000 | 1.6869 | 0.0000 | AAMino acid/polyamine
transporter 11
4 | Zm00001d041173 | 1.6737 | 0.0022 | 1.1345 | 0.0291 | Beta-glucosidase 17
5 | Zm00001d052827 | 1.4643 | 0.0000 | -1.1542 | 0.0416 | Salicylate/benzoate
carboxyl methyltransferase

Table 3.2 Significant GO terms for biological processes over-represented in upregulated DEGs
in D13 (B73) mutants

GO term Associated processes

Metabolic processes Glyceraldehyde-3-phosphate metabolism, Lipid metabolism,
Secondary metabolism, and Phenylpropanoid metabolic
process

Cellular processes Photosynthesis, Pigment biosynthesis

Signaling lon transport

Response to stimuli Response to biotic and abiotic stresses
Biotic stresses: response to external biotic stimuli (bacteria,
fungi), innate immune response, defense response
Abiotic stresses: cold, osmotic stress, light radiation

The GO term “response to stimulus” was over-represented in the upregulated gene set and
was associated with both biotic and abiotic stresses (Figure 3.8B, C). The genes related with biotic

stimuli included those involved in response to bacteria and fungi. The genes for response to reac-
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Figure 3.8 Functional annotation of upregulated DEGs in D13 (B73) vs wild type (WT). (A) Singular
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enrichment analysis (SEA) for upregulated DEGs in D13 vs WT in B73 using AgriGO v2. DEGs were
bars represent the input gene list and the green bars represent the background reference genome (Zea mays).

annotated based on three categories: biological process, cellular component, and molecular function. Blue

(B) Significant GO terms associated with response to external/internal stimuli.

biotic/abiotic stress response in D13 mutant vs WT in B73 background.



-tive oxygen species (peroxidases, WRKY transcription factors) were also upregulated in D13
plants. In addition, mutants showed an upregulation of genes involved in cutin and wax
biosynthesis. The abiotic stress in D13 is evident from the upregulation of genes for cold, light,
and radiation response. Other indicators for stress are an enrichment of genes for auxin, ABA, and
ethylene response. Taken together, RNA seq data indicates that D13 mutants are highly stressed
and that could be the primary reason for stunted growth, or vice versa. Our hypothesis of increased
stress in plants was supported by anthocyanin pigmentation in the D13 leaves. Moreover, we
identified fifteen genes associated with anthocyanin accumulation upregulated in D13 mutants
(Table S2).

The mutants also display a reduction in size of the meristem and length of the internodes.
The 117 downregulated genes were associated with shoot system development and its regulation,
primarily comprising genes involved in leaf and flower development (Supplemental file 5). Also,
genes controlling vegetative to reproductive phase transition were downregulated in D13. We also
performed functional annotation of down regulated genes using ShinyGO v0.61. and identified
genes related to regulation of hormone levels. A gene Zm00001d029648 associated with GA
metabolic processes was downregulated in D13. Zm00001d029648 encodes a copaly! diphosphate
synthase2, that is involved in early stages of GA biosynthesis pathway. Mutations in this gene can
lead to lower GA level, that results in a typical dwarf phenotype (Yamaguchi 2008; Bensen et al.
1995). A recent study in maize has demonstrated that mutation of copalyl diphosphate synthase
also enhances salt-tolerance in plants (Zhang et al. 2020). The downregulation of copalyl
diphosphate synthase in D13 might be another stress response.

KEGG pathway enrichment analysis displayed seventeen pathways enriched (FDR < 0.2) in
D13 mutants (Figure 3.9). Photosynthesis was the most enriched with an enrichment factor of 0.17.
In addition, many of the enriched pathways were associated with secondary metabolism in plants
including butanoate metabolism, phenylpropanoid biosynthesis, flavonoid biosynthesis, and

biosynthesis of secondary metabolites.

3.3.5 Metabolomic profiling of D13 mutants

Untargeted metabolite analysis was performed using HPLC/MS platform to investigate the

metabolic response of D13 plants. We utilized the same set of wild type and D13 samples which
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were used for RNA-sequencing. A total of 12131 mass features were detected in our workflow,
which were reduced to 5000 after filtering based on RSD (relative standard deviation). Principal
component analysis performed to visualize the relationship among the samples showed clear
separation of wild type and mutant groups with PC1 explaining 52.9% of the total variance and
PC2 explaining 18.4% variance (Figure 3.10A). Among 5000 mass features, 1114 were identified
as significantly different (log2 FC > 1 and padj (FDR) < 0.05) between D13 and wild type (Figure
3.10B, Supplemental file 6).

PLS-DA analysis was performed to identify important mass-features variable between D13
and wild type with variable importance in projection (VIP) score > 1. The results of PLS-DA were
consistent with PCA. The top mass features for which corresponding tentative metabolites were
identified are displayed in Figure 3.11A. Due to the complex nature of metabolites, it is difficult
to determine the compounds accurately based on their m/z values. Moreover, the publicly available
databases are enriched in metabolites from humans and mammals, whereas plant metabolites have
not been extensively identified, which often leads to misidentification of compounds unlikely to
be plant metabolites. To reduce this problem, we performed MS peak to pathway analysis that
examines metabolites based on their enrichment in a pathway rather than as random hits. Using
this approach, 557 tentative metabolites were identified and compared with KEGG pathway library
of Arabidopsis thaliana that revealed 18 significantly enriched pathways (GSEA p-value < 0.05,
Figure 3.11B).

The most enriched pathway that was identified was biosynthesis of secondary metabolites
followed by anthocyanin biosynthesis. In addition, phenylpropanoid biosynthesis, flavonoid
biosynthesis, inositol phosphate metabolism, pentose phosphate pathway, were significantly
enriched. All the above-mentioned pathways are associated with secondary metabolism in plants.
The RNA-seq data also showed an enrichment of these secondary metabolic pathways. Other
pathways that were significantly enriched included glycolysis/gluconeogenesis, fatty acid

biosynthesis and terpenoid biosynthesis, which were also enriched in RNA-seq analysis.

3.3.6 Glutamate receptor gene family in maize

The gene Zm00001d015007 is a part of a gene family in maize comprising 17 genes. The
homologs of glutamate receptors in maize were identified by using the protein sequences of 20

AtGLRs as queries in a BLAST search against the maize genome. All the members of the GLR
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Figure 3.9 KEGG pathway enrichment analysis (FDR < 0.2) of upregulated DEGs in D13 vs wild type in

B73 background.
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Figure 3.10 Differential metabolite accumulation in D13 mutants vs wild type (WT) B73. (A) Principle
component analysis (PCA) plots based on LC/MS data. (B) Heatmap of differentially accumulated

metabolites in D13 vs WT samples.
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family in maize are distributed on five chromosomes: 1, 2, 4, 5 and 7 (Figure S6). Some of them
are also located in proximity on the same chromosome. For instance, ZmGLR8, 9 and 10 on
chromosome 5, and ZmGLR3 and 4 on chromosome 2. However, we do not know if the close
location of these ZmMGLRs plays a role in their interaction or functioning. This gene family has not
been previously characterized in maize, so the ZmGLRs were named from 1 through 17 in
ascending order of their chromosomal location (Table 3.3). The genomic length of all the ZmGLRs
is variable and ranges from ~2.4kb to 9.3kb. None of the seventeen ZmGLRs were differentially
expressed in the D13 mutants as compared to the wild type.

To confirm the GLR identity of these predicted ZmGLRs, the protein domains for each of
the ZmGLRs were predicted using InterPro and HMMER. The protein domains that were common
in all proteins include: lonotropic glutamate receptor domain (IPR001320), Periplasmic binding
protein (IPR028082), and ANF-ligand binding receptor (IPR001828). Another domain that was
present in 15 GLRs was Bacterial extracellular solute- binding protein, family 3 (IPR001638). The
two GLRs, ZmGLR1 and ZmGLR14 did not possess this domain, instead they contained a L-
glutamate and glycine-binding domain (IPR019594). All the domains mentioned above are
characteristic of glutamate receptors and have also been identified in Arabidopsis and tomato
(Aouini et al. 2012).

The subcellular localization was predicted using aramemnon (Schwacke and Fligge 2018,

http://aramemnon.uni-koeln.de/). The aramemnon database contains information for only 12

ZmGLRs Among those 12, ten ZmGLRs were predicted to be involved in the secretory pathway,
indicating their localization in the plasma membrane. Two GLRs, ZmGLR13 and ZmGLR14, were
predicted to be localized in the chloroplast. In addition to the plasma membrane, ZmGLR3 is
predicted to be in mitochondria. For the remaining five ZmGLRs including ZmGLR1, 4, 6, 10,
and 17, the predictions were made using TargetP and all of them were predicted to be localized to
plasma membrane due to presence of signal peptide sequence. All the ZmGLRs except ZmGLR1,
ZMGLR5, and ZmGLR14 showed the three-plus one transmembrane domain structure
characteristic of glutamate receptor gene family (Lam et al. 1998). ZmGLR1, ZmGLR14 and
ZmGLR5 had one, two and three transmembrane domains, respectively.

Phylogenetic analysis distributed ZmGLRs into three clades, corresponding to clades I, Il
and Il in Arabidopsis (Figure 3.12). The glutamate receptor ZmGLR11 that contains the D13
mutation is grouped into clade 111 and is closest to AtGLR3.3 and AtGLR3.6. The maize homologs
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Table 3.3 Seventeen glutamate receptor genes in maize

S.No Gene ID v3 Gene ID NCBI ID Chr | Start End Length | Accession No. | Strand
b
1 ZmGLR1 | Zm00001d033769 LOC103645580 | 1 273099857 | 273102264 (24%23 ONMO08572.1 | -1
2 ZmGLR2 | Zm00001d002532 | GRMZM2G066489 | LOC100279951 | 2 14856275 | 14861080 | 4806 ONM14608.1 |1
3 ZmGLR3 | Zm00001d005782 | GRMZM2G341499 | LOC103647444 | 2 188139025 | 188146351 | 7327 ONM22083.1 |1
4 ZmGLR4 | Zm00001d005783 LOC103647445 | 2 188163535 | 188169807 | 6273 ONM22087.1 | 1
5 ZmGLR5 | Zm00001d006508 | GRMZM2G125495 | LOC103647716 | 2 210172903 | 210177759 | 4857 ONM24112.1 |1
6 ZmGLR6 | Zm00001d052064 4 178258597 | 178262686 | 4090 AQK55950.1 | -1
7 ZmGLR7 | Zm00001d054016 | GRMZM2G150337 | LOC100275125 | 4 245187634 | 245193207 | 5574 AQK®61072.1 | -1
8 ZmGLR8 | Zm00001d014451 | GRMZM2G057459 | LOC103626309 |5 47928633 | 47933975 | 5343 AQK66311.1 |1
9 ZmGLR9 | Zm00001d014456 | GRMZM2G148807 | LOC103626311 |5 48034203 | 48043502 | 9300 AQK66314.1 |1
10 ZmGLR10 | Zm00001d014458 LOC103626312 | 5 48260780 | 48266573 | 5794 AQK66317.1 |1
11 ZmGLR11 | Zm00001d015007 | GRMZM2G098301 | LOC103626528 | 5 72029738 | 72034813 | 5076 AQK67881.1 |1
12 ZmGLR12 | Zm00001d018329 | GRMZM2G391487 | LOC103627839 |5 218519848 | 218523059 | 3212 AQK75625.1 | -1
13 ZmGLR13 | Zm00001d018332 | GRMZM2G428379 | LOC103627840 |5 218588559 | 218592271 | 3713 AQK75634.1 |1
14 ZmGLR14 | Zm00001d018614 | GRMZM2G020104 | LOC103631863 | 7 908414 912556 4143 ONM50886.1 | 1
15 ZmGLR15 | Zm00001d018615 | GRMZM2G165828 | LOC100383810 | 7 1022757 1026799 4043 ONM50889.1 |1
16 ZmGLR16 | Zm00001d020563 | GRMZM2G302673 | LOC103632790 | 7 122392697 | 122398042 | 5346 ONMb55135.1 | -1
17 ZmGLR17 | Zm00001d020568 | GRMZM2G416943 | LOC103634135 | 7 122586114 | 122609281 | 23168 | ONM55137.1 |1
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Figure 3.12 Phylogenetic relationship of ZmGLRs with glutamate receptors in other species: cyanobacteria
Synechocystis (GIuR0), Mus musculus (Mm), Drosophila melanogaster (Dm), Homo sapiens (Hm),
Arabidopsis (At), Sorghum bicolor (Sb), Oryza sativa (Os), Triticum aestivum (Ta), and Ginkgo biloba
(Gb). The phylogenetic tree was constructed using MEGA X by neighbor-joining method. Bootstrap values

from 1000 replicates are indicated at each node.
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closest to ZmGLR11 were ZmGLR1 and ZmGLR7. Synteny analysis showed ZmGLR11 and
ZmGLRY7 are syntelogs that resulted from a maize-specific whole genome duplication. ZmGLR1
is likely a transduplicated sequence, as it showed high identity (91%) with the ZmGLR11 and was
not syntenic with homologous sequences in sorghum or rice. The comparison of ZmGLR11 with
the next closest homolog, ZMGLR2, showed only the conservation of domains in the two
sequences. This along with the separation of these two sequences in the phylogenetic tree indicated
a duplication event that predates ancient grass whole genome duplication. The glutamate receptors
ZmGLR3 was ZmGLR16 were also identified as syntelogs derived from a pre-grass whole genome
duplication event. The glutamate receptors ZmGLR8 and ZmGLR 10 were also identified to be

syntenic homologs.

3.4 Discussion

A key goal for the research presented in this chapter was to clone and confirm the gene
underlying D13 and determine the nature of the mutation that led to its partially dominant dwarfing
phenotype. As described in detail in chapter 1, the D13 mutation was generated by EMS
mutagenesis, and was mapped to a region of chromosome 5 that contained 15 genes. To pinpoint
which of these 15 genes represented D13, we conducted exome sequencing of these genes in
collaboration with colleagues at Pioneer/Dupont (now Corteva Agriscience). A single G to A
change (G2976A), typical of mutations induced by EMS, was found in only one of the 15 genes.
This gene Zm00001d015007 was annotated to encode a glutamate receptor-like protein (GLR)
with homology to the mammalian ionotropic glutamate receptors (iGluRs). Using the 20
Arabidopsis GLRs as reference, we identified 17 GLRs in maize. The GLR that has undergone the
G to A mutation in D13 was designated as ZmGLR11.

The G2976A change is a missense mutation that replaces an alanine at position 670 with
threonine (A670T) in ZmGLR11. This finding was significant because this alanine residue (A670)
is completely conserved in glutamate receptors across all domains of life, suggesting important
functional relevance of this amino acid as well as D13 mutation. Consistent with this hypothesis,
the G2976A SNP was found to be completely linked with the D13 phenotype as evidenced by
genotyping with a dCAPs marker. To validate that the alanine to threonine substitution is in fact
responsible for D13, an intragenic, second-site suppressor approach was used to identify EMS-

induced mutants in which the effect of the D13 mutant allele was nullified. One mutant (D13*)
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was identified that underwent a second G to A mutation within the D13 allele, which reverted its
phenotype to normal tall height. Together, these data convincingly show that D13 resulted from a
mutation in a GLR, ZmGLR11. This is the first GLR mutant to be discovered in maize.

We also used an alternative approach to validate the gene for D13 by transgenically
expressing the maize D13 allele in Arabidopsis (data not shown). The transgenic Arabidopsis
plants containing the mutant allele showed an impaired growth as compared to non-transgenic
Arabidopsis controls. The work was delayed due to arrival of COVID-19 pandemic and is still in
progress. In addition, transgenics expressing the wild type allele of D13 need to be developed to
serve as additional controls. Future studies using gene editing can be done to introduce the D13
mutation (alanine to threonine substitution) in the closest Arabidopsis homolog to see if it impacts
plant architecture in a similar manner as that observed in maize. Moreover, introduction of this
amino acid change in each of the 20 GLR genes of Arabidopsis can help us to determine if the
impact on plant architecture is general or gene specific.

Isolation of only a single mutant from about 16,000 M1 plants is a rather low efficiency of
mutagenesis compared to the expected frequency of 1 in 1000, which could be a concern. Based
on our current understanding, we think the main reason for the low efficiency was due to the
presence of a very large number of false positives, which masked the identification of genuine
mutants. However, other unknown factors may cause low efficiency as well. Furthermore, it is not
clear why this experiment had so many false positives. We believe it was likely due to the unstable
nature of the D13 phenotype, which may have been exaggerated in the Mo17/CML322 hybrid
background. Another possibility is contamination due to self-pollination of the female parent or
pollination by stray pollen, but this was ruled out as genotyping of the tall plants confirmed the
presence of D13 allele in all of them. It is also possible that some tall mutants resulted from
compensating mutations in one of the other 16 GLRs or in other modifiers.

The A670T amino acid substitution in ZmGLR11 occurs in the M3 transmembrane domain
in a highly conserved eight amino acid motif that has been termed SYTANLAA in the animal
literature. The M3 domain plays a key role in gating the glutamate receptor ion channels (Traynelis
et al. 2010). The complete conservation of the A4 amino acid in SYTANLAA suggests that it is
critical for the functioning of glutamate receptors and any mutations in it are likely to disrupt the
channel activity. Studies in mammals have shown that closed confirmation of the GIuR channel

involves cross over of the M3 helices of four channel subunits at the “SYTANLAA” motif
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(Wollmuth 2004). This motif lines the entrance to the pore on the extracellular side (Wollmuth
2004) and is also known as the “gate motif”’. The “SYTANLAA” motif is slightly modified in
plants with differences at positions 5, 7 and 8 and most of the known plant GLRs contain
“SYTASLTS” motif (Aouini et al. 2012; Price et al. 2012; Wudick et al. 2018a). Mutations in the
gating motif are known to alter the channel activity significantly. This is evident in Lurcher mice
(Lc), where a spontaneous mutation of alanine at position 8 in the motif to threonine (A8T) in the
82 glutamate receptor constitutively activates the channel. Another mutation in this motif (T3A)
in NMDA GIuRs resulted in a large holding current, suggesting the channel to be constitutively
open (Kashiwagi et al. 2002). Likewise, a substitution of the A4 (SYTANLAA) with cysteine in
the NR1 subunit of NMDA receptors leads to significant changes in channel function similar to
those observed in Lurcher mice (Sobolevsky et al. 2007). Like this mutation, our D13 has a
mutation in the same amino acid, and like the A4C change in NMDA receptor, A4T is also a non-
polar to polar amino acid substitution. This A4 alanine is known to function as a “hinge” that is
supposed to pull the M3 helices away from each other for opening the channel gate on the
extracellular side (Twomey and Sobolevsky 2018). Based on this information from the mammalian
GluRs, we presume that the A to T substitution in D13 mutants disrupts the hinge-like activity and
interferes with the opening/closing of the channel gate, thereby impacting the flow of cations
across the membrane. This being the first such mutation in plants, D13 can serve as an excellent
resource to fill in the gaps in our limited understanding of the gating mechanism of glutamate
receptors in plants.

There are many similarities in the structure and functioning of the glutamate receptor
channels in plants and animals, but their physiological roles are quite diverse. In mammals they
are primarily involved in fast excitatory neurotransmission whereas in plants they influence
numerous processes related to plant growth and development as well as stress response. Several
members of GLR family have been characterized in Arabidopsis, but limited information is
available in maize. There is only one report that shows possible role of glutamate receptors in heat
tolerance in maize (Li et al. 2019). It was based on a pharmaceutical approach in which it was
demonstrated that glutamate-induced heat tolerance is weakened by treatment with DNQX, an
antagonist of GIuRs. There are no other reports on glutamate receptor genes in maize. In our study,
a mutation in glutamate receptor gene (Zm00001d015007) led to defects in maize shoot

architecture suggesting a role for GLRs in shoot development. D13 plants were characterized by a

84



reduction in meristem size and internodes length. In addition, we observed significant aberrations
in vascular bundles. The size of the vascular bundles was reduced in both D13 homozygotes and
heterozygotes as compared to the wild type, with the effect being more pronounced in the
homozygous condition. The D13 phenotype is unlike any phenotype observed thus far in GLR
mutants in plants. A second-site mutation in the D13 allele completely recovers the wild type
phenotype, further supporting the role of GLRs in influencing plant architecture. Our
transcriptomic analysis also shows that the genes related to shoot system development and
meristem development are downregulated in D13 mutants. Although mutations in this glutamate
receptor gene influences plant height in maize, it remains unclear whether the effect is direct or
occurs indirectly due to some other downstream changes.

Transcriptomic and metabolomic analysis revealed an upregulation of the stress response
in D13. The genes related to response to abiotic stresses including drought, cold, salt, and light
were upregulated in mutant plants as compared to the wild type. This observation is consistent
with the previously reported roles of glutamate receptor genes in other plant species (Zheng et al.
2018; Li et al. 2019; Meyerhoff et al. 2005; Lu et al. 2014; Wang et al. 2019; Cheng et al. 2016).
The structural aberrations in the xylem cells in the mutants can explain their enhanced response to
drought stress. Furthermore, our data also suggests an upregulation of MAMP triggered immune
response in mutants. In general, a MAMP recognition triggers several processes in plants including
calcium influx, production of reactive oxygen species (ROS), changes in plant cell walls, and nitric
oxide burst (Newman et al. 2013). Our data shows that many of the DEGs in D13 mutants are
associated with some of the above processes including response to bacteria and fungi, response to
ROS (reactive oxygen species), and cell wall biosynthesis. Moreover, KEGG pathway enrichment
analysis showed secondary metabolic pathways overrepresented in the mutant, which is another
indicator of stress response in plants. The results of RNA-seq were consistent with those of
untargeted metabolite analysis showing modification in same pathways such as photosynthesis,
fatty acid biosynthesis and biosynthesis of secondary metabolites. Several studies in Arabidopsis
have also shown the involvement of glutamate receptor genes in defense against pathogens (Kang
and Turano 2003; Kwaaitaal et al. 2011; Li et al. 2013; Manzoor et al. 2013). The RNA-seq data
also showed that the D13 glutamate receptor gene and the other sixteen genes of this family are

not differentially expressed in the mutant and wild type plants. This suggests that the changes in
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D13 mutants are not due to variations in the expression of the glutamate receptor gene but, rather
due to an impact of the mutation on downstream processes.

Based on our knowledge of gating of glutamate receptors in mammals and evidence of
disrupted channel activity by mutations in SYTANLAA motif, it is evident that this gating motif
plays a critical role in opening and closing of the channel. Thus, we propose that the gain of
function mutation in D13 plants that replaces the A4 residue in “SYTASLTS” motif with a
threonine, disrupts the flow of Ca?* into the cytosol. It could either completely close the channel
or lead to constant leakage of Ca2* as observed in Lurcher mice. In both cases, the mutation will
disrupt the cytosolic calcium signatures that are required to regulate numerous downstream
processes in plants. As calcium is crucial in numerous aspects of plant growth and development,
this would explain the plethora of processes impacted by the D13 mutation. Further studies are
needed to test the ion channel activity of the glutamate receptor channel and intracellular calcium

levels in D13 plants.

86



CHAPTER 4. PHENOTYPIC INSTABILITY IMPACTING PLANT
HEIGHT IN D13 MUTANTS

4.1 Introduction

Phenotypic variation in a trait can arise due to three major factors: genetic variation,
environmental changes, or internal stochastic changes. The term phenotypic plasticity is used to
describe the capacity of an organism to alter its behavior (morphological, physiological, or gene
expression) in response to the environment (West-Eberhard 2008). On the other hand, the variation
arising from intrinsic stochastic processes is a consequence of developmental noise and is often
termed as developmental instability (Klingenberg 2019). In other words, developmental instability
leads to deviation from the target phenotype expected for a given genotype and environment. In
this chapter, we will use the terms ‘developmental instability’ and ‘phenotypic instability’
interchangeably. For a long time, phenotypic instability has remained ignored due to challenges
associated with its measurement. Because of this, the extent to which the phenotypic instability
impacts phenotype is not well understood.

There are few studies in plants that highlight phenotypic instability and have shed light on
its possible causes (Sakai and Shimamoto 1965; Chopra et al. 2003; Yi and Richards 2008; Forde
2009; Siuksta et al. 2015). EMS-induced phenotypic instability was observed in two (cpri, bal) of
the three (cprl, sncl, and bal) dwarf Arabidopsis mutants that mapped to the RPP5 locus
comprising seven disease resistance genes (Yi and Richards 2008). Instability of bal and cprl
alleles was evident from an unusually high phenotypic suppression in bal and cpr M1 populations.
Yi and Richards (2008) reported that hybrid formation also induces phenotypic instability. Despite
the similarities in the dwarf phenotype of both bal x sncl F1 hybrids and bal x cprl F1 hybrids,
phenotypic variations were observed in the F> populations. While all plants in bal x sncl F,
progeny were dwarf as expected, cprl xsncl F> progeny had 10% plants with wild-type
morphology. Siuksta et al. (2015) reported phenotypic instability in inflorescence and floral organ
development in Hv-Hd/tw. double mutants in barley. The inflorescence of the double mutants was
highly variable and drastically different from the original single mutants. Some of the double
mutants displayed long gaps on rachis, while others had short gaps. The mutants also displayed
striking variations in the spike structure, with some plants showing shoot-like and others bearing

leaf-like structures in the inflorescence. The variations in inflorescence were even observed within

87



the same plant. This phenotypic instability was observed in all tested generations from Fi-F1o. The
effect of 2,4-D and auxin inhibitors on the phenotype of double mutants suggested that phenotypic
instability might be caused due to imbalance in auxin distribution in various regions of the
inflorescence. Chopra et al. (2003) reported instability in kernel pericarp pigmentation in UfolP1-
wr plants that ranged from deep red to various degrees of variegated red to colorless. Variegated
pigmentation was also observed in husks, leaf sheath and tassel branches. Unstable factor for
orangel (Ufol) is a dominant modifier of maize pericarp colorl (pl) gene. Ufol does not induce
pigmentation by itself but increases the expression of P1-wr allele, the pigmentation patterns
strongly correlated with P1-wr expression and P1-wr methylation levels, indicating a role of
epigenetic regulation in causing instability in phenotype.

Plant height is a complex agronomic trait that plays an important role in determining the
yield potential of a crop. The genetic and environmental factors regulating plant height have been
extensively studied in maize, which has led to identification of a large number of plant height

related QTLs (https://maizegdb.org/data center/qgtl-loci-summary). However, not much

information is available regarding developmental instability and the factors associated with this
instability that impact plant height.

In this chapter, we will discuss dramatic phenotypic instability in the semi-dominant dwarf
mutant (D13). The heterozygous D13 plants display drastic variation in their heights despite their
identical genotype. The variability was observed in both the greenhouse and field conditions and
had no apparent environmental cause. The D13/+:B73 mutants showing variable heights were
back crossed to inbred B73 to explore the heritability of this variation. The F1 progenies of these
crosses show unstable phenotype irrespective of the phenotype of mutant parent. Moreover, this
instability was also dependent on the genetic background. While D13 phenotype is highly unstable
in B73 background, the mutants in CML322 genetic background have a uniform height. The Fy
hybrids generated by crossing severe D13 heterozygotes to three mapping populations also

exhibited significant amounts of instability in mutant height.
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4.2 Material and Methods
4.2.1 Plant material

The D13 mutant was identified previously in our lab by EMS mutagenesis in inbred line
B73. The mutant plant was used as a pollen parent and crossed to B73 to generate progeny
segregating 1:1 for wild-type (WT) and D13/+:B73 heterozygotes. The mutant has been
maintained in a heterozygous condition by repeated backcrossing to wild-type (WT) siblings.
The progeny of B73 x D13/+:B73, segregating 1:1 for mutant and WT sibling, was used to
study the phenotypic variations in D13 heterozygotes. To test the heritability of phenotypic
instability, two mutants from each of the different height groups (very severe, severe, intermediate,
intermediate++) were crossed as pollen parents to B73. To explore phenotypic variation in other
backgrounds, the mutant plants from the progeny of B73 x D13/+:B73, were crossed to inbreds
A632, Mo20W, and W22 and to 25 NAM lines in summer of 2017. As the D13 heterozygotes in
B73 show variable severity in the plant height, only severe D13 plants were used for crossing to
ensure uniformity. To generate the CML322/Mo017 M1 population, pollen from three randomly
selected D13 homozygotes (D13/D13:Mo17) was treated with EMS and individually crossed to
CML322 during the summer of 2017, and the M1 plants were screened in summer 2018 for loss
of D13 phenotype. Tall M1 plants were identified and crossed to B73, and the resulting F1 families
were screened in the summer of 2019. D13 heterozygotes (the pollen parents) were crossed with
81 intermated B73xMo17 (IBM) recombinant inbred lines (RILS) (Lee et al. 2002), 100 B73-Mo17
near-isogenic lines (BM-NILs) (Eichten et al. 2011) and 70 DRIL41 lines obtained from Peter
Balint-Kurti (Lopez Zuniga et al. 2016) for mapping the modifiers. The full list of IBM-RILs, BM-
NILs, and DRIL41 used to develop F1 hybrid populations are presented in Supplementary Tables
S3-S5.

4.2.2 Experimental design

The field experiments were conducted at Purdue agronomy center for research and education
(ACRE) in West Lafayette, Indiana. Each plot was 3.84 m in length and contained 15-16 kernels.
The row-to-row spacing for all experiments was 0.79 meters. The 81 F; derived IBM-RILs with
D13 heterozygotes were evaluated in summer of 2017 with two replications planted in a
completely randomized design (CRD). The F1 plants derived from crossing NAMs and inbreds
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with D13 heterozygotes were evaluated in single replications in 2018 and two replications during
2019.

For the M1 population, 16230 M1 seeds derived from three individual M1 families were
planted in the summer of 2018. Highly suppressed revertant M1 plants were selected and crossed
to inbred B73 for progeny testing. The resulting 184 F, families were planted in two replications
in CRD in the summer of 2019. The inbred lines B73, Mo17, CML322, and B73 x D13/+:B73,
CML322 x D13/+:Mol17 were included as controls. The Fi families derived by crossing
D13/+:B73 with the B73-Mo17 NILs and the DRIL41 population were evaluated in 2019 in two
replications in CRD. The inbred lines B73 and Mo17, B73 x D13/+:B73, and Mo17 x D13:B73

were included as controls.

4.2.3 EMS mutagenesis

Targeted EMS mutagenesis was performed as described by Neuffer (Neuffer 1994). EMS
stock solution was prepared by dissolving 1 mL of EMS (Sigma-Aldrich) in 99 mL of paraffin oil
overnight. A fresh working solution was then made by mixing 1ml of stock solution with 14ml
paraffin oil. Pollen was collected from three D13 homozygotes (D13/D13:Mo17) and placed in
individual small Nalgene bottles and freshly prepared EMS working solution was added to the
bottles in a ratio of 10 parts solution to 1-part pollen. The bottles were placed on ice for 45 minutes
and gently inverted every 5 minutes. The treated pollen was then spread onto the silks of plants of
the inbred line CML322. The ears from crosses with the three pollen parents were harvested

separately.

4.2.4 Phenotyping

Adult plant height was measured in centimeters from the base of the plant to the topmost
leaf collar at maturity. Five mutants and five wild type plants were randomly selected from each
F1 family derived from inbreds and NAMSs crossed to D13/+:B73 during 2018. In 2019, the
measurements were taken for three mutant and three wild type plants from the same F1 families.
For IBM Fis and BM-NIL Fis, plant height was measured for five enhanced mutants and three
wild type plants, respectively. For the DRIL41 derived Fis, plant height was measured for three
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mutants and three wild type plants. The phenotypic data for F1 hybrids in all three populations is
presented in supplementary tables S3-S5.

4.2.5 Genotyping

A dCAPS marker designed using the G to A change in glutamate receptor
(Zm00001d015007) gene was used for distinguishing the mutant and wild type plants in the
progeny of crosses: B73 x D13/+:B73. DNA was extracted using the standard CTAB method
(Doyle 1991). PCR amplification was performed in a 12 pl reaction (Saiki 1990) using the forward
primer  5’- GCCTTTCCTGTTCAGTCCTTC -3’ and reverse  primer  5’-
TGCACGGTTAGGATGGAAGTAAGACCTG -3°. The PCR products were digested with the
Pstl enzyme (New England Biolabs, MA, USA) for 3 hours at 37°C. An InDel marker flanking
the D13 region was designed to genotype the progeny of CML322 x D13/D13:Mol7 and
B73xD13/+:CML322/Mo17 crosses. PCR to detect the InDel marker was performed using forward
primer 5’-  ATATATCGCATGCAGCGGGG -3’ and reverse  primer 5’-
GCTAGCTGCTTCTTCCGGTT -3°. PCR products were resolved on 3% agarose gel.

4.2.6 Public/open-access data

The genotypic data for IBM-RILs was obtained from Lee et al. (2002). Data comprised a
total of 2178 markers. The genotypic data for the B73-Mo17 NIL population obtained from
(Eichten et al. 2011) contained a total of 7335 markers. The number of markers was reduced to
1978 after duplicate assessment. Marker data for the DRIL41 population was obtained from Peter
Balint-Kurti at NC State University (Lopez Zuniga et al. 2016). Data comprised a total of 337
markers. The genotypic data for BM-NILs and DRIL41 were converted into A, B, and H format
using “A” for B73, “B” for Mol7, “H” for the heterozygous individuals and “-” for the missing
data.

4.2.7 Statistical analysis

Paired t-test was performed using GraphPad Prism version 8.3.0 (GraphPad Software, San

Diego, California USA, www.graphpad.com).
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4.3 Results
4.3.1 Phenotypic instability in D13 heterozygotes

The D13 mutants used for crossing have been maintained in a heterozygous condition by
repeated backcrossing to B73 for several generations. The mutant and wild type progeny obtained
from B73 x D13/+:B73 crosses segregated approximately 1:1 for mutant and wild type plants. The
D13 heterozygotes were significantly shorter than the wild types (t-test, p-value < 0.0001),
however, their heights were highly variable at maturity and ranged from 10 cm to 158 cm. These
mutants were grouped based on their height into five categories: very severe, severe, intermediate,
intermediate+ (int+), and intermediate ++ (int++) (Figure 4.1). The phenotype of very severe
plants was highly enhanced, and the plants were stunted in their growth, whereas int++ were much
closer in height to the wild type plants. The first three categories were identified during early
growth stages, but the less severe intermediates (int+ and int++) were clearly distinguished from
wild type at maturity. The phenotypic variation was not just restricted to plant height but could
also be observed in other architectural components, such as the number of tillers and development
of inflorescence. The highly enhanced mutants, i.e., the very severe and severe groups, tended to
tiller profusely, whereas the relatively suppressed mutants (int, int+, and int++) did not produce
any tillers (Figure 2.4A). Like wild type plants, the suppressed mutants formed functional ears,
whereas the enhanced ones either did not bear an ear or had sterile ears. This phenotypic instability
was observed in all the backcross generations. The number of plants belonging to each height
group in a given cross was random and varied among individual B73 x D13/+:B73 crosses (Figure
4.1B-E). In some cases, all five height categories of D13 heterozygotes were observed in mutant
siblings from a single cross.

To further study this variation and its inheritance, two plants from each of the mutant height
groups were crossed to inbred line B73 and plant height was measured for 28-30 plants in each
backcross family. Phenotypic instability was observed in mutant height in all the families we
examined. In addition, the phenotype of the mutant parent was not associated with the phenotype
of the next generation. The backcross progenies of both the very severe D13 heterozygotes did not
show a very severe or even severe phenotype. In fact, all the plants were suppressed as compared
to the parent phenotype. The crosses of B73 with severe or int mutants yielded mutant progeny
with variable heights, irrespective of the parent phenotype. While the phenotypes of parents were
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Figure 4.1 Phenotypic instability in D13 mutants. (A) Variability in plant height in five height categories
of D13 heterozygotes as compared to wild-type siblings in B73xD13/+:B73 crosses. (B) Distribution of
progeny of two individual B73 x D13 (v.severe) crosses based on their plant height. (C) Distribution of
progeny of two individual B73 x D13 (Severe) crosses. (D) Distribution of progeny of two individual B73
x D13 (Int) crosses. (E) Distribution of progeny of B73 x D13 (Int++).
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identical, no typical pattern was observed in the phenotypes of their progenies. This suggests that
the instability in the D13 phenotype is inherited from one generation to another irrespective of the

original phenotype of the mutant parent.

4.3.2 Genetic background impacts phenotypic instability

Previously, the crosses of D13 heterozygotes with maize inbred lines, including Mo17,

A632, W22, M0o20W, and 25 NAM lines, revealed very high sensitivity of the D13 phenotype to
the genetic background (Figure 2.5). The D13 mutants were severe and stunted in appearance in
B73, P39, A632, and CML322 backgrounds, whereas they appeared completely normal in other
backgrounds, including Mol17, Oh7B, NC350, and Tx303. In this study, we tested phenotypic
variation between mutant plants within the F1 families generated from the above crosses. Huge
differences in the degree of variation were observed in mutant heights within each F1 family
(Figure 4.2, Table 4.1). While there was a great deal of variation in mutant height in B73, the
mutants in Mol7 were reasonably uniform. The introgression of the D13 allele in the Mol7
background led to a high level of suppression of the mutant phenotype, which remained stable
despite repeated backcrossing with Mo17 for six generations. The mutants were almost as tall as
their wild-type siblings, with a mutant/WT plant height ratio of 0.9. The suppressed phenotype
was also observed in homozygous plants. Like Mo17, Fis generated by crossing D13 to other
suppressing backgrounds like Oh7B produced similar results, with much less variability in the
height of mutants. In contrast, the F1s obtained by crossing CML322 (data not shown) and P39 to
D13/+:B73 showed a very severe phenotype and did not appear to have any variability.
Furthermore, the backgrounds with intermediate D13 phenotype like W22, M018W, and CML247
also showed variation in the height of mutants at maturity.

4.3.3 High suppression of phenotype in M1 population

As discussed in chapter 3, Mo17 when combined with a D13 enhancing background, CML322,
does not suppress the phenotype completely and the mutants display reduced height as compared
to wild type siblings (Table 4.2). This information was exploited to generate three M1 families,
comprising 5373, 4072, and 6785 plants, respectively.
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Figure 4.2 Phenotypic variation among D13 mutants depends on the genetic background. The individual
grey boxes depict the range of mutant plant height (cm) in F; hybrids obtained by crossing respective
genetic backgrounds to D13/+:B73. The horizontal black lines represent the average height of mutants.

Table 4.1 Plant height of mutant progeny in F1 hybrids obtained by crossing
respective lines with D13/+:B73

Mutant plant height (cm)

Genetic ) ) )

Background Min. Height Max. Height Mean SD?
P39/B73 11 34 21.13 9.61
B73 25 133 84.69 37.43
W22/B73 35 131 88.23 24.22
Mo18W/B73 60 188 130.63 | 52.83
CML247/B73 74 152 110.7 28.57
Mol7/B73 183 218 203.6 9.34
Oh7B/B73 201 234 223.5 10.06

8Standard Deviation
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Table 4.2 Average plant height of wild-type (WT) and mutant (Mt) siblings from F, hybrids obtained
from respective crosses

WT plant height (cm) Mutant (M) plant height Ratio
Cross (cm) MYWT
Mean | SD? | NP Mean SD? | NP
Mol7 x D13/+:B73 21833 | 812 | 6 203.6 9.34 | 10 0.9
CML322 x D13/+:Mo017 | 204.47 | 25.36| 5 105.66 1199 | 5 0.52
aStandard Deviation
bSample Size
A 300
E 250 %
r o
o .
3 200
£
o 1501
100 . : .
1 2 3
M1 family

e TM —

18 D13 Het

Figure 4.3 Phenotypic instability in M1 population. (A) Variation in plant height of suppressed plants in
three M1 families. (B) Genotype of tall plants selected from the M1 population. Marker in lanel is 100 bp

ladder.
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Variation in plant height was observed within each M1 family as well as between the three
M1 families. We identified two percent suppressed (tall) M1 plants in both families 1 and 2
(112/5373, 82/4072), which was much higher than the expected frequency of 10 (Candela and
Hake 2008). Not only was the number of suppressed plants much higher in these three M1 families,
they also exhibited variation in the height of tall mutants (Figure 4.3A). This was particularly
evident in family 3, where, unlike the 2% tall observed in family 1 and 2, all the plants were in the
taller height categories, which posed difficulty in calculating the exact number of plants showing
a revertant phenotype. Thus, we randomly selected 55 of the tallest M1s from group 3. All the
selected M1s were found to contain the D13 allele, thus ruling out the possibility of contamination
(Figure 4.3B). It was interesting to note that while the three pollen parents used in this experiment
did not exhibit any phenotypic variation among themselves, the progenies showed drastic
deviations from the expected phenotype. Among the 184 F; families (obtained from B73 x tall
M1s), 183 segregated for the dwarf phenotype indicating that tall revertant phenotype in those
families was not due to knockdown of the D13 allele. Only one Fi family was completely
suppressed and was later found to have a second mutation in the glutamate receptor gene (Figure
3.6).

In conclusion, the high frequency of the suppressed plants in three independent M1 families
suggests that the phenotype of D13 mutants is highly unstable despite the stable phenotype in the
two parents CML322 and Mol7.

4.3.4 Phenotypic instability in RIL, NIL and DRIL populations derived from B73 and
Mol7

It is evident that B73 and Mo17 have contrasting effects on the phenotype of D13 mutants.
The phenotype in B73 is highly enhanced but it is also unstable at the same time. In contrast, in
the Mo17 background, it is both suppressed and stable. To map the possible modifying loci in
Mol7, we crossed D13/+:B73 mutant to three mapping populations derived from B73 and Mo17.
These include 81 lines of the intermated B73 x Mol7 (IBM) recombinant inbred line (RIL)
population (Lee et al. 2002), 100 B73-Mo17 near-isogenic lines (BM-NILs) (Eichten et al. 2011)
and 70 lines of a disease resistance introgression line (DRIL41) population (Lopez Zuniga et al.
2016). The first two populations, i.e., IBM-RILs and BM-NILs, are publicly available and have

been utilized extensively for mapping several traits in maize. DRIL41 is a set of chromosome
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segment substitution lines (BCsF4:5) generated by crossing Mo17 as the donor to recurrent parent
B73. The DRIL41 population has been previously used to map disease resistance loci in maize
(Cooper et al. 2018).

Each F; family obtained by crossing D13 (pollen-parent) with the IBM-RILs, BM-NILs
and DRIL41 lines, segregated approximately 1:1 for mutant (D13 heterozygote) and wild type
phenotype. Plant height was measured for heterozygous mutants in each F1 progeny along with
their wild type siblings. Phenotypic distribution was based on the average plant height of mutants
calculated for data from two replications. The measurements were taken for five extreme mutants
for the IBM F1s and BM-NILs and three extreme mutants for DRIL41. In all three populations,
wild type plants displayed a normal frequency distribution for the height (Figure 4.4A, B, C).
However, the frequency distribution of plant height in mutant siblings depicted a multimodal
pattern (Figure 4.4D, E, F).

The mutants in the B73 background usually display considerable phenotypic instability in
the height of individuals. Similar observations were recorded for mutants in a majority of the F1s
in each of the three populations. Figure 4.5 clearly illustrates the amount of variability in mutant
height within each F1 population. Despite only selecting the extreme mutants from each Fi, we
could still observe a high degree of variability in mutant height in the progeny of each cross as
indicated by the length of the error bars. The highest amount of instability in mutant height was
observed in the BM-NIL derived Fis. The DRIL41 derived F1 population displayed an interesting
pattern with the F1s at the two extreme ends of the graph (Figure 4.5C) displaying the least amount
of variability. The BM-NILs and DRIL41 are both BCsF4 populations derived from B73 and Mo17
and are expected to behave in a similar fashion but still show considerable differences in mutant
plant height. In contrast, the height of the wild type plants in each F1 progeny was uniform and did
not show much variation.

Although a lot of variation in plant height was present among the F1s generated from IBM-
RILs and BM-NILs, it was challenging to map the modifiers that cause suppression, probably due
to high phenotypic instability within individual F1 families. We were unable to identify any QTLs
from these two populations. In case of DRIL41, Fis on two extreme ends of the graph (Figure
4.5C), i.e. with highly suppressed or highly enhanced phenotypes, showed less phenotypic
instability than all other F1s in this population. Using this population, we were able to identify two

QTLs on chromosomes 2 and 6 (Figure 2.6).
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Figure 4.4 Phenotypic distribution of plant height in Fis generated by crossing D13/+:B73 to IBM-RIL, BM-NIL, and DRIL populations. Plant
height was measured at maturity from the base of the plant to the base of flag leaf. Distribution of wild type (WT) plant height in (A) IBM-RIL x
D13/+:B73 F1 population, (B) BM-NIL x D13/+:B73 F; population, and (C) DRIL41 x D13/+:B73 F: population. Distribution of mutant plant
height in (D) IBM-RIL x D13/+:B73 F1population, (E) BM-NIL x D13/+:B73 F; population, and (F) DRIL41 x D13/+:B73 F1 population. The data
presented for all the populations is average from two replications planted in CRD.
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4.4 Discussion

In this study, we report unusual instability in the phenotype of heterozygous D13 mutants.
D13 heterozygotes display up to a 15-fold variation in their plant height. This phenotypic
instability in D13 heterozygotes is observed across generations upon repeated backcrossing to B73.
The dramatic variation in the mutant phenotype seems to be random and there is no apparent
genetic or environmental cause. In addition, the phenotype of D13 heterozygotes is independent
of the phenotype of their mutant parents.

We identified a gain of function mutation in a glutamate receptor gene (Zm00001d015007)
that is responsible for D13 phenotype (chapter 3). Glutamate receptors are ligand-gated ion
channels that transport Ca?* across cell membrane. The formation of a functional channel requires
assembly of four subunits to form a tetrameric complex (Madden 2002; Sobolevsky 2015). The
D13 heterozygotes contain both the wildtype and mutant alleles of the glutamate receptor gene
(Zm00001d015007), so they will form a mixture of wild type and mutant protein subunits that will
copolymerize to form the tetrameric channel. Studies in mammals have shown that incorporation
of mutant subunits into the channel can alter the channel activity (Robert et al. 2002; Zuo et al.
1997) and one mutant subunit is sufficient to disrupt the function of the channel (Robert et al.
2002). We propose that severity of D13 phenotype depends on the proportion of mutant subunits
incorporated in the tetrameric complex. According to this hypothesis, if only one of the four
subunits is mutated then phenotype should be less severe as compared to when all four subunits
are mutated. This would explain the variability in the phenotype of D13 heterozygotes. The
incorporation of the mutant or wildtype subunits into the tetrameric complex depends on their
relative expression. Further studies are required to determine the level of expression of wild type
and mutant subunits in variable D13 heterozygotes and its impact on channel formation.

Variation in the phenotypes of genetically identical individuals can be an outcome of
response to the external environment (phenotypic plasticity) or due to internal changes in the
organism (phenotypic instability). Our data for D13 mutant suggests that the variation in plant
height is not due to the environment because all the plants were grown in the same field at the
same time. We also observed the variation in plants grown in more controlled greenhouse
conditions. The variability in D13 phenotype was observed across generations and over multiple
years suggesting the involvement of internal factors. Phenotypic instability in plants is poorly
understood and very little is known about the extent of its impact on the phenotype but studies
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have suggested that instability can serve as an indicator of stress (Freeman et al. 1999; Pertoldi et
al. 2006). This is consistent with our observations in D13 mutants. Our transcriptomic and
metabolomic data indicates an increase in stress in D13 plants.

Taken together, we propose that instability in D13 phenotype is likely caused by changes in
the relative expression of wildtype and mutant subunits caused by intrinsic stochastic factors.
Intrinsic factors that can lead to phenotypic instability include epigenetic modifications like
changes in DNA methylation (Sekhon and Chopra 2009; Chopra et al. 2003). Chopra et al. (2003)
characterized a dominant modifier of maize pericarp color (pl) gene, called Ufol (Unstable factor
for orangel) that induces a pigmentation in the kernel pericarp and other parts of the plant
including silk, tassel glumes, husk and leaf sheath, in presence of P1-wr allele. The phenotype of
the UfolP1-wr plants is unstable, and plants exhibit somatic mosaicism with variations in
pigmentation. This study showed that variation in phenotype is correlated with P1-wr
overexpression and the levels of P1-wr demethylation. It is possible that the differences in D13
heterozygotes are a result of epigenetic changes.

Our data shows that the degree of instability in D13 phenotype varies with the genetic
background. Like B73, some backgrounds including W22, Mo18W and CML247 show large
deviations in the mutant height. The phenotype in highly suppressing backgrounds, Mol7 and
Oh7B, is more uniform and stable. The D13 enhancing backgrounds, CML322 and P39 also show
more stability. Studies in Arabidopsis have shown high polymorphism in gene methylation
patterns among different accessions (Vaughn et al. 2007). This suggests that natural epigenetic
variation in different genetic backgrounds can determine the variability in phenotype in these
backgrounds. However, the amount of phenotypic variability might depend on additional factors
like stress. We observed that B73 background, which shows a great deal of variation in D13
phenotype, exhibits upregulation of stress response genes. In contrast, no signs of stress response
are observed in Mo17 background, which does not show variation in D13. This might explain the
stable D13 phenotype in Mo17 background.

Phenotypic instability was also observed in three M1 families obtained by crossing inbred
CML322 with EMS treated pollen of three D13 homozygotes (D13/D13:Mo017). While CML322
genetic background enhances the D13 phenotype, Mol17 completely suppresses D13. The plants
in Mo17/CML322 hybrid background show an intermediate plant height. We observed deviations
from the expected intermediate height in all three M1 families. Moreover, the number of tall plants
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were much higher than the expected frequency of 103, Yi and Richards (2008) also reported
instability and high incidence of phenotypic suppression in M1 populations generated from EMS
treated bal and cpr mutants. They suggested that the revertant phenotype in M1 was due to
intragenic suppression of bal allele. On the contrary, our sequencing of D13 region in the tall M1
plants showed no new mutations in the glutamate receptor gene (Zm00001d015007), indicating
that revertant phenotype was not due to intragenic changes and likely results from EMS induced
changes in other regions of the genome. The mutations in the enhancer loci (present in CML322)
can also lead to suppressed phenotype. Earlier, we identified three putative QTLs associated with
suppression of D13 (Table 2.2). Mutations in these loci may also contribute to the instability in
phenotype in M1 families. The D13 mutants in untreated CML322/Mo17 background do not show
phenotypic instability, which further suggests that instability and high suppression in M1
generation is induced by EMS.

The instability of phenotype was not just restricted to within M1 families. There were large
differences between these families as well. The plant height in second and third M1 families was
in general taller than the first M1 family. The average height of tall plants selected from each of
the three M1 families was also variable. Three D13 homozygotes used as pollen parents to generate
these M1 families were identical in their phenotype. These results were consistent with our
observation in B73 background where progenies obtained from phenotypically identical mutant
parents showed deviations from the parental phenotype (Figure 4.1). One possibility is that EMS
mutagenesis can reset the epigenetic alterations or generate novel epigenetic variation that leads
to instability of phenotype in M1 families.

The phenotype of the mutant progeny in the Fis generated by crossing three B73-Mol7
derived populations IBM-RIL, BM-NIL and DRIL41 with D13/+:B73, showed variations just like
B73 parent. As these three populations are initially derived from Mo17 (which highly suppresses
the D13 phenotype), we expected the mutant progeny to be highly suppressed and uniform. The
BM-NIL F; families showed suppression of D13 phenotype but the frequency of suppressed plants
in each F1 family was variable. The IBM-RIL and DRIL41 populations showed relatively stable
suppression of D13 phenotype. Because the D13 phenotype is highly unstable in B73 background,
one of the challenges in identifying suppressors in these populations was our inability to
distinguish the suppression caused by Mol7 from the inherent suppression in B73 background.

Moreover, we used multiple pollen parents for generating the F1 families because a single D13

103



plant does not produce enough pollen. Each pollen parent, although sharing an identical phenotype,
does not give rise to same phenotype in progeny resulting in large variations in phenotypes of
progenies from one pollen parent and those from another second pollen parent. To eliminate this

variation, a new population can be generated using a single pollen parent for crossing.
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APPENDIX A

Supplementary Figures and Tables
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Figure S1 Mapping of D13 locus.
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PolyPhobius posterior probabilities for Zm00001d015007

Posterior label probability
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Figure S2. Predicted transmembrane domains for Zm00001d015007 (ZmGLR11) protein. The
transmembrane  domains and  signal  peptide  were estimated using  Polyphobius
(http://phobius.sbe.su.se/poly.html). The grey bars indicate transmembrane domains, green line indicates
cytoplasmic loop, blue line indicates non-cytoplasmic loop, and red line depicts the signal peptide.
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Figure S3 Variable severity of D13 phenotype in CML322/B73 and CML322/Mol7 hybrids.
CML322/M017 background does not suppress the phenotype completely as Mo17.

(B73 x Tall MT)

I Mutant

Figure S4 Genotypic segregation of positive (B73 x Tall M1) progeny with InDel marker. The progeny of
this cross depicted tall plant height in both the replications and segregated 1:1 (WT:Mutant). Marker in
lanel is 100 bp ladder.
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D13/+:B73 vs B73 D13/+:Mo17 vs Mo17

38

(4.1%)

Figure S5 Venn diagram showing the number and percentage of DEGs in B73 and Mo17 backgrounds;
percentage values are relative to the total number of DEGs from both groups.
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Figure S6 Map positions of ZmGLRs on maize chromosomes. The numbers corresponding to each gene
represent its position in Mbp. The end positions represent the total length of each chromosome in Mbp.
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Table S1 SNPs identified in revertant plants obtained from single completely suppressed (B73 x Tall M1) F; family and Controls.

Sample Description | Reference | Position | REF | ALT | QUAL Genotype | Allele Read Genotype | Phred Scale
Sequence Depth Depth | Quality Likelihoods
23-7 Revertant B73 2448 G A 62844.77 | 0/1 1983, 2275 | 4258 99 62873,0,51778
plant #1 3904 G A 38759.77 | 0/1 1576, 1581 | 3157 99 38788,0,38426
R2-25-1 Revertant B73 2448 G A 41387.77 | 0/1 1523,1701 | 3224 99 41416,0,35852
plant #2 3904 G A 11006.77 | 0/1 497, 498 975 99 11035,0,11864
B73 Inbred B73 - - - - - - - - -
Control
83-4 Partially B73 3904 G A 1943.77 0/1 111,91 202 99 1972,0,2546
suppressed
mutant
144-6 Partially B73 3904 G A 7798.73 0/1 314, 330 644 99 7836,0,7459
suppressed

mutant




Table S2 Genes associated with anthocyanin accumulation upregulated in D13.

S.No. Gene ID log2 FC padj | Description
1 Zm00001d052746 2.8101 0.0029 | Transmembrane ascorbate ferrireductase 1
) 7m00001d043512 L6187 0.0106 Protein kinase family protein with leucine-
rich repeat domain
3 Zm00001d037328 1.6072 0.0000 | 3-ketoacyl-CoA synthase
4 Zm00001d044579 1.5611 0.0000 | 3-ketoacyl-CoA synthase
5 Zm00001d018455 1.3755 0.0032 | 3-ketoacyl-CoA synthase
6 Zm00001d028241 1.2057 0.0000 | 3-ketoacyl-CoA synthase
7 Zm00001d033234 1.5147 0.0000 | Protein Kinase PINOID
8 Zm00001d044083 1.4455 0.0000 | PIN4
9 Zm00001d011661 1.4150 0.0000 | GDSL esterase/lipase APG
10 Zm00001d045620 1.3551 0.0142 | Plastocyanin major isoform chloroplastic
11 Zm00001d035859 1.0599 0.0000 | Plastocyanin homologl
12 Zm00001d020555 1.3119 0.0112 | WAT1-related protein
13 Zm00001d040089 1.2671 0.0327 | WAT1
14 Zm00001d047208 1.1844 0.0022 | WAT11-related protein
15 Zm00001d020556 1.0559 0.0001 | WAT1-related protein
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Table S3 Average Plant Height (PH) of wild-type (WT) and mutant (Mt) siblings from Fs

generated by crossing D13/+:B73 with respective IBM-RILs.

S.No. IBM_ID WT Mt Mt/WT
Mean PH SD? NP Mean PH SD? NP
(cm) (cm)
1 MO003 198.80 14.76 10 91.10 28.19 10 0.458
2 MO005 221.90 11.78 10 126.10 31.24 10 0.568
3 MO007 185.60 4.88 5 155.80 7.46 5 0.839
4 MO008 201.43 5.71 7 113.80 37.36 10 0.565
5 MO010 227.00 9.42 9 163.89 23.66 9 0.722
6 MOO011 197.50 7.91 10 90.67 39.93 9 0.459
7 MO013 210.40 8.93 10 96.80 17.25 10 0.460
8 MO014 200.00 16.84 10 102.60 35.49 10 0.513
9 MOO015 193.57 11.73 7 116.14 27.90 7 0.600
10 MO017 212.60 12.30 5 200.00 6.08 3 0.941
11 MO021 197.20 13.06 10 192.30 7.65 10 0.975
12 MO023 193.25 275 | 4 91.33 20.48 6 0473
13 MO024 234.00 10.56 10 153.13 20.39 8 0.654
14 MO025 206.00 11.43 9 67.00 27.36 9 0.325
15 MO027 196.50 7.92 10 156.00 28.91 9 0.794
16 MO028 199.30 12.68 10 92.60 19.84 10 0.465
17 MO029 202.70 6.60 10 169.73 11.16 11 0.837
18 MO030 223.40 8.98 10 107.13 44.72 8 0.480
19 MOO031 220.10 10.34 10 178.38 9.84 8 0.810
20 MO032 219.78 7.87 9 153.00 24.91 8 0.696
21 MO038 198.50 8.78 10 123.50 19.57 10 0.622
22 MO039 191.80 17.57 5 104.18 33.81 11 0.543
23 MO041 227.67 9.24 6 101.60 40.87 5 0.446
24 MO044 206.30 6.86 10 162.33 15.54 9 0.787
25 MO045 177.75 4.27 4 141.00 13.21 5 0.793
26 MOO051 212.10 8.52 10 89.91 22.11 11 0.424
27 MO052 199.20 9.20 5 116.80 37.13 5 0.586
28 MOO055 199.44 3.94 9 183.86 15.48 7 0.922
29 MOO058 190.10 9.86 10 89.90 31.67 10 0.473
30 MO059 221.20 8.61 10 151.40 25.50 10 0.684
31 MO060 207.50 11.77 10 153.80 14.25 10 0.741
32 MO061 205.90 9.49 10 160.71 17.37 7 0.781
33 MOO086 213.30 8.50 10 163.44 21.47 9 0.766
34 MO097 186.40 10.67 5 116.60 22.22 5 0.626
35 MO098 201.67 1341 9 62.10 34.77 10 0.308
36 MO109 220.20 14.53 10 177.30 12.68 10 0.805
37 MO114 185.80 15.17 10 81.40 33.57 10 0.438
38 MO116 214.80 16.19 | 10 136.86 25.96 7 0.637
39 MO118 199.40 4.60 10 124.75 47.63 8 0.626
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Table S3 continued.

S.No. IBM_ID WT Mt Mt/WT
Mean PH SD? NP Mean PH SD? NP
(cm) (cm)
40 MO126 220.70 12.43 10 138.57 33.23 7 0.628
41 MO131 206.60 18.32 10 159.11 16.10 9 0.770
42 MO143 210.70 9.99 10 175.33 19.42 9 0.832
43 MO147 216.20 7.64 10 81.50 26.55 8 0.377
44 MO153 194.20 6.21 10 101.60 24.56 10 0.523
45 MO163 197.20 8.99 10 95.25 19.81 12 0.483
46 MO168 204.20 14.99 10 57.38 21.88 8 0.281
47 MO171 210.70 15.20 10 155.25 17.66 8 0.737
48 MO172 203.40 947 | 10 94.27 18.67 11 0.463
49 MO176 212.50 11.19 10 42.44 34.92 9 0.200
50 MO187 185.90 8.12 10 129.00 18.97 10 0.694
51 MO190 209.90 11.30 10 33.70 8.01 10 0.161
52 MO191 212.30 11.22 10 173.30 19.05 10 0.816
53 MO194 210.10 4.68 10 138.09 17.03 11 0.657
54 MO199 221.70 9.13 10 112.40 21.04 10 0.507
55 MO210 213.25 13.00 4 128.20 10.69 5 0.601
56 MO216 214.67 9.76 9 139.33 20.30 9 0.649
57 MO233 210.70 8.45 10 159.89 22.32 9 0.759
58 MO240 195.60 10.18 10 134.00 20.47 11 0.685
59 MO246 210.90 8.70 10 170.14 11.81 7 0.807
60 MO262 206.00 14.58 10 148.55 57.08 11 0.721
61 MO264 187.63 8.31 8 81.92 27.21 12 0.437
62 MO266 194.80 6.98 116.50 30.56 6 0.598
63 MO267 20250 | 1277 | 10 163.00 21.44 10 0.805
64 MO267 214.80 6.46 5 161.00 13.51 5 0.750
65 MO275 203.90 6.76 10 142.20 37.39 10 0.697
66 MO275 201.40 4.16 5 112.00 27.09 4 0.556
67 MO276 207.50 8.91 10 178.56 12.06 9 0.861
68 MO280 221.20 9.65 5 171.50 4.95 2 0.775
69 MO284 213.90 9.24 10 170.27 34.18 11 0.796
70 MO286 206.67 11.19 9 87.00 54.95 12 0.421
71 MO287 233.60 7.03 10 195.00 34.11 10 0.835
72 MO289 208.10 9.41 10 134.10 23.60 10 0.644
73 MO295 195.00 7.38 10 40.63 20.52 8 0.208
74 MO296 208.80 12.52 5 83.33 8.14 12 0.399
75 MO298 203.20 7.70 10 166.25 23.02 12 0.818
76 MO300 221.80 6.06 5 155.00 11.62 5 0.699
77 MO327 226.30 5.66 10 172.44 16.34 9 0.762
78 MO331 215.00 6.73 10 173.11 11.87 9 0.805

112




Table S3 continued.

S.No. IBM_ID WT Mt Mt/WT
Mean PH SD? NP Mean PH SD? NP
(cm) (cm)
79 MO354 199.00 7.68 5 41.00 18.14 5 0.206
80 MO358 20130 | 540 | 10| 11691 2871 | 11 | 0581
81 MO368 220.30 7.96 10 161.00 22.79 9 0.731

The data are presented as mean and standard deviation derived from two replications planted in CRD. For
each replication, data were collected for five independent mutants and WT siblings.

aStandard Deviation

bSample Size

Table S4 Average Plant Height (PH) of wild-type (WT) and mutant (Mt) siblings from
F1s generated by crossing D13/+:B73 with respective BM-NILs.

S.No. | BM-NIL_ID WT Mt Mt/WT
Mean PH (cm) | SD?* | N® | Mean PH (cm) | SD?* | NP
1 b0o1 168.17 3.06 | 6 29.70 5.68 | 10 | 0.177
2 b004 169.50 6.75 | 6 63.28 3551 |10 | 0.373
3 b005 182.00 921 | 6 48.43 36.55 | 7 0.266
4 b006 192.00 707 | 6 16.21 2690 | 9 0.084
5 b008 168.67 585 | 6 41.05 2.78 | 10 | 0.243
6 b010 173.67 423 | 6 68.35 4419 |1 10 | 0.394
7 b011 175.17 711 | 6 64.95 4741 | 10| 0.371
8 b015 177.33 731 | 6 69.30 28.10 | 10 | 0.391
9 b017 167.50 946 | 6 99.50 29.73 | 10 | 0.594
10 b018 163.00 245 | 6 79.50 6.79 | 10 | 0.488
11 b019 178.17 6.62 | 6 62.90 21.14 | 10 | 0.353
12 b020 158.33 266 | 6 80.15 18.99 | 10 | 0.506
13 b022 162.17 422 | 6 49.20 30.07 | 10 | 0.303
14 b025 162.50 1025 | 6 57.65 2390 | 10 | 0.355
15 b027 166.67 585 | 6 94.94 40.24 |1 10 | 0.570
16 b030 162.50 6.95 | 6 56.41 4335 | 8 0.347
17 b031 185.17 445 | 6 14.53 154 | 9 0.078
18 b032 165.33 432 | 6 84.38 27.56 | 10 | 0.510
19 b033 174.67 6.12 | 6 111.50 2954 | 6 0.638
20 b034 174.00 6.23 | 6 92.83 30.38 | 8 0.534
21 b035 165.75 411 | 4 62.65 23.14 | 10 | 0.378
22 b036 176.50 723 | 6 65.06 2438 | 7 0.369
23 b037 167.83 479 | 6 98.58 5198 | 10 | 0.587
24 b039 164.50 1228 | 6 80.63 2792 | 9 0.490
25 b040 156.83 436 | 6 65.00 35,51 | 10 | 0.414
26 b041 180.33 1772 | 6 49.70 42,18 | 10 | 0.276
27 b043 164.00 1043 | 6 30.16 2350 | 10 | 0.184
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Table S4 continued.

S.No. | BM-NIL_ID WT Mt Mt/WT
Mean PH (cm) | SD? | N® | Mean PH (cm) | SD? | NP
28 b044 164.50 7.06 | 6 68.79 2193 | 9 0.418
29 b046 186.17 422 | 6 101.89 11.36 | 10 | 0.547
30 b047 171.83 299 | 6 110.45 2173 | 8 0.643
31 b048 163.50 311 | 4 53.85 3355 | 3 0.329
32 b049 169.00 410 | 6 44.80 24.09 | 10 | 0.265
33 b050 171.83 588 | 6 39.00 3194 | 10 | 0.227
34 b051 161.17 6.49 | 6 50.95 2477 | 10 | 0.316
35 b052 168.50 6.38 | 6 30.80 2192 | 10 | 0.183
36 b053 172.83 1036 | 6 47.05 39.36 | 10 | 0.272
37 b054 159.67 755 | 6 59.50 25.00 | 10 | 0.373
38 b055 191.50 536 | 6 83.18 54,16 | 8 0.434
39 b056 177.40 1632 | 5 84.58 62.65 | 9 0.477
40 b057 192.17 752 | 6 80.45 55.95 | 10 | 0.419
41 b063 169.50 8.76 | 6 65.45 4154 | 10 | 0.386
42 b068 180.83 752 | 6 69.15 40.55 | 10 | 0.382
43 b069 189.00 1215 | 6 96.15 41.24 | 10 | 0.509
44 b070 176.50 9.69 | 6 100.89 28.13 | 10 | 0.572
45 b071 178.67 557 | 6 114.00 30.10 | 8 0.638
46 b076 158.33 1033 | 6 100.20 10.63 | 10 | 0.633
47 b079 178.67 432 | 6 95.65 53.28 | 10 | 0.535
48 b081 163.67 1780 | 6 98.35 2299 | 10 | 0.601
49 b086 188.67 792 | 6 72.61 60.30 | 10 | 0.385
50 b087 168.00 1.00 | 3 25.33 3269 | 6 0.151
51 b088 176.75 457 | 4 57.39 42.42 | 10 | 0.325
52 b089 187.33 812 | 6 27.50 2594 | 6 0.147
53 b092 167.83 279 | 6 35.74 3795 | 9 0.213
54 b094 175.50 586 | 6 34.55 31.24 | 10 | 0.197
55 b099 167.50 409 | 6 40.56 2354 | 10 | 0.242
56 b102 154.50 379 | 4 58.28 4768 | 8 0.377
57 b103 198.40 1950 | 5 66.27 56.61 | 10 | 0.334
58 b107 172.00 957 | 6 65.64 4147 | 5 0.382
59 b111 174.67 1050 | 6 95.16 2813 | 9 0.545
60 b117 178.83 1222 | 6 77.85 1465 | 10 | 0.435
61 b118 172.17 7.00 | 6 28.53 41.63 | 10 | 0.166
62 b120 171.17 5.04 | 6 21.63 1459 | 9 0.126
63 b121 176.00 1135 | 6 29.95 26.52 | 10 | 0.170
64 b123 182.33 843 | 6 29.25 35.13 | 8 0.160
65 b125 186.00 569 | 6 37.40 8.05 | 10 | 0.201
66 b126 184.33 1329 | 6 63.10 33.96 | 10 | 0.342
67 b127 179.50 539 | 6 72.20 50.13 | 10 | 0.402
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Table S4 continued.

S.No. | BM-NIL_ID WT Mt MtWT
Mean PH (cm) | SD?* | N® | Mean PH (cm) | SD?* | NP
68 b129 181.00 6.20 | 6 88.15 59.84 | 10 | 0.487
69 b130 166.67 516 | 6 86.65 4752 | 10 | 0.520
70 b131 168.83 1437 | 6 90.35 3589 | 10 | 0.535
71 b132 162.00 724 | 6 112.20 12.76 | 10 | 0.693
72 b133 165.40 6.15 | 5 123.90 28.68 | 10 | 0.749
73 b134 167.33 258 | 6 93.90 10.86 | 10 | 0.561
74 b135 164.83 719 | 6 63.56 33.39 | 10 | 0.386
75 b136 171.00 834 | 6 80.50 3492 | 6 0.471
76 b139 156.00 5.06 | 6 88.50 29.51 | 10 | 0.567
77 b141 164.17 2055 | 6 97.45 2532 | 10 | 0.594
78 b142 177.83 1216 | 6 110.28 38.19 | 10 | 0.620
79 b144 168.50 1033 | 6 89.89 1797 | 8 0.533
80 b148 185.67 836 | 6 63.20 26.48 | 10 | 0.340
81 b149 175.83 714 | 6 71.15 27.37 | 10 | 0.405
82 b152 169.17 1235| 6 64.05 4398 | 10 | 0.379
83 b154 168.83 488 | 6 77.55 42.68 | 10 | 0.459
84 b155 176.00 460 | 6 107.60 2139 | 10 | 0.611
85 b157 183.50 756 | 6 116.10 38.63 | 10 | 0.633
86 b164 182.17 783 | 6 93.70 2237 | 10 | 0.514
87 b165 167.00 6.13 | 6 78.90 45.06 | 10 | 0.472
88 b169 174.33 644 | 6 65.50 4590 | 10 | 0.376
89 b172 172.50 83l | 6 49.80 3425 | 10 | 0.289
90 b176 163.83 527 | 6 91.68 3442 | 10 | 0.560
91 b177 183.33 441 | 6 88.95 3241 | 9 0.485
92 b180 158.00 794 | 3 41.58 33.87 | 10 | 0.263
93 b182 173.00 1112 | 6 61.83 3401 | 9 0.357
94 b183 181.50 1252 | 6 93.53 2762 | 9 0.515
95 b184 171.67 1167 | 6 77.90 2189 | 10 | 0.454
96 b185 182.67 18.00 | 6 71.70 15.30 | 10 | 0.393
97 b186 182.00 1653 | 6 56.60 42,95 | 10 | 0.311
98 b187 181.60 1563 | 5 24.55 23.10 | 10 | 0.135
99 b189 174.00 1478 | 6 13.00 510 | 10 | 0.075

The data are presented as mean and standard deviation derived from two replications planted in
CRD. For each replication, data were collected for five independent mutants and three WT siblings.
aStandard Deviation

bSample Size
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Table S5 Average Plant Height (PH) of wild-type (WT) and mutant (Mt) siblings from
F1s generated by crossing D13/+:B73 with respective DRIL41 lines.

S.No. | BM-NIL_ID WT Mt Mt/WT
Mean PH (cm) | SD? | N | Mean PH (cm) | SD? | N®
1 DRIL41.001 176.5 44 | 6 25.8 6.2 | 6 0.146
2 DRIL41.004 187.3 107 | 6 15.3 101 | 6 0.082
3 DRIL41.006 1935 76 | 6 41.0 150 | 6 0.212
4 DRIL41.007 177.5 73 | 6 73.7 310 | 6 0.415
5 DRIL41.010 185.7 77 | 6 114.7 30.7 | 6 0.618
6 DRIL41.013 188.0 33 | 6 1385 156 | 6 0.737
7 DRIL41.019 182.5 95 | 6 14.0 35 | 6 | 0077
8 DRIL41.021 182.2 134 | 6 106.2 120 | ¢ 0.583
9 DRIL41.027 178.7 46 | 6 75.8 241 | 4 0.424
10 DRIL41.029 175.0 185 | ¢ 97.4 271 | 5 0.557
11 DRIL41.031 194.5 77 | 6 112.3 118 | 6 | 0578
12 DRIL41.032 179.7 108 | 6 86.5 68.0 | ¢ 0.481
13 DRIL41.033 192.0 40 | 6 92.2 643 | 6 0.480
14 DRIL41.035 180.4 6.8 | 5 92.0 225 | 6 0.510
15 DRIL41.036 171.5 9.7 | 6 105.2 121 6 | 0613
16 DRIL41.042 160.7 76 | g 87.4 160 | 5 | 0544
17 DRIL41.046 193.5 6.5 | 6 165.0 69 | 6 0.853
18 DRIL41.051 183.8 126 | 6 51.8 2511 6 0.282
19 DRIL41.052 181.0 6.6 | g 97.8 287 | 6 | 0541
20 DRIL41.054 180.2 76 | 6 100.0 36.0 | g5 0.555
21 DRIL41.057 192.0 92 | 6 139.2 185 | 6 0.725
22 DRIL41.058 192.2 166 | 6 50.8 223 | 6 0.265
23 DRIL41.059 187.3 136 | 6 57.8 338 | 6 0.309
24 DRIL41.061 182.8 21 | ¢ 65.8 250 | g 0.360
25 DRIL41.062 183.3 182 | 6 84.8 3151 4 0.462
26 DRIL41.063 180.8 73 | 6 147.8 6.4 | 6 0.818
27 DRIL41.064 188.4 108 | 5 15.2 110 | 5 | 0081
28 DRIL41.071 199.0 101 | 6 52.6 358 | g 0.264
29 DRIL41.072 173.8 112 | 6 104.2 260 | 6 0.599
30 DRIL41.077 179.2 57 | 6 142.0 1111 6 0.793
31 DRIL41.079 187.0 108 | 6 137.3 107 | 4 0.734
32 DRIL41.082 174.2 47 | 6 86.0 204 | ¢ 0.494
33 DRIL41.083 185.5 27 | 6 62.0 59.0 | 6 0.334
34 DRIL41.084 172.7 116 | 6 24.0 138 | 6 0.139
35 DRIL41.085 178.0 1 82.0 1| 0461
36 DRIL41.087 190.8 82 | 6 150.5 113 | ¢ 0.789
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Table S5 continued.

S.No. | BM-NIL_ID WT Mt Mt/WT
Mean PH (cm) | SD? | N | Mean PH (cm) | SD? | N®
37 DRIL41.088 198.7 187 | 6 70.8 261 | 4 0.356
38 DRIL41.090 179.7 193 | 6 93.2 190 | 6 0.519
39 DRIL41.093 193.8 149 | 6 133.8 31 | 6 0.690
40 DRIL41.094 185.3 104 | 6 72.0 253 | 6 0.388
41 DRIL41.095 162.5 74 | 6 43.3 311 | 6 0.267
42 DRIL41.097 218.2 53 | 6 49.6 398 | 5 0.227
43 DRIL41.098 181.7 24 | 6 22.3 6.1 | 3 0.123
44 DRIL41.101 181.2 75 | 6 158.0 270 | 6 0.872
45 DRIL41.103 179.3 47 | 6 1155 196 | 6 | 0644
46 DRIL41.106 180.3 100 | 6 20.3 25 | 3 0.113
47 DRIL41.108 171.0 84 | 6 86.0 439 | ¢ 0.503
48 DRIL41.110 173.2 122 | 6 102.2 108 | 6 0.590
49 DRIL41.112 188.0 7.9 6 13.0 10 | 3 0.069
50 DRIL41.113 182.3 6.9 6 119.0 177 | 5 0.653
51 DRIL41.114 184.0 99 | 6 54.7 408 | 6 0.297
52 DRIL41.117 199.0 82 | 6 48.7 16.0 | 6 0.245
53 DRIL41.118 161.5 7.1 6 112.8 110 | 6 0.699
54 DRIL41.119 183.3 77 | 6 88.3 226 | ¢ | 0482
55 DRIL41.120 171.0 94 | 6 92.8 326 | 5 0.543
56 DRIL41.121 210.5 132 | 6 149.8 110 | 6 0.712
57 DRIL41.122 172.8 120 | 6 59.7 298 | 6 | 0345
58 DRIL41.123 196.8 64 | 6 150.8 157 | 6 0.766
59 DRIL41.124 200.8 6.6 | 6 59.0 255 | 2 0.294
60 DRIL41.125 181.2 131 6 85.6 237 | 5 0.472
61 DRIL41.128 179.0 282 | 6 67.3 117 | 6 0.376
62 DRIL41.129 191.8 96 | 6 355 312 | 6 0.185
63 DRIL41.132 179.3 104 | 6 60.5 409 | ¢ 0.337
64 DRIL41.133 178.7 129 | ¢ 89.2 52.7 | 6 0.499
65 DRIL41.137 180.5 128 | 6 131.3 166 | 6 0.728
66 DRIL41.138 181.5 6.6 6 24.6 171 | 5 0.136
67 DRIL41.140 175.2 64 | 6 103.2 16.7 | 5 0.589
68 DRIL41.141 182.7 125 6 131.7 88 | 6 0.721
69 DRIL41.147 192.2 6.6 6 49.5 26.0 | 6 0.258
70 DRIL41.148 165.2 55 6 56.0 371 | 5 0.339

The data are presented as mean and standard deviation derived from two replications planted in
CRD. For each replication, data were collected for three independent mutants and WT siblings.
aStandard Deviation, "Sample Size
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APPENDIX B

List of supplemental files

Supplemental File 1: Glutamate receptors in plants used for phylogenetic analysis.
Supplemental File 2: Sequences used to generate phylogenetic tree.
Supplemental File 3: Differentially Expressed Genes (DEGS) in D13 mutant w.r.t. WT in B73

Supplemental File 4: GO annotation from AgriGO v2 for upregulated genes in D13 (FDR < 0.05).
Term types are abbreviated as Biological process (P), Molecular function (F), Cellular component

(C).

Supplemental File 5: GO annotation from AgriGO v2 for downregulated genes in D13 (FDR <
0.05). Term types are abbreviated as Biological process (P), Molecular function (F), Cellular
component (C).

Supplemental File 6: Differential mass features in D13 mutant vs WT in B73 background. The
tentative compound names were identified using MetaboAnalyst 4.0.
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