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Abstract/Zusammenfassung

Abstract/Zusammenfassung
Abstract

Boron is an essential micronutrient for plants. In planta, boron predominantly resides in the
primary cell wall, crosslinking the pectic polysaccharide rhamnogalacturonan II (RG-II), which
is vital for maintaining cell wall integrity. Non-optimal levels of boron negatively affect the
development of plants and reduce crop yield. In adaptation to variable soil boron conditions,
plants have developed mechanisms to maintain boron homeostasis, of which the best known
are boron transporters. In the cereal crop and model plant maize (Zea mays L.), the importance
of boron during reproductive development is well studied, and genes encoding boron
transporters have been characterized. However, the effects of boron deficiency on the maize
root, and regulators of boron homeostasis in maize next to boron transporters, remain largely

obscure.

To assess boron deficiency-induced defects in maize roots, one strategy is to induce boron
deficiency using a chemical approach. Phenylboronic acid (PBA) was hypothesized to inhibit
RG-II dimerization and therefore might mimic boron deficiency. However, the characterization

of PBA as a boron deficiency mimic in planta has not been demonstrated.

To identify new regulators of boron homeostasis in maize, one strategy is to assess natural
variation of boron concentration in association panels, and to subsequently analyze the
phenotypic variation with the genetic variation through genome-wide association analysis

(GWAS).

This thesis characterized the boron deficiency-induced defects in maize roots, tested the
usability of PBA as a boron deficiency mimic, and identified additional regulators of boron

homeostasis in maize leaves using GWAS.

In chapter 2, the primary root defects induced by boron deficiency and by PBA were
characterized and compared. Both boron deficiency and PBA induced defects in primary root
length, lateral root density, auxin levels and reactive oxygen species levels. Although the PBA-
induced defects were similar to the boron deficiency-induced defects, the severity was different.
Notably, PBA did not inhibit nor promote RG-II crosslinking in vitro, and PBA did not
incorporate into pectin in vivo. Specifically, the PBA-induced lateral root density defects
appeared linked to functions of the boric acid moiety. Using the ratios of primary root length
and lateral root density between PBA treatment and no-PBA control, putative targets of PBA

related to phytohormones, cell wall modification, endocytosis, and root development were



Abstract/Zusammenfassung

detected through GWAS.

In chapter 3, a GWAS of boron levels in maize ear leaves was conducted to identify novel
genetic regulators of boron homeostasis. Integrated analysis of the GWAS results and gene
expression data highlighted benzoxazinless3 (bx3) as a promising candidate, suggesting an
association between leaf boron homeostasis and the benzoxazinoid pathway, a well-
characterized defense pathway. The loss-of-function mutation of bx3 in maize and the
overexpression of BX7 and BX2 in Arabidopsis, a species that does not endogenously express
the benzoxazinoid pathway, both resulted in elevated boron levels in leaves. Furthermore, the
product of the BX3 enzyme function, 3-hydroxy-indolin-2-one (HION), was found to form a
complex with boric acid in vitro. Our study, therefore, detected a novel connection between
boron homeostasis and the benzoxazinoid pathway, likely through bx3 and the direct substrate
and product of BX3, furthermore suggesting a potential target for crop engineering for better

adaptability to low soil boron levels.
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Abstract/Zusammenfassung

Zusammenfassung

Bor ist ein essentieller Mikronéhrstoff fiir Pflanzen. In Pflanzen befindet sich Bor iiberwiegend
in der primdren Zellwand, wo es das pektische Polysaccharid Rhamnogalacturonan II (RG-II)
vernetzt. Diese Vernetzung ist entscheidend fiir die Aufrechterhaltung der Zellwandintegritit.
Nicht-optimale Konzentrationen von Bor beeintrichtigen die Pflanzenentwicklung und
verringern den Ernteertrag. Zur Aufrechterhaltung der Borhomdostase haben Pflanzen
unterschiedliche Mechanismen entwickelt, von denen die bekanntesten iiber Bortransporter
wirken. Bei der Nutz- und Modellpflanze Mais (Zea mays L.) ist die Bedeutung von Bor
wéhrend der reproduktiven Entwicklung gut untersucht. Zusitzlich sind auch die Bortransporter
in Mais charakterisiert. Dennoch bleiben die Auswirkungen von Bormangel auf die Maiswurzel

sowie Regulatoren der Bor-Homdostase neben den Transportern weitgehend unklar.

Um Bormangel-bedingte Defekte in Maiswurzeln zu untersuchen, besteht eine Strategie darin,
Bor-Mangelbedingungen chemisch zu induzieren. Es wird angenommen, dass Boronsduren,
wie Phenylborsdure (PBA), die Dimerisierung von RG-II blockieren und dadurch Bormangel
imitieren. Eine Charakterisierung von PBA in Bezug auf dessen Fahigkeit Bormangel in planta

zu induzieren wurde jedoch bisher nicht durchgefiihrt.

Zur Identifizierung neuer Regulatoren der Bor-Homoostase in Mais konnen beispielsweise
genomweite Assoziationsanalysen (GWAS) durchgefiihrt werden. Dabei wird die natiirliche
Variation von Merkmalen, z. B. die Borkonzentration, in genetischen Populationen erfasst und
anschlieBend die phénotypische Variation mit genetischen Informationen der Population

assoziiert.

Diese Dissertation charakterisierte die durch Bormangel verursachten Defekte in Maiswurzeln,
priifte die Verwendbarkeit von PBA zur Induzierung von Bormangel und identifizierte neue

Regulatoren der Bor-Homdostase in Mais.

In Kapitel 2 wurden die durch Bormangel und durch PBA induzierten Primiarwurzeldefekte
charakterisiert und verglichen. Sowohl Bormangel als auch PBA fiihrten zu Defekten in der
Primirwurzel-Lange, der Dichte der Seitenwurzeln, sowie dem Gehalt an Auxin und reaktiver
Sauerstoffspezies. Obwohl die durch PBA induzierten Defekte denjenigen des Bormangels
dhnelten, unterschieden sie sich in ihrer Auspriagung. Auftallig war, dass PBA in vitro weder
die RG-II-Vernetzung hemmte noch forderte und in vivo nicht in Pektin eingebaut wurde.
Insbesondere schienen die durch PBA hervorgerufenen Defekte in der Seitenwurzel-Dichte mit
Funktionen der Borsdure-Gruppe zusammenzuhdngen. Durch die Analyse der Verhéltnisse von

Primdrwurzel-Lange und  Seitenwurzel-Dichte  zwischen = PBA-Behandlung  und

XII
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Kontrollbedingungen konnten mittels GWAS potenzielle PBA-Zielgene identifiziert werden,
die im Zusammenhang mit Phytohormonen, Zellwandmodifikation, Endozytose und

Wurzelentwicklung standen.

In Kapitel 3 wurde eine GWAS der Borgehalte in Mais-Kolbenblittern durchgefiihrt, um neue
genetische Regulatoren der Bor-Homoostase zu identifizieren. Die integrierte Analyse der
GWAS-Ergebnisse mit 6ffentlich verfiigbaren Genexpressionsdaten hob benzoxazinless3 (bx3)
als vielversprechendes Kandidatengen hervor und deutete auf eine Verbindung zwischen der
Bor-Homdostase in Blittern und dem Benzoxazinoid-Stoffwechselweg hin. Sowohl die
Funktionsverlust-Mutation von bx3 in Mais als auch die gleichzeitige Uberexpression von BX]
und BX2 in Arabidopsis, einer Art, die den Benzoxazinoid-Stoffwechselweg endogen nicht
exprimiert, fiihrten zu erhdhten Borgehalten in Blittern. Dariiber hinaus wurde festgestellt, dass
das Produkt der BX3-Enzymfunktion, 3-Hydroxy-Indolin-2-on, in vitro einen Komplex mit
Borséure bilden kann. Somit zeigte unsere Studie, dass der Benzoxazinoid-Stoffwechselweg in
Mais mit der Bor-Homdostase verkniipft ist, wahrscheinlich {iber bx3 sowie das direkte Substrat
und Produkt von BX3. Somit wurde in dieser Dissertation ein potenzielles Ziel fiir die
Pflanzenziichtung zur besseren Anpassungsfahigkeit von Mais an geringe Borgehalte im Boden

1dentifiziert.

XIII



Chapter 1 Introduction

1 Introduction

Boron is a metalloid element identified as an essential micronutrient for plants (Warington,
1923; Marschner, 2023). In the form of boric acid B(OH)3, boron is accessible to roots and can
be transported and utilized by plants (Matthes et al., 2020). Optimal levels of boron are
important for the growth and development of many plants, and boron presents a narrow window

between deficient and toxic concentrations (Goldberg, 1997).

1.1 Boron deficiency and toxicity phenotypes

Although boron is ubiquitous on earth, it is distributed heterogeneously. The dissolved forms
of boron are mainly boric acid B(OH)3 and the borate anion B(OH)4", both highly soluble in
water, making boron easily leached from soil by rainfall. As a consequence, boron deficiency
in soils is a prominent abiotic stress worldwide (Shorrocks, 1997; Brdar-Jokanovié¢, 2020). This
stress is predicted to get even more severe with climate change, as intense rainfall or drought
can either leach boron from soil or restrict boron uptake (Garcia-Sanchez et al., 2020; Li et al.,
2023). In semi-arid environments, especially in soil irrigated with boron-rich water, and in soil
developed from marine and volcanic clay, boron levels exceed plant requirements and cause
boron toxicity symptoms in crops, and ultimately yield losses (Ponnamperuma and Yuan, 1966;

Martinez-Alvarez et al., 2017; Brdar-Jokanovi¢, 2020; Zhao et al., 2024).
1.1.1 Boron deficiency phenotypes

When the availability of boron is limited for plants, the root and shoot meristems, groups of
undifferentiated cells that generate post-embryonic tissues and organs (Lindsay et al., 2024),
are affected. Both meristem types halt their growth under such conditions, leading to inhibition
of root elongation, leaf expansion, and flower development. (Fig. 1.1; Bolafios et al., 2023; Chu

et al., 2025b).

Root shortening is one of the earliest responses observed under boron deficiency (Warington,
1923; Dell and Huang, 1997). Early inhibition of root length is attributed to impaired cell
division and inhibited cell elongation (Martin-Rejano et al., 2011). The root meristem length
was rapidly reduced under boron deficiency in advance of primary root length reduction (Poza-
Viejo et al., 2018). In Arabidopsis, boron deficiency-induced root defects also include enhanced
root hairs, cell death and swollen root tips (Oiwa et al., 2013; Camacho-Cristobal et al., 2015).
These defects were repeatedly observed in various dicotyledons (Bolafos et al., 2023; Chu et
al., 2025b). In cereal crops like maize, knowledge regarding the root responses to boron

deficiency is limited. A few studies investigated boron deficiency-induced root defects with
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partially contradicting results, since maize root systems either were unaffected by boron
deficiency (Lordkaew et al., 2011; Bienert et al., 2023) or showed reductions in primary root
length, lateral root number, and lateral root density (Eltinge, 1936; Wilder et al., 2022). These
inconsistencies might reflect genotypic and tissue-specific variation of boron deficiency

susceptibility in maize roots.

In the shoot, typical boron deficiency symptoms include growth arrest, leaf chlorosis and loss
of apical dominance (Fig. 1.1). Dicotyledonous plants like Arabidopsis and oilseed rape
(Brassica napus) developed small, rolled and brittle young leaves, short internodes and bushy
shoot appearances under boron deficiency (Takano et al., 2006; Tanaka et al., 2008; Zhang et
al., 2014; Pommerrenig et al., 2018). Maize developed white stripes between leaf veins,
irregularly arranged vascular bundles, and narrow wrinkle leaves under boron deficiency
(Lordkaew et al., 2011; Chatterjee et al., 2014; Durbak et al., 2014; Bienert et al., 2023). The
reproductive development is particularly sensitive to boron deficiency. In Arabidopsis, boron
limitation inhibited development of flowers and siliques, and even caused seed setting failure
(Noguchi et al., 1997; Takano et al., 2006; Muro et al., 2025). Similarly, in oilseed rape, boron
deficiency caused malformed flowers with wrinkled petals and separated anther-stigma, or
withered flower buds, resulting in the “flowering-without-seed-setting” symptom (Xu et al.,
2002; Zhang et al., 2017; Verwaaijen et al., 2023; Tolle et al., 2025). In maize, both the tassel
and the ear were completely missing under severe boron deficiency (Leonard et al., 2014;
Durbak et al., 2014). In less severe cases of boron deficiency in maize, pollen sterility and small
or deformed cobs were observed, while there was no significant decrease in the dry weight of
vegetative tissues (Lordkaew et al., 2011). The sensitivity of reproductive development to boron
deficiency is conserved among many other crops, including rice (Oryza sativa), wheat (Triticum
aestivum) and barley (Hordeum vulgare; Garg et al., 1979; Dell and Huang, 1997; Nakagawa
et al., 2007). The boron deficiency-induced defects in reproductive development consequently

lead to drastic losses of grain yield and quality (Brdar-Jokanovi¢, 2020).
1.1.2 Boron toxicity phenotypes

Boron toxicity leads to symptoms including inhibited root and shoot growth, leaf chlorosis or
necrosis, and reduced fertility (Fig. 1.1; Camacho-Cristobal et al., 2008; Marschner, 2023). In
Arabidopsis roots, excessive boron inhibited root growth in a dose-dependent manner,
particularly affecting the root meristem zone (Aquea et al., 2012; Tapia-Quezada et al., 2022).
Similar responses were observed also in cereals like barley and rice (Reid et al., 2004; Choi et

al., 2007; de Abreu Neto et al., 2017). In maize, negative effects of boron toxicity on root length
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(Esim et al, 2013; Sakcali et al., 2015) were observed. Boron toxicity could reduce the number
of maize roots and enhance the lateral root elongation, without causing adverse defects in shoot

growth (Wilder et al., 2022).

In plant shoots, boron toxicity caused chlorosis and necrosis in older leaves. The leaf symptoms
were pronounced at the leaf tips and start with spots (Ponnamperuma and Yuan, 1966; Reid et
al., 2004). Reduction of chlorophyll and water content in the shoot induced by high boron
treatment have also been repeatedly reported (Macho-Rivero et al., 2017; Macho-Rivero et al.,
2018; Martinez-Mazo6n et al., 2023). Boron toxicity also caused deformities in fruits (Xu et al.,
2021; Yang et al., 2022). In rice, boron toxicity led to reduction of tillers, indicating
involvement of impaired meristem maintenance (de Abreu Neto et al., 2017). In maize,
excessive boron reduced shoot length and leaf area significantly, induced necrosis at the leaf

margins, and inhibited root growth (Esim et al., 2013).

Figure 1.1. Typical boron deficiency and toxicity phenotypes in Arabidopsis and maize. A-C, Arabidopsis phenotypes
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observed under different boron growing conditions. A, Arabidopsis grown under boron-deficient condition. The plant is small,
the leaves especially the younger leaves are rolled, the shoot apical dominance is lost, the fertility is reduced, the root is short
and stunted with dense root hairs developed, the root tip is enlarged. B, Arabidopsis grown with optimal levels of boron achieves
optimal growth. C, Arabidopsis grown under boron-toxic condition. The plant growth is inhibited, the fertility is reduced,
necrosis is developed at the leaf tips and margins, especially at the older leaves, the root elongation is inhibited. D-F, Maize
phenotypes observed under different boron growing conditions. D, Maize grown in boron-deficient soil. The leaves are small,
thick, brittle and with chlorotic stripes, especially in the younger leaves; the cob is small; the fertility is reduced. E, Maize
grown with adequate levels of boron results in optimal growth. F, Maize grown under boron-toxic condition. Necrosis is
developed in the leaves, from older leaves to younger ones, from leaf tips and margins to the whole leaf. Boron toxicity reduced

the size of tassels and ears.

1.2 Transport of boron

Boron is taken up and translocated in plants through multiple transport pathways. Uncharged
boric acid can diffuse across plasma membranes along the concentration gradient (Dordas et al.,
2000; Stangoulis et al., 2001). Meanwhile, the facilitated transport and active transport of boron
are important for efficient boron uptake and translocation in plants grown with insufficient soil
boron levels (Fig. 1.2). The directional transport of boron is mediated by two classes of boron
channels/transporters: the NODULIN INTRINSIC PROTEIN (NIP) family and the HIGH
BORON REQUIRING (BOR) family (Shao et al., 2021; Jothi and Takano, 2023).

There are three NIP channels identified in Arabidopsis that can accelerate boric acid import:
NIP5;1 in the root tip epidermis and mature root endodermis, NIP6;1 in the stem node phloem
region and NIP7;1 in the anther tapetum (Takano et al., 2006; Tanaka et al., 2008; Routray et
al., 2018). Under boron deficiency, NIP5;1 is polarly localized in the soil-side plasma
membrane to import boric acid. The NIP5,; 1 ortholog tassel-less1 (tlsl) was characterized in
maize (Leonard et al., 2014; Durbak et al., 2014). Orthologs of #/s/ have also been identified in
other crops including rice, barley, and oilseed rape (Mitani et al., 2008; Schnurbusch et al., 2010;
Hanaoka et al., 2014; Liu et al., 2015; Hua et al., 2016; Shao et al., 2021; Zhou et al., 2021;
Song et al., 2021; He et al., 2021).

BORs actively export boron out of the cytosol against concentration gradients. The main boron
efflux transporter found in the Arabidopsis root is BOR1 (Noguchi et al., 1997; Takano et al.,
2002). Under boron deficiency, BOR1 is localized in the stele-side plasma membrane, exporting
boron into the stele, increasing the boron concentration in xylem for translocation to the shoot
(Takano et al., 2002). Orthologs of BORI in maize are rotten ear (rte) and rte2 (Chatterjee et
al., 2014; Chatterjee et al., 2017). Orthologs have additionally been characterized in many other
major crops including rice, barley and oilseed rape (Nakagawa et al., 2007; Sutton et al., 2007;
Zhang et al., 2017; Chen et al., 2018).
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Figure 1.2: Boron transport model in the plant cell. Boric acid passively permeates plasma membranes (indicated by the
dashed arrow) and the boric acid channel NODULIN INTRINSIC PROTEINS;1 (NIP5;1) facilitates boron transport into the
cytosol. At the cytosolic pH (pH 7.5), boric acid is converted to borate. Borate is actively exported by the boron transporter
HIGH BORON REQUIRING1 (BOR1). Modified from (Takano and Tanaka, 2023).

1.3 Molecular functions of boron

In boron-deficient plants, 81% - 98% of boron is located in the cell wall (Matoh et al., 1992;
Hu et al., 1996; Pommerrenig et al., 2022). Most of the observed boron deficiency phenotypes
can be linked to cell wall defects and the best characterized molecular function of boron is to
crosslink the pectic polysaccharide thamnogalacturonan II (RG-II) (Kobayashi et al., 1996;
Matoh et al., 1996; O’Neill et al., 1996).

RG-II, homogalacturonan (HG) and RG-I comprise the main pectic domains in the primary cell
wall (Bharadwaj et al., 2020). As the most complex polysaccharide yet identified in nature (Bar-
Peled et al., 2012), RG-II is comprised of a HG backbone linked with four sidechains (A to D)
and two substituents, all together comprised of 12 different monosaccharides (Barnes et al.,
2021). Side chain A and B each has a D-apiose (Api) residue harboring cis-diols on the furanose
ring. Particularly with the Api on side chain A, boron forms stable diesters and links two
monomeric RG-II (mRG-II) to form a dimeric RG-II (dRG-II) molecule (Kobayashi et al., 1996;
O’Neill et al., 1996; Ishii and Ono, 1999; Ishii and Matsunaga, 2001).

Although RG-II in the cell walls is at low abundance (Matsunaga et al., 2004), its dimerization
is crucial for cell wall properties. When RG-II dimerization is impaired, the cell wall mechanical
strength is altered, wall pore size is enlarged, cell adhesion is disrupted, cell elongation and
expansion are inhibited (Fleischer et al., 1999; O’Neill et al., 2001; O’Neill et al., 2004;
Kakegawa et al., 2005). To investigate the RG-II dimerization status, pectin can be purified
from cell wall components and RG-II can be released from pectin by endopolygalacturonase
(Marfa et al., 1991). Afterwards, RG-II dimerization can be determined quantitatively by size-

exclusion chromatography (SEC; Fleischer et al., 1999) or semi-quantitatively by
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polyacrylamide gel electrophoresis (PAGE; Chormova et al., 2014; Fig. 1.3).
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Figure 1.3 Simplified workflow for isolating rhamnogalacturonan II (RG-II) and analyzing its dimerization. Cell walls
were isolated from homogenized plant tissues as alcohol insoluble residues (AIR). Pectin fractions were purified from AIR
with a series of solvents and enzymes. The endopolygalacturonase (EPG) was used to cleave the homogalacturonan backbone,
releasing RG-1 and RG-II from the pectic chains. The different pectin domains enriched in the EPG soluble residues can be
separated by size exclusion chromatography (SEC) or polyacrylamide gel electrophoresis (PAGE). Fractions enriched in RG-II
can be purified for further structure analysis via e.g., nuclear magnetic resonance (NMR), or be monomerized for in vitro

dimerization experiments.

Defects of RG-II side chains or boron deprivation can both impair RG-II dimerization. Excess
boric acid was shown to partially rescue the dimerization defects observed in sidechain mutants.
The underlying mechanism, however, remains unknown (Hays et al., 2025). The boron-
mediated RG-II crosslinking is thought to happen predominantly in the endomembrane system
(Begum and Fry, 2022; 2023), but it remains obscure, what modulates RG-II dimerization. /n
vitro analysis indicated that RG-II is not dimerized by boric acid spontaneously (O’Neill et al.,
1996), but requires certain ions or cationic chaperones, such as arabinogalactan proteins, which
are located in the plasma membrane (Sanhueza et al., 2022; Begum and Fry, 2023). In addition,
boron binding affinity chromatography found many membrane-associated proteins in the

Arabidopsis and the maize root that might interact with boron (Wimmer et al., 2009). Boron
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can also mediate binding between RG-II and glycosylinositol phosphorylceramides (GIPC;
Voxeur and Fry, 2014). GIPC are major components of plant membrane microdomains
(Markham et al., 2013). These findings suggest a possible function of boron in the cell wall-

membrane continuum.

Under adequate boron, more than 60% of cellular boron was not bound to cell walls (Hu et al.,
1996; Pommerrenig et al., 2022), implying boron functions in non-cell-wall compartments.
Based on observations that defects in pectin crosslinking cannot explain all phenotypes
observed under boron-deficient conditions and that there are striking differences of phenotypes
observed in mutants defective in boron uptake compared with wild-type plants grown under
boron-deficient conditions, molecular functions of boron independent of diol binding and

structural functions have been proposed, as reviewed in (Matthes et al., 2020).

From such hypotheses, especially phytohormone-related functions appear intriguing as they
might provide a molecular explanation for the boron-related phenotypes, especially the
meristem development defects. Particularly, alterations of auxin, including auxin biosynthesis,
levels, transport and signaling, in response to boron deficiency, have raised interests (Chu et al.,
2025b). In Arabidopsis roots, boron deficiency induced an increase of auxin signaling (Li et al.,
2015; Camacho-Cristobal et al., 2015; Herrera-Rodriguez et al., 2022; Tao et al., 2023). This
increase was thought to be related to altered auxin transport rather than auxin biosynthesis in
the roots (Li et al., 2015; Tao et al., 2023). In the maize shoot, the auxin efflux marker PIN-
FORMEDIla (PINla):Yellow Fluorescent Protein showed alterations of distribution,
accumulation and localization in the shoot apical meristem and in the developing tassel
meristem of the maize boron transporter mutant #/s/ (Matthes et al., 2023), suggesting that
PINla-mediated auxin transport was reduced in the boron-deficient maize shoot. In the
Arabidopsis RG-II dimerization defective mutant murus! (murl), the plasma membrane
localization of auxin transporters PIN3, PIN4 and AUXIN-RESISTANT 1 were reduced
compared to that in the wildtype, while boric acid supplementation partially rescued the
localization defects (Jewaria et al., 2025). Other phytohormones like ethylene, cytokinin,
brassinosteriods, jasmonic acid, and abscisic acid (ABA) were reported to be responsive to
boron deficiency as well. Some of them were even considered to mediate the development of
boron deficiency-induced phenotypes (Eggert and von Wirén, 2017; Chen et al., 2023).
However, the phytohormone responses under boron deficiency conditions were shown to be
variable in different tissues, species and genotypes or at different time points (Chu et al., 2025b).
It remains unresolved how boron deficiency is perceived, and how the phytohormone cascades

are molecularly regulated in response to boron deficiency.
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1.4 Approaches to study boron deficiency in plants

Due to the ubiquity of boron in the natural environment, it’s difficult to create boron-deficient
experimental conditions for plant research. One of the commonly used approaches to
experimentally induce boron deficiency is to prepare boron-free/low-boron media (Asad et al.,
1997). Boron can be removed from aqueous media by boron-specific resins, such as the weak

base anion exchange resin Amberlite IRA-743 (Kunin and Preuss, 1964; Wang et al., 2014).

Another approach to induce boron deficiency on a plant level is to use boron transporter mutants.
Those mutants are inherently boron-deficient and consequently show enhanced boron
deficiency-related phenotypes with impaired boron transport (Noguchi et al., 1997; Takano et
al., 2006; Hanaoka et al., 2014; Leonard et al., 2014; Chatterjee et al., 2014; Durbak et al., 2014).
For example, the mutant of the maize boric acid channel gene, /s (NIP5; 1 ortholog), was used
to reveal the involvement of auxin and cytokinin in the boron deficiency-induced phenotypic
defects and boron functions during meristem development via genetic studies (Matthes et al.,
2022; Matthes et al., 2023). The mutant of the Arabidopsis boron transporter gene BORI was
used to assess the effects of boron on fertility through reciprocal crosses and grafting (Noguchi
et al., 1997; Muro et al., 2025). However, it is difficult to decipher the primary or secondary

molecular responses caused by boron deficiency with these mutants.

Since the best characterized function of boron is to crosslink RG-II, boron deficiency could
theoretically be artificially mimicked by interrupting crosslinking of RG-II. Boronic acids,
including phenylboronic acid (PBA), have been proposed as boron deficiency mimics (Bassil
et al., 2004). PBA has a benzene ring and a boric acid moiety (Fig.1.4A). The boric acid moiety
allows PBA cis-diol binding affinity, but with only two hydroxyl groups, PBA should not be
able to crosslink RG-II. According to the theory that there is a dRG-II—mRG-II interconversion
in planta (O’Neill et al., 1996), PBA, with a pKa of 8.8, which is lower than that of boric acid
(pKavoric acid = 9.25; Figs. 2.2; 2.4A), was proposed to compete with or even displace borate at
its binding sites (Bassil et al., 2004). Therefore, PBA might inhibit RG-II dimerization (Fig.
1.4C). PBA or PBA-derived boronic acids were reported to form borate ester bonds with cis-
diol-containing saccharides or polysaccharides, and have been extensively studied for sugar

recognition and affinity separation (Yan et al., 2004; Jiang et al., 2006; Furikado et al., 2014).

In planta, PBA induced phenotypes similar to boron deficiency, such as disrupted cell-to-cell
wall adhesion (Bassil et al., 2004), inhibited maize root elongation (Housh et al., 2020),
impaired apple pollen tube elongation (Fang et al., 2016), and inhibited Arabidopsis hypocotyl

bending similar to boron deficient murl (Jewaria et al., 2025). These phenotypes pointed to the
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cell wall structural alteration as hypothesized. Additionally, relations to the phytohormone
auxin were implied by the inhibitory effects of PBA on auxin transport (Matthes and Torres-
Ruiz, 2016), and of PBA derivatives on auxin biosynthesis (Kakei et al., 2015). Particularly,
PBA stabilized BORI in the plasma membranes against the high-boron-induced protein
degradation (Matthes and Torres-Ruiz, 2016). However, a recent study detected dRG-II through
PAGE of pectin fragments isolated from PBA-treated Arabidopsis, introducing the new
hypothesis that PBA might crosslink RG-II (Fig. 1.4C; Hays et al., 2024).

Yet, for both hypotheses, no direct or quantitative analysis of the PBA—RG-II interactions had
ever been conducted. Moreover, the boron-carbon bond in PBA is prone to reactive oxygen
species (ROS), for example, H>O». As a result, PBA can be deboronated by H,O: in aqueous
solution (Fig. 1.4B; Graham et al., 2021). Therefore, the utility of PBA as boron deficiency

mimic in planta or the effects of PBA on RG-II dimerization need thorough characterization.
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Figure 1.4. Hypotheses of the effects of phenylboronic acid (PBA) on rhamnogalacturonan II (RG-II) dimerization. A,
The uncharged and anion forms of PBA, adapted from (Yan et al., 2004). B, PBA deboronation induced by H202, adapted from
(Graham et al., 2021). C, Proposed effects of PBA on RG-II dimerization, modified from (Matthes et al., 2020; Hays et al.,
2024). With adequate boron, the RG-II in cell walls is crosslinked by borate through the cis-diols on the side chains. With PBA
treatment, RG-II dimerization is proposed to either be inhibited through PBA-mediated blockage of boron binding sites, or
promoted through PBA-mediated RG-II dimerization (Bassil et al., 2004; Hays et al., 2024). HG: homogalacturonan, B: boron.

1.5 Regulation of boron homeostasis

To adapt to variable boron levels in the environment, plants have developed many strategies to
regulate the balance of boron uptake, distribution, and utilization. Boron transport plays a
central role in the regulation of boron homeostasis, yet other regulatory mechanisms exist and

warrant exploration.

Boron uptake and distribution are regulated through both passive diffusion and boron
transporters. The passive diffusion across plasma membranes is determined by the boron
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gradient from high boron concentration to low boron concentration, and is affected by the
chemical speciation of boron, as boric acid permeates the phospholipid bilayer more easily than
the borate anion (Stangoulis et al., 2001). The passive transport is also affected by transpiration
and diffusion barriers. In maize, enhanced transpiration can fully rescue the tassel phenotypes
and partially rescue the ear phenotypes in t/s/ (Matthes et al., 2018). In Arabidopsis and citrus,
Casparian strips inhibit the boron apoplastic diffusion under boron toxicity (Ruiz et al., 2016;

Muro et al., 2023).

The boron channels/transporters are regulated in response to boron levels, in aspects of
abundance, localization, and activity. The regulation happens at transcriptional level or
post-transcriptional levels, and the regulation is species-specific. For example, in Arabidopsis
under boron deficiency, messenger ribonucleic acid (mRNA) levels of NIP5, I are induced and
that of BORI are unaffected (Takano et al., 2002; Takano et al., 2006). Under excess boron,
NIP5;1 is post-transcriptionally repressed (Tanaka et al., 2011) and BORI1 is translationally
repressed and degraded through endocytosis (Takano et al., 2005; Kasai et al., 2011; Aibara et
al., 2018). In rice, the NIP3;1 analog Low silicon rice I (Lsil) does not respond to boron
deficiency, while OsBORI is degraded in response to high boron (Huang et al., 2022). Boron
transport is also indirectly affected by some transcription factors modulating the mRNA levels
of boron transporter genes, in boron-dependent manners (Feng et al., 2020; 2021; Tsednee et
al., 2022; Zhang et al., 2024a). Some of the boron transporters contribute to both boron uptake
and distribution, for example, AtBOR1, OsNIP3;1, TLS1 (Noguchi et al., 1997; Takano et al.,
2002; Hanaoka et al., 2014; Durbak et al., 2014; Matthes et al., 2018; Muro et al., 2025; Wang
et al., 2025); while others are specifically responsible for refining the distribution, such as

Arabidopsis NIP6;1 and NIP4;1/4;2 (Tanaka et al., 2008; Perez Di Giorgio et al., 2016).

Apart from uptake and distribution, boron transporters can also contribute directly to boron
utilization. For example, BOR2 delivers boron into vesicles for RG-II crosslinking (Miwa et al.,
2013). Variation of boron utilization efficiency is caused by genetic factors linked to transporter
genes or to loci of unknown function (Xu et al., 2002; Jamjod et al., 2004; Zeng et al., 2008;
Zhang Q et al., 2014; Zhang Z et al; 2024). Mutagenesis studies have indicated additional
genetic factors of boron utilization, such as Low Boron Tolerance 1, Transmembrane Nine 1,
and Vacuolar Type ATPase 2;1, which are unrelated to boron transporters (Huai et al., 2018;
Hiroguchi et al., 2021; Onuh and Miwa, 2023). Phytohormones also play important roles in
boron homeostasis (Chu et al., 2025a). The responses of the auxin cascade to boron deficiency
are well documented. For example, auxin levels or signaling are up-regulated in Arabidopsis

roots and Brassica napus under boron deficiency (Martin-Rejano et al., 2011; Li et al., 2015;
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Camacho-Cristobal et al., 2015; Zhou et al., 2016; Eggert and von Wirén, 2017; Herrera-
Rodriguez et al., 2022; Tao et al., 2023). In addition, ABA induces NIP35, I expression (Gomez-
Soto et al., 2019). Gibberellins induce expression of the vacuole boron channel gene Tonoplast
Intrinsic Protein 5;1 and alleviate boron toxicity (Pang et al., 2010; 2017). Brassinosteroid
signaling negatively affects boron absorption and translocation (Zhang et al., 2021). And
treatment of exogenous brassinosteroid enhances RG-II dimerization in the murl mutant

(Jewaria et al., 2025).

Genomic approaches have been applied to identify molecular candidates regulating the
homeostasis of mineral elements in many species. Variation in seed boron levels has been
investigated in for example barley, rice, maize, and peanut (Zhang et al., 2019; Wang et al.,
2020; Jia et al., 2021; Wu et al., 2021), and variation of boron levels in leaves or whole shoots
had been investigated in rice (Yang et al., 2018). Using grain boron levels as input, the boric
acid channel gene NIP2;2/Lsi6 (barley) and the borate transporter gene rte2 (maize) were
detected respectively (Jia et al., 2021; Wu et al., 2021). Notably, these approaches also detected
various other genes unrelated to boron transport, with no functional validation. Genomic studies
of tolerance to high-boron stress have yielded similar findings. Some of them identified
transporter genes (Sutton et al., 2007), whereas others found no correlation between boron
tolerance and either shoot boron concentration or transporter genes (de Abreu Neto et al., 2017).
These findings suggest that boron homeostasis is a polygenic trait, and there are additional

regulators that warrant identification.
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1.6 Aims

The molecular mechanisms impacted by boron deficiency and those regulating boron
homeostasis in maize remain elusive. The elucidation of such mechanisms will advance our
understanding of the molecular functions of boron, and provide knowledge to improve maize

resilience to impaired boron conditions.

This thesis tested the usability of phenylboronic acid (PBA) as a boron deficiency mimic in
maize and used the ear leaf boron levels as input trait for a GWAS to identify novel molecular

players involved in boron homeostasis in maize. The following hypotheses were tested:

1. The PBA-induced maize root defects mimic those induced by boron deficiency, and are
caused by interference of PBA with boron-mediated RG-II crosslinking.

2. The underlying molecular causes of the boron deficiency/PBA-induced root defects are
tissue specific.

3. The auxin cascade is involved in the boron deficiency/PBA-induced root defects.

4. Boron homeostasis is a polygenic trait in maize.

12



Chapter 2 Phenylboronic acid-induced defects in maize roots are independent of
rhamnogalacturonan-II dimerization

2 Phenylboronic acid-induced defects in maize roots are independent of

rhamnogalacturonan-II dimerization

Liuyang Chu', Deepak Sharma?, Alexa Brox!, Cay Christin Schéfer!, Norman B. Best’, Ha
Ngoc Duong?, Yen On Chan’, Jutta Baldauf', Beatrice Klammer', Julia Briick!, Felix Plotecki!,
Gabriel Schaaf®, Ruthie Angelovici*, Frank Hochholdinger!, Breanna Urbanowicz?, and
Michaela S. Matthes!”

! University of Bonn, Institute of Crop Science and Resource Conservation, Crop Functional

Genomics, Romerstralle 164, 53117 Bonn, Germany

2 University of Georgia, Complex Carbohydrate Research Center, 315 Riverbend Rd, Athens,
Georgia, 30602, USA

3 Plant Genetics Research Unit, USDA-ARS, Columbia, MO 65211, USA

4 Division of Biological Sciences, Christopher S. Bond Life Sciences Center, Interdisciplinary
Plant Group, and Missouri Maize Center, University of Missouri, Columbia, MO 65211-7310,
USA

5 Institute for Data Science and Informatics, Christopher S. Bond Life Sciences Center,

University of Missouri-Columbia, Columbia, MO 65211-7310, USA

® University of Bonn; Institute of Crop Science and Resource Conservation, Plant Nutrition,

Karl Robert Kreiten Str. 13, 53115 Bonn, Germany

*To whom correspondence should be addressed: mmatthes@uni-bonn.de

Manuscript in revision at Plant Physiology

13



Chapter 2 Phenylboronic acid-induced defects in maize roots are independent of
rhamnogalacturonan-II dimerization

Abstract

Soil boron deficiency is a global abiotic stress, negatively impacting on crop yield. In the dicot
model species Arabidopsis thaliana, inhibition of root elongation is one of the earliest symptoms
of boron deficiency. In the monocot model maize (Zea mays L.), boron deficiency-induced root
defects are widely unexplored. In this study, we assessed boron deficiency-induced defects in
the primary root system of maize and tested the suitability of phenylboronic acid (PBA) as
boron deficiency mimic by performing phenotypic, histological, molecular, and biochemical
analyses. Our analyses showed that boron deficiency and PBA resulted in similar defects in
primary root elongation and lateral root density. The PBA-induced defects, however, were
much stronger than those induced by boron deficiency, particularly regarding lateral root
development. We provide evidence that the PBA-induced defects were caused by the boric acid
moiety and show that both boron deficiency and PBA altered the levels of auxin and reactive
oxygen species. Strikingly, PBA did not affect rhamnogalacturonan-II (RG-II) dimerization.
Interference of boron-mediated RG-II crosslinking, however, was previously proposed to be
the mode of action of PBA in planta. Our study shows that PBA is particularly suited for the
molecular dissection of lateral root development in maize and suggests that PBA can reveal

boron-related, yet RG-II-independent molecular targets.
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Introduction

The micronutrient boron is needed for proper growth and activity of meristematic tissues (Chu
et al., 2025). Therefore, limited boron availability can drastically impact on plant development.
In crop plants, reproductive development is severely affected, which leads to major yield
declines under boron deficiency. The first organ that senses boron deficiency is the root. In
Arabidopsis (Arabidopsis thaliana), the boron-deficient root is short and stunted with an
accumulation of root hairs and an increased root diameter (Bolafios et al., 2023; Chu et al.,
2025). In the monocot cereal maize (Zea mays L.), only few studies investigated boron
deficiency-induced root defects. In these studies, maize root systems either did not respond to
boron deficiency (Lordkaew et al., 2011; Bienert et al., 2023) or showed reductions in primary
root length, lateral root number, and lateral root density (Eltinge, 1936; Wilder et al., 2022).
These discrepancies likely reflect genotype- and tissue-specific differences of boron sensitivity
in maize. Assessing the impact of boron deficiency on crop roots is hampered by the difficulty
in accessing root systems grown in soil, but also by the difficulty in creating boron-deficient

growing conditions.

Boron uptake and distribution within plants is regulated by boron transporters (Miwa and
Fujiwara, 2010) and the primary function of boron is considered to be the stabilization of the
pectin subunits thamnogalacturonan-II (RG-II) in the primary cell wall (Kobayashi et al., 1996;
O’Neill et al., 1996; Matoh, 1997). Approaches to experimentally induce boron deficiency on
the plant level include the characterization of boron transporter mutants or mimicking boron
deficiency by competitively inhibiting crosslinking of RG-II (Matthes et al., 2020). The maize
boron transporter mutants tassel-less1 (tls1), rotten ear (rte), and rte2 are inherently boron-
deficient and were employed to characterize boron-related processes in maize (Leonard et al.,
2014; Chatterjee et al., 2014; Durbak et al., 2014; Chatterjee et al., 2017; Matthes et al., 2022;
Matthes et al., 2023). Due to their chemical structures, boronic acids, including phenylboronic
acid (PBA), were hypothesized to be boron deficiency mimics in plants and were used to study
plant developmental processes (Bassil et al., 2004; Fang et al., 2016; Matthes and Torres-Ruiz,
2016; Matthes and Torres-Ruiz, 2017; Duran et al., 2018; Housh et al., 2020).

Germination of maize kernels in PBA solution led to root defects similar to defects in boron-
deficient citrus roots (Li et al., 2016), including shorter primary roots and reductions in lateral
root density (Housh et al., 2020). Notably, some of the induced defects were partially rescued
by boric acid (Housh et al., 2020). Specifically, the PBA-induced lateral root defects were
intriguing and were also reported in Arabidopsis and beans (Odhnoff et al., 1961; Hays et al.,
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2024). Lateral root development is tightly controlled by pathways mediated by the
phytohormone auxin (Du and Scheres, 2018; Hochholdinger et al., 2018; Vanneste et al., 2025),
implying potential crosstalk between boron and auxin. Whether the PBA-induced defects
resemble boron deficiency-induced defects in the maize primary root and whether the

phenotypes are causally connected to altered auxin pathways is not known.

The use of PBA as a boron deficiency mimic was recently challenged by the hypothesis that
PBA might stabilize RG-II crosslinks instead of inhibiting them (Hays et al., 2024).
Furthermore, PBA can be oxidatively deboronated (Graham et al., 2021), implying that in
planta PBA might not be present as PBA, but in the form of its oxidation products, which

include phenol and/or additional oxidation products, and strikingly boric acid.

To address these outstanding questions, we characterized boron deficiency- and PBA-induced
defects in the maize primary root using the B73 inbred line and mutants related to auxin
biosynthesis. We additionally assessed whether PBA affects RG-II dimerization in vitro and
evaluated the impacts of the potential oxidation of PBA in planta. Our study showed that both
boron deficiency and PBA led to shorter primary roots and to a strong reduction of lateral root
density. PBA, however, did not interfere with RG-II dimerization. Whereas primary root
reductions were also observed with excessive H>O», particularly the lateral root density defects
were specific to both oxidative stable and unstable boronic acids, suggesting boron-related, yet
RG-II dimerization-independent targets of PBA. Applying a genome-wide association
approach, we highlight hormone- and oxidative stress-related genes as putative candidates
aiding in addressing the molecular mechanisms underlying the PBA-induced lateral root density

defects.
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Material and Methods

Seedling assays

The maize B73 inbred line, the maize auxin biosynthesis mutants vanishing tassel2 (vt2) and
sparse inflorescencel (spil; Gallavotti et al., 2008b; Phillips et al., 2011), the auxin transporter
marker line PINFORMED1a-YFP (PIN1-a-YFP; Gallavotti et al., 2008a; Krishnakumar et al.,
2015), 241 inbred lines from the 282 Goodman-Buckler association panel (Flint-Garcia et al.,
2005) and celery (Apium graveolens, RG-II analyses) were used.

All seedling assays were done in germination paper with 10 kernels per paper roll and

incubation in the dark at 28°C in the indicated culture solution.

Seedling assays (B73) in the PBA gradient were done with full Hoagland media with different
PBA concentrations (0 mM, 0.1 mM, 0.2 mM, 0.4 mM, 0.8 mM, 1.0 mM and 2 mM). The
Hoagland media (3.5 mM Ca(NO3)2, 2.5 mM KNO3, | mM MgSOs4, | mM KH;POs, 4.55 uM
MnClz, 0.2 uM CuSOq4, 0.3475 uM ZnSOy4, 0.0605 uM Na;MoOs4, 14 uM Fe-EDTA, 50 uM
B(OH)3) was prepared in ultrapure water. The assays were done with three replicates (with

seeds from three B73 plants) for six days.

Time series (B73) were done with four treatments: +B, 50 uM boric acid; -B, 0 uM boric acid;
+B+PBA, 50 uM boric acid and 0.4 mM PBA (Sigma-Aldrich, USA); -B+PBA, 0 uM boric
acid and 0.4 mM PBA. The treatments were based on boron-free Hoagland media prepared with
ultrapure water and treated with boron chelating resin AmberLite® IRA 743 (Sigma-Aldrich,
USA, 5 g/L, 24 h). All solutions were prepared in plastic. For every treatment, eight rolls (with
10 kernels per roll) were incubated for 4 - 6 days. The experiment was repeated eight times

(biological replicates).

Seedling assays with the auxin biosynthesis inhibitor L-kynurenine (Kyn), the auxin transport
inhibitor naphtylphtalamic acid (NPA), spil or v¢£2 mutants, and PIN1a-YFP lines were based
on the same treatments (+B, -B, +B+PBA, -B+PBA) with 0.4 mM PBA. In the assays with
2,4-dichlorophenoxyacetic acid (2,4-D) the PBA-concentration was 1 mM. We used the
synthetic auxin 2,4-D and not indole-3-acetic acid (IAA), because the solvent of 2,4-D is H>O,
whereas that for IAA is ethanol. 2,4-D induces the same maize seedling root phenotypes as I[AA

(Draves et al., 2022).

Assays with H>O», phenol, boric acid, 2-carboxyphenylboronic acid (2-CPBA) and
1-butylboronic acid (BBA) were based on full Hoagland media. The sample number and

biological replicates are given in the respective figures.

17



Chapter 2 Phenylboronic acid-induced defects in maize roots are independent of
rhamnogalacturonan-II dimerization

For genome-wide association studies (GWAS), 241 inbred lines were treated with H>O or 1 mM

PBA in the dark at 28 °C for six days. The seedling assay was repeated twice.

Root phenotyping

For the time series, pictures of the seedlings were taken 4 to 6 days after treatment (DAT).
Primary root length and lateral root density were determined using ImageJ (Schneider et al.,
2012). Lateral root density was calculated by the total amount of lateral roots divided by the
branching zone (Fig. S1A).

For GWAS, primary root length and lateral root density for the PBA-treatment and the water
control were phenotyped accordingly. Ratios between the PBA-treatment and the water control
were calculated and used as input data for the GWAS (primary root length-, lateral root density-

ratio).

Histology

Root samples (1 cm of the primary root tip and 2 cm root pieces from the maturation zone; Fig.
S1C) were collected, fixed, dehydrated, embedded in paraffin wax, and sectioned (8 pm) using
a microtome (Leica RM2125 RTS). Sections were stained with toluidine blue according to Wu

and McSteen (2007). See Supplementary Material and Methods.

Microscopy

Toluidine blue-stained sections were imaged using AxioCam MRc Microscope (Carl Zeiss,
Germany). Root meristem length and root diameter were analyzed using PALM Microbeam
Plattform (Carl Zeiss, Germany). Medial sections of the primary roots were used and meristem
length was defined according to Ioio et al., 2007 (Fig. SIF). Root diameter was measured from
cross sections of the 2 cm maturation zone samples (Fig. S1C, G). For each sample the root

diameter was averaged over all sections.

Overviews of individual slides containing longitudinal sections of the 2 cm maturation zone
samples (Fig. S1C) were imaged using an automatic fluorescent microscope (BX63) with a 2x
objective (PLAPON 2x/0.08), the bright field detector (UC50), and the cellSens Dimension
software (Olympus Corporation, Japan). From these images (512x512), all visible lateral root
bulges in all sections (ca. 20) of a sample (n = 4 biological replicates per treatment) were
counted. From the obtained number the maximum number of lateral root bulges of all slides for

one sample was determined.

Phytohormone quantification

IAA, 1l-amino-cyclopropane-1-carboxylic acid (ACC), and abscisic acid (ABA) were
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quantified from 1 cm root tips and the maturation zone (Fig. S1D). Samples were ground in
liquid nitrogen and 100 mg of each sample was lyophilized. High-performance liquid
chromatography-mass spectrometry (HPLC) was applied (Dilkes and Best, 2025).

RG-II dimerization assays

Monomeric RG-II (mRG-II) from celery was used as a substrate for in vitro dimerization assays
and prepared according to Barnes et al., (2021). Standard RG-II dimerization reactions
contained 50 mM NaOAc buffer (pH 3.8), 200 uM mRG-II, 1 mM boric acid, and 0.5 mM
Pb(NO3)2, unless otherwise indicated. Assays involving boronic acids contained 1 mM PBA or
0.4 mM PBA in place of boric acid under standard conditions. All reactions were performed at
room temperature (RT)for 16 h, stopped by flash-freezing, then analyzed by size exclusion
chromatography (SEC) using a Superdex-75 10-300GL Increase column with refractive index
(RI) detection (Barnes et al., 2021).

Preparation of cell walls and pectin isolation

B73 was cultivated in Hoagland media £ 1 mM PBA. Whole roots were harvested 6 DAT. To
prepare cell wall material as alcohol insoluble residue (AIR), roots were lyophilized and
homogenized in liquid nitrogen, then resuspended in 70% (v/v) ethanol at RT for 8 h. The
suspensions were centrifuged (2000 g, 10 min) and the pellet was washed with 80% (v/v)
ethanol, 90% (v/v) ethanol, absolute ethanol, then filtered and resuspended in
methanol:chloroform (1:1, v/v). After 8 h, the material was centrifuged, washed twice with
acetone, then vacuum dried. AIRs were de-starched by a-amylase (Bacillus licheniformis,
Sigma-Aldrich, USA) in MES/Tris buffer (20 mM, pH 6.5). The insoluble material was
subsequently washed with ultra-pure H>O and acetone and freeze dried. The dry material was
then suspended in NaOAc (50 mM, pH 5.2) for 24 h at 45°C and purified again with
glucoamylase (Spirizyme®; 60 uL/g; Novozymes A/S, Denmark) and a-amylase (Liquozyme®;
300 uL/g; Novozymes A/S, Denmark). The de-starched AIR was collected by filtration through
nylon mesh (100 um pore size) and washed with deionized H>O. In order to isolate pectin
domains, 1 g de-starched AIR was treated with endo-polygalacturonanase M2 (EPQG)
(Aspergillus aculeatus, 5 U/g, Megazyme, Ireland) in 100 mL NaOAc (50 mM, pH 5.2) for 24
h (30 °C, 250 rpm). The EPG-treated AIR was collected by filtration through nylon mesh
(100 um pore size) and then retreated with EPG. The combined EPG-solubilized fractions were
concentrated by rotary evaporation at 37 °C, dialyzed (Spectrum™ Spectra/Por™, 3500 Dalton
MWCO) against deionized water, and freeze dried. Solutions of the EPG-soluble material from
maize AIR (6-8 mg) in NH4sHCO, (50 mM, pH 5), with an injection volume of 200 uL were
applied to Agilent 1100 series HPLC using a Superdex-75 Increase column (30 x 1 cm, Cytiva,
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USA) eluted at 0.5 mL/min with NH4HCO, (50 mM, pH 5), with RI detection (Barnes et al.,
2021).

NMR spectroscopy

'H-NMR spectra were recorded with a Varian Inova NMR spectrometer (Agilent Technologies,
USA) operating at 600 MHz using a 5 mm cold probe and a sample temperature of 25 °C. A
onetime D,0O exchange was performed on pectin samples by dissolving (5-6 mg) in DO (1 ml,
99.9%; Cambridge Isotope Laboratories, USA) and freeze drying. Freeze-dried samples were
dissolved in 0.6 mL D»O and transferred to 5 mM NMR tubes before spectral data acquisition.

Data were processed using MestReNova software (Mestrelab Research S.L., Spain).

Boron quantification

Boron concentration was quantified from roots and shoots of 50 seedlings per biological
replicate (n = 3) with the curcumin method using an Infinite M200 Pro NanoQuant plate reader
(TECAN, Switzerland) according to (Wimmer and Goldbach, 1999). Samples were collected
6 DAT, dried at 60 °C and ground in an agate mortar. 500 mg per sample was digested with
nitric acid in a CEM Mars 5 microwave digestion system (CEM Corporation, USA).

Reactive oxygen species detection

Hydrogen peroxide (H202) production in the roots was visualized by 3,3’-diaminobenzidine
staining (DAB; Ugalde et al., 2021). Staining intensity was represented by average optical
density (AOD) and quantified from the 1 cm root tip and from 1 cm below the branching zone
(Fig. S1) using ImageJ (Schneider et al., 2012). AOD of root minus AOD of background was

used for analyses.

Genome-wide association study

For each trait (primary root length-, lateral root density-ratio), the best linear unbiased estimates
(BLUEs) were computed using the BLUE script from the HAPPI GWAS pipeline
(https://github.com/Angelovici-Lab/HAPPI GWAS 2; Slaten et al., 2020). Outliers were
removed by fitting a linear mixed-effects model with the ‘Imer’ function in the ‘lme4’ package
in R (Bates et al., 2015) using raw trait values as the response variable, replicate as a random
effect, and accession as a fixed effect. Afterwards, the Box-Cox transformation (Box and Cox,
1964) was applied to each trait. To account for environmental variations, the BLUE results of
each accession were obtained from the fitted model across both replicates. The BLUE results

were used as the response variables in downstream GWAS.

The broad-sense heritability (H?) was estimated for each trait using a linear mixed-effects model,
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with genotypes as random effects using the Imer function in the Ime4 R package (Bates et al.,
2015). Genetic and residual variance components were extracted, and H? was calculated as the

proportion of total phenotypic variance attributed to genetic variance.

Variant filtering was carried out using VCFtools (Danecek et al., 2011) by retaining only single
nucleotide polymorphisms (SNPs) with a minor allele frequency > 0.05 and present in at least
95% of the population. After filtering, 4,704,048 SNPs remained for analysis. GWAS were
conducted using the GAPIT (version 3; Wang and Zhang, 2021), with underlying BLINK
(Huang et al., 2019), FarmCPU (Liu et al., 2016) and MLMM (Segura et al., 2012) models.
Multiple testing correction was performed using the false discovery rate (Benjamini and
Hochberg, 1995) at a 5% threshold and the Bonferroni method (Dunn, 1961). Candidate genes
were identified within a 100-kb window on both sides surrounding each significant SNP. Gene
annotations and physical positions were based on the Zea mays B73 reference genome, version
5 (https://www.maizegdb.org/genome/assembly/Zm-B73-REFERENCE-NAM-5.0).
Manhattan and quantile-quantile (QQ) plots were visualized using the gwaspr R package
(Wright, 2025).

Statistics

Statistical analyses were done in R v. 4.5.1 (R Core Team, 2025). For analyses of the traits in
the time serial, the primary root length and the log-transformed lateral root density were fitted
into a linear mixed-effect model with treatment and replicates as fixed effects, roll number as
random effect, and a random error effect using the Ime4 package v. 1.1 (Bates et al., 2015) to
meet normal distribution. Multiple comparisons based on the estimated means calculated with
the fitted model were done with the multcompView v. 0.1-10 (Hothorn et al., 2008; Graves et
al., 2024) and the emmeans v. 1.11.1 (Lenth, 2024) packages. For chemical seedling assays,
comparisons were done based on means estimated with general linear models with biological
replicates and treatments as fixed effects. For lateral root density, log-transformation was
applied to meet normal distribution. Boron concentration, lateral root primordia numbers,
meristem length, and root diameter were compared between treatments by one-way analysis of
variance (ANOVA) followed by Fisher’s exact test (p < 0.05). Phytohormone concentrations
were compared by one-way ANOVA followed by Tukey’s test (p < 0.05), using agricolae
package v. 1.3-7 (de Mendiburu, 2023). DAB-staining intensity was compared by Tukey’s test
following a general linear model with treatment and genotype as fixed effects. Statistical
significance was detected at p < 0.05. For all the boxplots and bar plots, the raw data were used
for plotting with ggplot2 package v.3.5.2 (Wickham, 2016). For each boxplot, the whiskers

extend from the box to the highest and lowest values within 1.5 times the interquartile range
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from the upper and lower quartiles. The black line within each boxplot represents the median.

Points outside of this range are considered outliers.
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Results

To address functions of PBA in planta, we tested the impact of PBA on maize root development.
Germination of maize kernels in paper rolls soaked in Hoagland media containing PBA led to
the development of seedlings with reduced primary root length and reduced lateral root density
compared to the control. The severity of these defects was dose-dependent (Fig. 1A). Increasing
concentrations of PBA led to a visible thickening of the primary root and to the development
of more root hairs (Fig. 1B). These phenotypes are reported boron deficiency-related
phenotypes (Chu et al., 2025), corroborating that PBA induced similar phenotypes as boron
deficiency. The lowest concentration of PBA that significantly reduced primary root length was
0.4 mM, whereas the lowest concentration reducing lateral root density was 0.1 mM (Fig. 1C-
D). These results showed that the PBA-induced root defects are trait-specific, causing strong

defects particularly in lateral root density.

PBA- and boron deficiency treatments induce similar phenotypes in the maize primary
root with different severities

To assess the similarities of PBA- (+PBA) and boron deficiency (-B)-induced defects, time trial
experiments from 4 days after treatment (DAT) until 6 DAT were performed. Boron-free
Hoagland media with 0.4 mM PBA was used, which was the lowest concentration leading to

significant defects in both primary root elongation and lateral root density (Fig. 1C-D).

From 5 DAT, the primary roots of +PBA and -B treatments were significantly shorter than that
of the control treatment (+B), indicating that PBA can reduce primary root growth similarly to
boron deficiency (Fig. 2A; Fig. S2B). However, both -B and +PBA had only subtle effects on
primary root elongation in maize. In addition, the severity of PBA-induced defects was
independent of the addition of boric acid (Fig. 2A; Fig. S2B), showing that the amount of boron
in Hoagland media (50 uM) was insufficient to suppress the PBA-induced root elongation
defects. The PBA treatments led to significant increases in primary root elongation compared

to the +B control treatment 4 DAT (Fig. S2A).
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Figure 1 Phenylboronic acid (PBA) leads to defects in maize primary roots in a concentration-dependent manner. A,
Representative image of primary roots 6 days after treatment (DAT) with the indicated PBA concentrations. B, Representative
images of the primary root tips as shown in A, the concentrations of the respective PBA-treatments are indicated. The white
arrow in the 2 mM PBA image points to the development of root hairs and the white arrowhead pinpoints a thickened root tip.
C-D, Boxplots of primary root length (C) and lateral root density (D) of seedlings grown in the indicated PBA-treatments
6 DAT. The white-filled diamond within each boxplot represents the mean of 3 biological replicates (n > 9 per replicate per
treatment). The compared means were estimated by a general linear model with treatments and replicates as categorial factors.
Black dots represent the individual data points. The different letters indicate statistically significant differences (p < 0.05) as

determined by the Benjamini Hochberg (C) or Tukey’s test (D). The scale bar in A =5 cm and in B =3 mm.
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Lateral roots were visible starting from 5 DAT. Boron deficiency led to a significant reduction in lateral
root density compared to the +B control treatment. The PBA treatments, however, led to a strong
reduction in lateral root density compared to both the +B control treatment and the -B treatment (Fig.

2B; Fig. S20).

On a cellular level, meristem length under PBA conditions was significantly longer 6 DAT (Fig. 2C),
whereas root diameter was significantly increased in the PBA-treatments 4 DAT and 5 DAT (Fig. 2D,
Fig. S2F). Meristem length and root diameter under boron deficiency 6 DAT were not significantly
different from both the +B control and the PBA-treatments (Fig. 2C).

To address the cause of lateral root density reduction, we quantified the number of lateral root primordia
in the root maturation zone (Fig. S1C). The PBA treatments led to severe reductions in the number of
lateral root primordia (Fig. 2E), suggesting that lateral root initiation is inhibited in PBA-treated maize
seedlings. The number of lateral root primordia in the -B treatment was in between the control and the
+PBA-treatments, suggesting that boron deficiency also led to defects in lateral root initiation, yet not

as strong as the PBA treatments.

Our phenotypic analyses, therefore, showed that PBA induced similar defects to boron deficiency, yet
more severely, particularly in lateral root development. Boron deficiency only slightly impacts on

primary root development in maize.

Boron concentration analyses revealed that our setup induced boron deficiency conditions in both root
and shoot tissues, whereas the PBA treatments led to enhanced boron levels (Fig. 2F; Table S1), as

previously reported (Housh et al., 2020).
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Figure 2 Phenylboronic acid- (PBA) and boron deficiency treatments induce primary root defects in maize. A, Boxplots
of primary root length 5 days after treatment (DAT) of: 50 uM boric acid (+B), no boric acid (-B; 0 uM boric acid), 50 uM
boric acid + 0.4 mM PBA (+B+PBA), or without boric acid + 0.4 mM PBA (-B+PBA). All treatments were made in Hoagland
media. The grey diamond within each boxplot represents the mean of 8 biological replicates (n > 40 per replicate per treatment).
B, Boxplots of lateral root density of seedlings germinated in the same boron and PBA treatments as in A 5 DAT. The grey
diamond within each boxplot represents the mean of 8 biological replicates (n > 40 per replicate per treatment). Log-
transformation was performed before modelling. For the boxplots in A-B: Different letters indicate statistically significant
differences as determined by Tukey's test (p < 0.05). C, Bar plots of meristem length in the primary root tip 6 DAT. D, Bar
plots of root diameter 4 DAT. E, Bar plots of lateral root primordia number 6 DAT. F, Bar plots of boron concentration in root-
and shoot tissue 6 DAT. Data in C - F represent the mean + standard deviation of 3 (C, D, F) or 4 (E) biological replicates.
Different letters indicate significant differences as determined by Fisher’s test (p < 0.05) following analysis of variance. DW =

dry weight. See also Figs. S1-2.
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The PBA-induced primary root elongation defects are sensitive to auxin levels and auxin
transport processes

Due to the importance of auxin for root development in maize (Cowling et al., 2023), we
assessed an involvement of the auxin cascade in the observed boron deficiency- and PBA-
induced defects. In primary root tips, concentrations of the active auxin IAA were significantly
reduced in both the -B and the +PBA treatments 4 and 5 DAT (Fig. 3A-B). Adding exogenous
auxin in the form of 2,4-D led to a strong reduction in primary root elongation and to root
curvature in the +B condition (Fig. 3E-F). The PBA treatment, but not boron deficiency,
partially suppressed the 2,4-D-induced primary root length and curvature defects (Fig. 3E-F),
suggesting an interaction between auxin levels and PBA during primary root elongation in

maize.

In the maturation zone, where lateral roots are formed, IAA levels were also significantly
reduced in both the -B and the +PBA conditions 4 and 5 DAT (Fig. 3C-D). No 2,4-D-induced
defect was observed in the +B condition or with PBA-treatments (Fig. 3G). In contrast, the
addition of 2,4-D in the boron deficiency treatment led to significant reductions in lateral root
density compared to the non-2,4-D control (-B; Fig. 3G), suggesting that lateral root density

under boron deficiency is sensitive to auxin levels.

Boron deficiency can also lead to alterations of ABA and ethylene pathways (Martin-Rejano et
al., 2011; Eggert and von Wirén, 2017; Herrera-Rodriguez et al., 2022). Levels of both ABA
and the ethylene precursor ACC were unaltered in primary root tips 5 DAT in any of the tested
conditions (Fig. S3A-D). In the maturation zone, ACC-levels were significantly enhanced 5
days after -B or +PBA treatment (Fig. S3G) and ABA-levels remained unaltered (Fig. S3F, H).
ABA- and ACC-levels were generally not significantly different 4 DAT (Fig. S3E-F). One
exception was the ACC-levels in the -B+PBA treatment, which were significantly higher than
the +B control 4 DAT (Fig. S3E). The phytohormone quantifications suggest that the detected
tissue-specific differences in ABA- or ACC-levels were consequential to the observed
phenotypes, whereas the reductions of IAA might mediate the observed phenotypic defects

since they were already observed 4 DAT prior phenotypic differences.

We, therefore, additionally germinated B73 seeds with low kernel boron concentrations in Kyn,
a chemical that interferes with auxin biosynthesis by competitively inhibiting TRYPTOPHANE
AMINOTRANSFERASE 1 (TAAT1) activity (He et al., 2011). The addition of Kyn to the +B
condition led to a significant increase in primary root length, but did not differentially affect

primary root length in the -B or +PBA treatments (Fig. S4A). Regarding lateral root density,
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however, the addition of Kyn in the boron deficiency treatments (-B; -B+PBA) led to significant
reductions compared to the controls (Fig. S4B), similar to results with 2,4-D, corroborating that
lateral root density under boron deficiency is sensitive to altered auxin levels. Applying a
genetics approach with the 744 I-ortholog v¢2 (Phillips et al., 2011), which is expressed during
primary root development in maize (Winter et al., 2007; Stelpflug et al., 2016; Hoopes et al.,
2018), showed that v¢2 mutants and wild-type siblings were not significantly different regarding
primary root length and lateral root density under boron-deficient or PBA-conditions (Fig. S4C-
D). Lateral root density in the v#2 mutants, however, was significantly reduced in the +B

condition (Fig. S4D).

In Arabidopsis, different boronic acids were suggested to be specific auxin biosynthesis
inhibitors targeting YUCCA (YUC) proteins (Kakei et al., 2015). The spi/ mutant (Gallavotti
et al., 2008b) is a maize yuc-mutant and spi/ gene expression is low in the root (Zheng et al.,
2023). Mutants and wild-type siblings were not significantly different regarding primary root
length and lateral root density in the tested treatments (Fig. S4E-F).

We next assessed, whether auxin transport contributes to the observed defects using the auxin
transport blocker, NPA (Teale and Palme, 2018). Similar to the 2,4-D treatment, NPA led to
significant reductions in primary root length in the +B and in the -B treatment. These NPA-
mediated primary root length reductions were partially suppressed by PBA (Fig. SSA). Whereas
NPA treatment led to significant reductions of lateral root density in the +B and the -B treatment,
no further reduction of lateral root density was observed in the NPA + PBA treatments (Fig.
S5B). NPA particularly affects PIN-mediated auxin transport (Abas et al., 2021). Therefore,
PIN1a-YFP localization (Gallavotti et al., 2008a) in the boron deficiency- and PBA-treatments
was assessed. Whereas in +B, PINla-YFP was mainly localized apolarly at the plasma
membrane, -B and +PBA treatments led to visible reductions of plasma membrane localization
and increased cytosolic accumulation of PIN1a-YFP. Quantification of the YFP-fluorescence
ratios between the plasma membrane and the cytosol, however, did not detect significant

differences (Fig. S5C-D).

This set of experiments suggested that boron deficiency and PBA treatments show interactions
with auxin during primary root development, yet altered auxin biosynthesis or auxin export

appear not causal to the observed phenotypic defects.
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Figure 3 Alterations of auxin-levels are not causal to the boron deficiency- and phenylboronic acid (PBA)-induced
defects in maize primary roots. A-D, Bar plots of indole-3-acetic acid concentrations in seedling roots 4 (A, C) or 5 (B, D)
days after treatment (DAT) of: 50 uM boric acid (+B), without boric acid (-B; 0 pM boric acid), 50 uM boric acid + 1 mM
PBA (+B+PBA), or without boric acid + 1 mM PBA (-B+PBA). All treatments were made in Hoagland media. Samples were
collected from 1 cm root tips (A, B) and the maturation zone (C, D). Data are shown as the mean + standard deviations (n =3
biological replicates). Different letters indicate significant differences as determined by Tukey’s test (p < 0.05) following
analysis of variance. E, Representative image of seedlings 6 DAT of: +B, -B, +B+PBA, -B+PBA, +B+2,4-D (50 pM boric acid
+2.5 uM 2,4-D), -B+2,4-D (2.5 pM 2,4-D), +B+PBA+2,4-D (50 uM boric acid + | mM PBA + 2.5 uM 2,4-D), -B+PBA+2,4-
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D (1 mM PBA + 2.5 uM 2,4-D). All treatments were made in Hoagland media. F-G, Boxplots of primary root length (F) and
lateral root density (G) of seedlings 6 DAT, as shown in E. The white diamond within each boxplot represents the mean of 3
biological replicates (n > 17 per replicate per treatment). Different letters indicate statistically significant differences as
determined by Tukey’s test (p < 0.05). The scale bar in E = 3 cm. 2,4-D = 2 4-dichlorophenoxyacetic acid, DW = dry weight,
IAA = indole-3-acetic acid, MZ = maturation zone, PR = primary root tip.

PBA cannot interfere with RG-II dimerization

To test whether PBA treatment leads to RG-II dimerization defects in planta, we investigated
the impact of PBA on individual pectic domains in maize cells walls. Pectins are multi-domain
macromolecules and endopolygalacturonase (EPG) was wused to hydrolyze the
homogalacturonan (HG) fragments tethering pectic domains, releasing them from the wall.
EPG-solubilized material was analyzed by size-exclusion chromatography (SEC) to investigate
the profile of RG-I, dimeric RG-1I (dRG-II), mRG-II and oligogalacturonic acids (OGAs; Fig.
4A; Fig. S6A; Barnes et al., 2021. The pectin fractions released from maize cell walls by EPG,
however, did not yield a typical profile, and contained contaminating saccharides in the region

where RG-II would typically elute (Fig 4A; Fig. S6A), hampering quantitative conclusions.

We, therefore, evaluated boron-mediated RG-II dimerization in vitro using celery RG-II as a
model glycoform (O’Neill et al.,2020; Barnes et al., 2021). We incubated purified celery mRG-
IT with either 1 mM boric acid (control) or PBA in the presence of 0.5 mM Pb(NO3), as a
catalyst for 16 h at RT. SEC profiles of the formed products indicated that addition of boric
acid to mRG-II resulted in almost complete borate cross-linked dRG-II (Fig 4B). In contrast,
the addition of PBA did not show formation of dRG-II, indicating that PBA is not capable of
dimerizing mRG-II in vitro (Fig. 4B). To test whether PBA can inhibit RG-II dimerization,
mRG-II was pretreated with 1| mM PBA for 16 h before incubation with 1 mM boric acid for
1 h. SEC profiles of the products showed that ~90% mRG-II was converted to dRG-II,
confirming that PBA cannot competitively inhibit boric acid-mediated RG-II dimerization in

vitro (Table S2).

We further assessed whether PBA can be covalently linked to pectin in maize primary root cell
walls grown in the presence of PBA (6 DAT). Since we were unable to purify RG-II from maize
roots, we analyzed the total EPG solubilized pectin fraction by 1D 'H nuclear magnetic
resonance (NMR). No signals corresponding to the PBA benzene ring (signals at 6.5 - 8 ppm)
were detected in either control or PBA-treated samples, indicating PBA is not covalently linked
to any pectic domain (Fig. 4C). Some background signals were observed in this region, which

are likely due to small amounts of protein contamination from EPG extraction.

PBA, with the empty p orbital of boron prone to attack by nucleophilic species, can be
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deboronated by reactive oxygen species (ROS), like HoO> (Graham et al., 2021). In this case,
PBA is oxidized to phenol and to boric acid, suggesting that oxidation of PBA in the presence
of H>O; might provide boric acid accessible for RG-II dimerization. To investigate whether
PBA is oxidized in the germination media, ultraviolet (UV) spectroscopy was employed. Over
the time span of our time trial experiments, Hoagland media containing PBA exhibited a UV
absorbance peak at 267 nm. Meanwhile, the signal of phenol (an absorbance peak at 270 nm)
was not detected (Fig. S7). This suggests that PBA is not oxidized in the media but might be

oxidized in planta.

A B
T T T T T T T T 14000+ Control mRG-lI

L Celery RG Il dRGHI ] ——0.4mM PBA
Control 120004

10000+
& 8000+
<

60004

40004
[ +B Root ' RG-I

2000+

% E 0 T T ™ 1
. 2 24 26 28 30 32 34
. Time (min)
: ¢
é 1 1 L
Q ] +B Root
+B+PBA Root
1 i 1 " L L 1 1 i

10 15 20 25 30 35 40 45 50 55 85 75 65 55 45 35 25 15 05
Time (min) 1 (ppm)

Figure 4 Phenylboronic acid (PBA) does not dimerize monomeric rhamnogalacturonan-II (mRG-II) in vitro and does
not interfere with boron-mediated mRG-II dimerization. A, A typical size-exclusion chromatography (SEC) profile of
celery RG-II (top panel: Celery RG II Control) and SEC profiles of endopolygalacturonase (EPG) extracts from maize roots
cultivated in Hoagland media with 50 pM boric acid (middle panel: +B Root) or with 50 pM boric acid and 1 mM PBA (buttom
panel: +B+PBA Root) for 6 days. B, SEC profiles of celery mRG-II after an overnight incubation with 0.4 mM PBA + lead
(Pb?") as catalyst, | mM PBA + Pb%*", 1 mM boric acid (BA) +/- Pb%*, or without PBA/BA (negative control). C, 1D proton
nuclear magnetic resonance of the EPG extracts of maize roots, as indicated in A. RI = refractive index, RG =

rhamnogalacturonan, OGA’s = oligogalacturonic acids. See also Fig. S6A.
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The PBA-induced root defects are related to the boric acid moiety

To assess PBA oxidation in planta, we visualized H>O; levels in primary roots using DAB 6
days after PBA treatment. Visual inspection suggested that PBA treatment leads to an
accumulation of H»O; in the primary root tip in a dose-dependent manner (Fig. 5A).
Quantification of the DAB-staining corroborated that +PBA and -B led to an accumulation of
H>0: in the primary root tips compared to the +B control (Fig. 5B; Fig. S§A-B). Interestingly,
the -B+PBA treatment led to a significantly higher H>O2> accumulation compared to the
+B+PBA treatment. Likewise, only the -B+PBA treatment led to a significant increase in the

DAB-staining in the maturation zone (Fig. 5C).
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Figure 5 Phenylboronic acid (PBA) alters the accumulation pattern of reactive oxygen species (ROS) in maize primary
roots. A, Representative images of 3,3'-diaminobenzidine (DAB)-stained root tips 6 days after treatment (DAT) with the
indicated PBA-concentrations (0 mM, 0.1 mM, 0.2 mM, 0.4 mM, 0.8 mM, 1 mM, 2 mM, 5 mM, 10 mM). All treatments were
made in Hoagland media. B-C, Bar plots of the DAB-intensity within a 1 cm region of the primary root tip (B) and 1 cm below
the branching zone = maturation zone sample (C) 6 DAT of: 50 uM boric acid (+B), without boric acid (-B; 0 pM boric acid),
50 uM boric acid + 1 mM PBA (+B+PBA), without boric acid + 1 mM PBA (-B+PBA), or with 1 mM H>0:. The DAB-stain
intensity was evaluated with average optical density using ImageJ (Schneider et al., 2012). Data depict the mean + standard
deviation of 3 biological replicates (n > 7 per treatment per replicate). Different letters indicate statistically significant

differences as determined by Tukey’s test (p < 0.05). MZ = maturation zone, PR = primary root tip. See also Figs. S1, S8.
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These results suggested that due to an increase of H>O», PBA might be oxidized in planta. We,
therefore, addressed the impact of exogenous H20> and of exogenously applied phenol and
boric acid on maize root development (Fig. 6; Figs. S6, S8). Primary root length and lateral root
density defects were specific to the PBA treatment, as these defects were not detected with
exogenous H>O> nor PBA oxidation products (Fig. 6B-C). Noteworthy, the H>.O>+PBA
treatment did not lead to reductions of primary root length or lateral root density (Fig. 6; Fig.
S6), which corroborates that H,O» reacts with PBA directly (as confirmed by UV spectroscopy;
Fig. S7) leading to oxidation of PBA and further confirming it is not the oxidation products that
cause the observed root phenotypes. Exogenous H>O> in concentrations < 2 mM showed an
increase in primary root length and no effect on lateral root density, whereas
concentrations > 2 mM led to a reduction in primary root length and to an increase in lateral

root density (Fig. S8).

To further assess whether the PBA-induced defects are mediated by PBA oxidation, we applied
2-CPBA, an oxidatively stable analog of PBA (Graham et al., 2021; Figs. S6-S7). 2-CPBA did
not induce primary root length defects (Fig. S9C), but significantly reduced lateral root density
with high concentrations (Fig. 6D). In addition, BBA, a non-aromatic boronic acid (Fig. S6C),
induced lateral root density defects, but also reduced primary root length with high
concentrations (Fig. 6E, Fig. SOD). These results suggest that particularly the PBA-induced
lateral root density defects are mediated by the boric acid moiety, yet likely not via disturbance
of RG-II dimerization. The severity of the induced defects might be affected by other functional

groups of the boronic acids or their acid dissociation constants (Fig. S6C).
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Figure 6 The phenylboronic acid (PBA)-induced root defects are not caused by excessive H202 or the PBA oxidation
products. A, Representative image of roots 6 days after treatment (DAT) of: Control (Hoagland media), | mM PBA, 1 mM
H202, 1 mM PBA + 1 mM H202, or 1 mM phenol + 1 mM boric acid (BA). B-C, Boxplots of primary root length (B) and
lateral root density (C) 6 days after the indicated treatments as shown in A. The grey diamond in each boxplot represents the
mean of 4 biological replicates (n > 9 per replicate per treatment). D-E, Box plots of lateral root density of seedlings germinated
in Hoagland media with different concentrations of 2-carboxyphenylboronic acid (2-CPBA in D) or 1-butylboronic acid (BBA
in E). Roots were phenotyped 6 DAT, where Hoagland media = Control. The grey diamond in each boxplot represents the
mean of 3 biological replicates (D) or 6 biological replicates (E) with n > 17 per replicate per treatment. For the boxplots in B
— E: Different letters indicate statistically significant differences as determined by Tukey’s test (p < 0.05). The scale bars in A
=3 cm. See also Figs. S6, S9.
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PBA-induced primary root defects underlie genetic variation

To identify targets of PBA, primary root length and lateral root density upon PBA treatment
and without PBA (H20) were phenotyped in 241 lines of the Goodman-Buckler association
panel (Flint-Garcia et al., 2005; Table S3). Phenotypic variation compared to B73 was observed
with lines showing for example no differences in the root traits between treatments (Fig. 7A,
4722), lines showing enhanced root defects upon PBA-treatment (Fig. 7A, A641) or additional
phenotypes like an enhanced root curvature (Fig. 7A, SC312R). Ratios of primary root length
and lateral root density between the PBA- and the control-treatment were calculated (Table S3)
and broad sense heritabilities of 0.37 (primary root length ratio) and 0.30 (lateral root density
ratio) were determined. This statistically indicated genetic variation of these traits and we

employed a genome-wide association approach (GWAS) using these traits.

From the GWAS of the lateral root density ratio data, 65 SNPs (267 genes on chromosomes
1 - 10) were identified from two statistical models (FarmCPU, BLINK; Table S4; Fig. S10).
Using the primary root length ratio data, 8 SNPs (28 genes on chromosomes 2 and 5) were
detected (Table S4). Three overlapping (between models) SNPs for lateral root density ratio
were detected on chromosome 1,2 and 10 (S1 24194798, S2 369889, S10 65000157; Fig. 7B;
Table S4) and one overlapping SNP for the primary root ratio data was detected on chromosome
2 (S2_108751891; Table S4). Genes underlying the primary root length ratio GWAS were
related to endocytosis (clathrin assembly proteins), ubiquitination (E3-ubiquitin ligase), stress
responses (CCAAT-HETEROMERIC COMPLEX2, NAC transcription factor), root
development (GLUCURONOXYLAN4-O-METHYLTRANSFERASE 3, member of the
transmembrane 9 superfamily), polar cell elongation (LONGIFOLIA), and jasmonic acid-
related processes (LUMAZINE SYNTHASE, JASMONATE METHYLESTERASE). With respect
to the lateral root density ratio GWAS, genes underlying the detected SNPs were related to
various hormone cascades, including auxin (AUXIN RESPONSE FACTOR?25, [AA19, WALLS
ARE THINI, SMALL AUXIN UP RNAs22), ethylene (EREB transcription factors), cytokinin
(CYTOKININ HYDROXYLASE), brassinosteroids (CATASTERONE C-26 HYDROXYLASE)
and peptide signal phytosulfokine (PHYTOSULFOKINE PEPTIDE PRECURSOR3). Moreover,
genes involved in lateral root development (ROOTLESS CONCERNING CROWN AND
SEMINAL ROOTSI, LATERAL ORGAN BOUNDARIES DOMAIN-CONTAINING
TRANSCRIPTION FACTORI), ROS homeostasis (peroxidases, NADH-dehydrogenase, flavin-
containing monooxygenases), endocytosis, and cell wall modification (PECTIN
METHYLESTERASE35, xyloglucan endotransglucosylase/hydrolase, LACCASE16) were
detected (Table S4). These results suggest that potential PBA targets are tissue-specific
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representing many different cellular pathways.
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FarmCPU and BLINK models. The genes underlying the overlapping SNPs (in a 200 kb window) are indicated. C, Hypothetical

36



Chapter 2 Phenylboronic acid-induced defects in maize roots are independent of
rhamnogalacturonan-II dimerization

model of the effects of PBA in the maize primary root: Control conditions (+B) lead to the normal development of the primary
root tip and to the initiation of multiple lateral root primordia (LRP) at the maturation zone (for simplicity only a portion of the
maturation zone is depicted). Furthermore, tissue-specific levels of various phytohormones, including auxin, and of reactive
oxygen species, including H>O: are observed (denoted as normal in the model). PBA-treatment leads to tissue-specific defects
in the maize primary root. These defects include shorter and thicker primary roots, reduced lateral root density, reduced LRP
numbers, and an increased occurrence of root hairs. In the root tip, increased levels of H202 and reduced levels of auxin are
observed. The increased H20z2 levels likely cause (full or partial) oxidation of PBA, yielding phenol (and/or additional oxidation
products) and boric acid. Additionally, unoxidized PBA might still interact with (uncharacterized) targets. Due to the increased
H202 compared to control conditions, most of the PBA is likely oxidized (as indicated by the big grey arrow pointing towards
PBA’s oxidation products) and therefore that the primary root tip elongation defects are caused by an interaction of multiple
factors (the oxidation products of PBA, H202, hormone alterations, unoxidized PBA and its targets). In the maturation zone
where lateral roots are formed, auxin levels are reduced, but H2O>-levels are not altered. PBA, therefore, might primarily be
unoxidized (as indicated by the big grey arrow pointing towards PBA targets). Therefore, the observed phenotypes might be
correlated with the interaction of PBA and its targets, most notably with potentially peroxidases, which in turn might feedback
on H2O2-homeostasis (as indicated by the dashed line). Some of the PBA might be oxidized and therefore the PBA oxidation
products (phenol and/or additional oxidation products and boric acid) might additionally be present in the maturation zone. The
resulting boric acid (as borate), can be incorporated into the cell wall and crosslink rhamnogalacturonan-II (RG-II). The scale

bars in A =5 cm. LRP = lateral root primordia, SNP = single nucleotide polymorphism. See also Fig. S10.
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Discussion

Reported boron deficiency-induced defects include a reduction of root length, swelling of the
primary root tip, an alteration of lateral root density and an accumulation of root hairs (Bolanos

et al., 2023; Chu et al., 2025).

In our study, boron deficiency led to a reduction in primary root length and a reduction of lateral
root density in maize (Fig. 2A-B). Notably, the boron deficiency-induced defects were marginal,
which is striking given that auxin- and H2O: levels, both factors known to affect root
development, were significantly altered under boron deficiency (Figs. 3, 5). These results
indicate so far unidentified mechanisms regulating maize root development under boron
deficiency, that act downstream of or parallel to auxin and ROS. Our results corroborate
previous studies reporting that boron deficiency does not affect the maize root (Bienert et al.,
2023). The observed boron deficiency-induced defects, however, varied between experimental
repetitions and between the different mutant assays (Figs. 2-3, Figs. S2-S5), suggesting
genotypic and/or additional environmental impacts influencing the severity of the induced

defects.

The PBA-induced defects were similar to the observed boron deficiency-induced defects, yet
more severe (Figs. 1-3, Figs. S2-S5). This observation suggested either enhanced boron
deficiency defects or additional boron-unrelated defects. PBA, furthermore, reduced primary
root length and lateral root density in a dose-dependent manner (Fig. 1), similar to other studies
(Housh et al., 2020; Hays et al., 2024). Concentrations of PBA > 0.4 mM increased the thickness
of primary root tips (Figs. 1-2), comparable to observations in apple, where 0.5 mM PBA
induced swollen tips at pollen tubes (Fang et al., 2016) and comparable to enlarged citrus root
tips under boron deficiency (Li et al., 2016). In Arabidopsis 50 - 200 uM PBA inhibited primary
root elongation, reduced lateral root density, and induced root curvature (Hays et al., 2024). In
the B73 maize genotype, 200 uM PBA only had strong negative effects on lateral root density,
but not on primary root length and did not induce root curvature (Fig. 1). The latter was
consistently not observed even with higher PBA concentrations (Fig. 1). Different inbred lines,
however, showed varying degrees of root curvature with 1 mM PBA (Fig. 7A). These findings
corroborate that the PBA-induced defects are species- and tissue-specific, but also
concentration-dependent, and underly genetic variation. Moreover, PBA negatively affects

development across species most strikingly lateral root development.

Lateral root development is regulated by multiple phytohormones (Zhang et al., 2023;
Yalamanchili et al., 2024), but also by ROS (Pasternak et al., 2023), and their crosstalk with
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particularly auxin (Tsukagoshi, 2016). Both boron deficiency- and PBA-treatment led to a
reduction of IAA levels in both the primary root and the lateral root formation zone (Fig. 3A-
D). These findings were contrary to studies in Arabidopsis, where boron deficiency leads to an
accumulation of auxin levels in the primary root tip (Martin-Rejano et al., 2011; Tao et al.,
2023) and highlighted species-specificities in the boron-deficiency response of plants. Despite
the significant reductions in IAA levels under both boron deficiency and PBA treatment,
overproduction of auxin, simulated with 2,4-D, did not suppress the induced phenotypes (Fig.
3E-G). Unlike Arabidopsis, where IAA partially restored the PBA-induced root defects (Hays
et al.,, 2024), in maize, the reduction of IAA is likely not causative to the observed root
phenotypes under these treatments. 2,4-D, however, led to severe reductions in primary root
length in maize and strikingly induced root curvature (Fig. 3E-F). Noteworthy, these auxin-
induced defects were partially suppressed by PBA, but not by boron deficiency (Fig. 3E-F).
These findings suggest interaction between PBA and auxin levels during primary root
elongation. In Arabidopsis, different boronic acids might inhibit auxin biosynthesis by targeting
YUC-proteins (Kakei et al., 2015), which remains to be elucidated in maize. In our study, spi/
(yuc) mutants did not respond differently to PBA treatment compared to the wild-type controls
(Fig. S4E-F). Given that spil is only weakly expressed in roots (Zheng et al., 2023) and that
there are 14 YUCs in maize (Cowling et al., 2023; Matthes et al., 2019), PBA might target

additional members of the YUC-family in maize roots.

In the maturation zone where lateral roots are formed, altered auxin levels or transport appear
consequential to lateral root density defects following PBA- and boron deficiency treatments
(Fig. 3, Fig. S5D). The enhancement of the boron deficiency-induced lateral root density defects
with 2,4-D or Kyn application (Fig. 3G; Fig. S4B), however, suggests that lateral root
development under boron deficiency is sensitive to altered auxin levels. Similar parallels
between boron and auxin levels were drawn in the boron-deficient ¢/s/ mutant, where altered
auxin levels enhanced the boron deficiency-induced vegetative defects (Matthes et al., 2023).
Given that [AA-levels under boron deficiency in the maturation zone were reduced (Fig. 3C- D),
it is surprising that the addition of 2,4-D enhanced the lateral root density defects under boron
deficiency, but might indicate a tissue- or cell type-specific regulation of auxin homeostasis in

lateral roots that might be affected by boron nutrition.

In addition, PBA-treatment and boron deficiency increased H,O» levels, particularly at the
maize primary root tip (Fig. SA-B). ROS homeostasis, including H>O: levels, is important for
root development (Pasternak et al., 2023). Excessive H>O» reduced primary root length in

Arabidopsis linearly (Su et al., 2016). In maize, excessive H>O> (1 - 2 mM) increased primary
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root length and reduced it with concentrations > 2 mM (Fig. S8). In the primary root tip, the
dose-dependence of H>O»-induced defects might contribute to the dose-dependence of
PBA- induced defects and might explain the observation that low PBA concentrations lead to
only marginal defects. In addition, exogenous H>O» increased the diameter of rice root tips
(Xiong et al., 2015), potentially explaining the PBA-induced increase in root diameter (Fig. 2D;
Fig. S2F-QG).

The similarities in phenotypes between boron deficiency and PBA-treatment (Figs. 2,5; Figs.
S2-S4) support that the PBA-induced defects are boron-related. This is further corroborated by
observations that the severity of individual PBA-induced defects varied depending on the boron
treatment (Figs. 2-3, 5; Figs. S2-S3). Unlike boron deficiency, the primary defect induced by
PBA in planta is likely independent of RG-II dimerization: The amounts of dRG-II in maize
pectin were similar independent of the addition of PBA to the growth media (Fig. 4A), PBA
was not covalently linked to RG-II or any other pectic domain (Fig. 4C), and PBA could not
inhibit borate-mediated RG-II dimerization nor replace borate to form dRG-II in vitro (Table
S2). Although peaks corresponding to dRG-II were clearly identified, pectin domains
hydrolyzed from maize cell walls by EPG did not yield the expected profile of RG-1, dRG-II,
mRG-II, and OGAs. This was likely related to the presence of highly esterified or glycosylated
HG (Zhang et al., 2025). Optimization of pectin isolation or characterization from maize root
samples should be addressed in future studies to understand the variations across pectin

domains.

Our study, in combination with reports that PBA is oxidatively unstable (Graham et al., 2021),
suggests oxidation of PBA in planta resulting in boric acid (as borate) available for dRG-II
formation (Figs. 4, 7C). Indeed, PBA-treatment increased H>O» at the maize primary root tip
(Fig. 5A-B). This increase might be a consequence of PBA oxidation products, since both,
phenol treatment and excessive boron, were shown to induce ROS production or oxidative
stress in plants (Xu et al., 2012; Zhao et al., 2024). It can be speculated, that the PBA-induced
increase of H20» in turn will oxidize PBA, suggesting that PBA at the maize root tip is mostly
present in the form of its oxidation products (Fig. 7C). The PBA-induced primary root length
reduction, therefore, is likely mediated by a complex interaction of the oxidation products of
PBA, potentially unoxidized PBA, ROS, reduced auxin levels, and likely additional,
uncharacterized targets of PBA (Fig. 7C).

In the maturation zone, the increase of H>O; was less obvious (Fig. 5C), suggesting tissue-

specificity of the mechanisms underlying the PBA-induced defects. Oxidation of PBA might
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be less prevalent and therefore PBA might contribute more significantly to the observed
phenotypic defects (Fig. 7C). This speculation is substantiated by observations that oxidatively
stable boronic acids and non-aromatic boronic acids led to similar lateral root defects as PBA
(Fig. 6D-E; Fig. S9), whereas excessive H2O> or phenol and boric acid did not (Fig. 6; Figs.
S6B, S8). The PBA-induced lateral root defects might be primarily mediated by interactions of
PBA with its targets, which might be boron-related, but independent of RG-II-dimerization. We
most notably detected ROS-related candidate genes (Fig. 7B; Table S4), highlighting that PBA
might directly interact with oxidative stress-related targets. Such interactions might contribute
to the PBA-induced alterations of ROS-levels in the maize root (Figs. 5, 7C). Interestingly, two
class III peroxidase genes were detected (Table S4). Peroxidases commonly function in
quenching of H202 (Smirnoff and Arnaud, 2019). Class III peroxidases are typically highly
glycosylated and located in vacuoles or cells walls (Almagro et al., 2009; Freitas et al., 2024).
Furthermore, Arabidopsis PEROXIDASE39, involved in root growth (Tsukagoshi et al., 2010),
can bind to PBA through the boric acid moiety (Wimmer et al., 2009) and a horseradish
peroxidase can bind to PBA-monolayers (Liu et al., 2005). It is tempting to speculate that during
maize lateral root development, PBA might bind to one (or more) peroxidases in vivo and might
influence the degradation of peroxides, thereby affecting lateral root development. Since a need
for boron in facilitating the attachment of peroxidases to the plant cell wall and an increase in
peroxidase activity under boron-deficiency were reported (Shive and Barnett, 1973),

peroxidases might be affected by altered boron levels in maize, which remains to be tested.

Conclusion

Our study shows that boron deficiency significantly altered auxin- and ROS levels, but induced
only mild phenotypic defects in the maize primary root. Strikingly, PBA also significantly
altered auxin- and ROS levels, but induced severe phenotypic defects. We show, that PBA’s

mode of action is boron-related, but independent of RG-II dimerization.
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3 Association of the benzoxazinoid pathway with boron homeostasis in maize

3.1 The benzoxazinoid biosynthesis in maize

Benzoxazinoids are a class of specialized secondary metabolites associated with various
antifeedant, insecticidal and antimicrobial processes (Wouters et al., 2016). Aside from defense,
benzoxazinoids also serve as regulation signals, influence the performance of neighboring plants
and shape the rhizosphere microbiome (Hu et al., 2018a; Cotton et al., 2019; Gfeller et al., 2024;
Richter et al., 2024). Some benzoxazinoids can modify the bioavailability of iron, aluminum, and

arsenic (Poschenrieder et al., 2005; Hu et al., 2018b; Hu et al., 2021; Caggia et al., 2024).

In maize, the benzoxazinoid biosynthesis pathway is well characterized (Fig. 4.1). The
biosynthesis starts in plastids, where indole-3-glycerolphosphate (IGP) is transformed to indole by
BENZOXAZINLESS1 (BX1), and then indole is converted to indolin-2-one (ION) by BX2 in the
endoplasmic reticulum. ION undergoes hydroxylation catalyzed by BX3 to yield 3-hydroxy-
indolin-2-one (HION). HION is catalyzed by BX4 to produce 2-hydroxy-1,4-benzoxazin-3-one
(HBOA) and subsequently to 4-dihydroxy-2H-1,4-benzoxazin-3(4H)-one (DIBOA) by BX5 (Frey
et al., 2009). DIBOA is further glucosylated to DIBOA glucoside (DIBOA-Glc) by BX8/BX9, and
DIBOA-GIc is hydroxylated by BX6 to form 2,4,7-trihydroxy-1,4-benzoxazin-3-one glucoside
(TRIBOA-GIc; Von Rad et al., 2001). Afterwards, BX7 catalyzes the methoxylation of TRIBOA-
Glc to yield 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one-glucoside (DIMBOA-GIc; (Jonczyk
et al., 2008). In maize B73, DIMBOA-Glc is the predominant benzoxazinoid (Frey et al., 2009).
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Figure 3.1. Benzoxazinoid biosynthesis pathway in maize. BX = BENZOXAZINLESS, DIBOA=2,4-dihydroxy-1,4-
benzoxazin-3-one, DIMBOA=2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one, Glc = glucoside, IGP= indole-3-glycerol
phosphate, TRIBOA=2,4,7-trihydroxy-2H-1,4-benzoxazin-3-(4 H)-one-Glc. DIMBOA-Glc and DIBOA-Glc are stored in the

vacuole as indicated by the dashed line and are activated to aglucones upon cell disruption, taken from (Chu et al., 2025a).
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Abstract

Both deficiency and toxicity of the micronutrient boron lead to severe reductions in crop yield. Despite this agricultural importance, the
molecular basis underlying boron homeostasis in plants remains unclear. To identify molecular players involved in boron homeostasis in
maize (Zea mays L.), we measured boron levels in the Goodman-Buckler association panel and performed genome-wide association
studies. These analyses identified a benzoxazinless (bx) gene, bx3, involved in the biosynthesis of benzoxazinoids, such as 2,4-
dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA), which are major defense compounds in maize. Genes involved in DIMBOA
biosynthesis are all located in close proximity in the genome, and benzoxazinoid biosynthesis mutants, including bx3, are all DIMBOA
deficient. We determined that leaves of the bx3 mutant have a greater boron concentration than those of B73 control plants, which
corresponded with enhanced leaf tip necrosis, a phenotype associated with boron toxicity. By contrast, other DIMBOA-deficient maize
mutants did not show altered boron levels or the leaf tip necrosis phenotype, suggesting that boron is not associated with DIMBOA.
Instead, our analyses suggest that the accumulation of boron is linked to the benzoxazinoid intermediates indolin-2-one (ION) and
3-hydroxy-ION. Therefore, our results connect boron homeostasis to the benzoxazinoid plant defense pathway through bx3 and
specific intermediates, rendering the benzoxazinoid biosynthesis pathway a potential target for crop improvement under inadequate
boron conditions.

Introduction

The micronutrient boron is essential for proper plant growth
(Warington 1923) and both deficiencies and toxicities of boron in
the soil lead to severe yield reductions in many major crops, in-

and toxicity lead to a reduction in primary root length (Reid et al.
2004; Choi et al. 2007; Aquea et al. 2012; Esim et al. 2013; Poza-
Viejo et al. 2018; Zhang et al. 2021) and to a reduction in lateral
root density (Housh et al. 2020; Wilder et al. 2022). Understanding

cluding maize (Zea mays L.) (Brdar-Jokanovi¢ 2020). Soils with ei-
ther low or toxic boron levels are widespread in the world (Landi
et al. 2019; Brdar-jokanovi¢ 2020; and references therein), making
the study of the effects of boron supply on plant development an
important topic for agriculture. After uptake from the soil, boron
moves along the transpiration stream and accumulates at its end.
Consequently, excess boron accumulates at the leaf blade tips
and extends into the margins (Brown and Shelp 1997; Marschner
2012), which causes leaf necrosis when boron supply is too high
(Eaton 1944; Reid et al. 2004). Boron toxicity leads to reduced
chlorophyll content, stomatal conductance, and photosynthesis
(as reviewed in Landi et al. (2019)). Boron deficiency primarily af-
fects meristematic tissues (Sommer and Sorokin 1928), leading
to reductions in leaf blade width and length, sterility, and in se-
vere cases to seedling lethality. In the root, both boron deficiency

the molecular mechanisms that allow for efficiently using low
levels or tolerating toxic levels of boron will help in developing effi-
cient and tolerant varieties providing a sustainable solution to
overcome yield reductions due to suboptimal or toxic boron supply.

The main characterized function of boron is in crosslinking of
the pectin subunits rhamnogalacturonan-II (RG-II) in the cell
wall (Kobayashi et al. 1996; Matoh et al. 1996; O'Neill et al. 1996)
and boron efficiency processes include boron uptake, boron trans-
and retranslocation, and boron utilization. From these processes,
genetic components involved in boron uptake are currently
best understood in the model organism Arabidopsis thaliana
(Arabidopsis). Boron is taken up by plants in the form of boric
acid and transported within plants in the form of the borate
anion (for a recent review, see Onuh and Miwa (2021)). While pas-
sive uptake prevails in boron adequate soil conditions, facilitated

Received September 5, 2024. Accepted October 25, 2024.

© The Author(s) 2024. Published by Oxford University Press on behalf of American Society of Plant Biologists. All rights reserved. For commercial re-use, please con-
tact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link
on the article page on our site—for further information please contact journals.permissions@oup.com.

51



Chapter 3 Association of the benzoxazinoid pathway with boron homeostasis in maize

2 | Plant Physiology, 2025, Vol. 197, No. 1

and active boron transport is needed in low and excess soil boron
conditions. Boron transporters belong to the nodulin 26-like in-
trinsic protein (NIP) subfamily of the major intrinsic protein
(MIP) family of boric acid importers and the high boron requiring
family of borate exporters. In Arabidopsis, the 3 NIPs, involved in
boron import, and the 7 BORs, involved in boron export, have tis-
sue and functional specificities (as reviewed in Onuh and Miwa
(2021)). The major players are AtNIP5;1 (Takano et al. 2006) and
AtBOR1 (Noguchi et al. 1997). Orthologs of these genes have
been characterized in many plant species, including maize
(Chatterjee et al. 2014, 2017; Durbak et al. 2014; Leonard et al.
2014; Chatterjee et al. 2017). Zmtassel-less1 (Zmtls1) is the
AtNIP5;1 co-ortholog in maize and shows seedling lethality,
when grown in low boron conditions. When grown in adequate
boron conditions, only reproductive defects are prominent
(Durbak et al. 2014; Leonard et al. 2014). Due to impaired boron
uptake, this mutantis inherently boron deficient in meristem tis-
sues and all defects can be rescued by boron fertilization (Durbak
etal. 2014; Matthes et al. 2018), makingit a good tool to study bor-
on deficiency responses in maize (Matthes et al. 2022, 2023). Boron
transporters additionally were shown to provide molecular targets
for engineering plants adapted to altered soil boron concentrations
(Miwa et al. 2006; Sutton et al. 2007; Kato et al. 2009; Schnurbusch
et al. 2010; Uraguchi et al. 2014; Hayes et al. 2015; He et al. 2021).

Several lines of evidence indicate that additional molecular
candidates exist that either regulate intracellular levels of boron
or adapt cellular metabolism to changing boron levels. For exam-
ple, various classes of genes are differentially regulated in boron
deficient and toxic conditions (Peng et al. 2012) and there are strik-
ing differences between phenotypes of boron transporter mutants
and phenotypes of plants grown in boron-deficient conditions (as
reviewed in Matthes et al. (2020)). Numerous studies additionally
highlight the importance of meristem genes and phytohormone
cascades in the adaptation of plants to low boron levels (Abreu
et al. 2014; Eggert and von Wirén 2017; Poza-Viejo et al. 2018;
Gémez-Soto et al. 2019; Matthes et al. 2022, 2023; Pommerrenig
et al. 2022). Recently, the boron deficiency response was addition-
ally shown to reflect a wounding response in Brassica napus
(Verwaaijen et al. 2023). These examples suggest that there are
additional pathways thatregulate either plant boron levels or sus-
ceptibilities and therefore might be harnessed for developing high
yielding crops in boron-deficient conditions.

In Arabidopsis, few non-boron transporter genes potentially in-
volved in boron homeostasis were identified. Of those, specific
transcription factors were identified that regulate boron import
by directly binding to the promoter of the boron transporter
gene NIP5;1 (Kasajima and Fujiwara 2007; Kasajima et al. 2010;
Fengetal. 2020; Zhangetal. 2024). For others, a link to boron trans-
port remains elusive and they might therefore act independent of
it. These include the low boron tolerance 1 mutant (Huai et al.
2018), for which the underlying gene remains to be identified, and
the sensitive to high-level of boron 1 mutant, which is defective in
AtHEME OXYGENASE1, involved in photomorphogenesis (Lv et al.
2017), genes encoding specific subunits of condensin II (Sakamoto
et al. 2011), affecting RG-II biosynthesis or dimer formation
(O'Neill et al. 2001; Sechet et al. 2018) or genes influencing the dep-
osition of pectin in the cell wall (Hiroguchi et al. 2021). More recently
evidence from Arabidopsis and Rosa cell suspension cultures em-
phasized the importance of a properly functioning Golgi apparatus
for boron-related processes (Chormova et al. 2014; Chormova and
Fry 2016; Begum and Fry 2022; Onuh and Miwa 2023).

Efforts to elucidate molecular mechanisms underlying boron
homeostasis in crops are ongoing and include the assessment of
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genetic variation (Pommerrenig et al. 2018; He et al. 2021), quanti-
tative trait locus (QTL) analyses (Paull et al. 1991; Jefferies et al.
1999, 2000; Xu et al. 2001; Sutton et al. 2007; Schnurbusch et al.
2010; Zhao et al. 2012; Pallotta et al. 2014), or genome-wide asso-
ciation studies (GWAS) (de Abreu Neto et al. 2017; Jia et al. 2021).
Furthermore, transcriptome studies identified genes that respond
to varying boron levels in the soil or growing media (Zeng et al.
2008). While such efforts detected various genomic regions and
a multitude of genes affected by altered soil boron levels, the elu-
cidation of molecular players instrumental for boron homeosta-
sis, and therefore, deficiency or toxicity tolerance, is not resolved.

Here, we report the detection of the benzoxazinoid biosynthesis
gene benzoxazinless3 (bx3) as a molecular candidate associated
with boron homeostasis in the major crop maize. Our study links
altered boron levels with bx3 and the benzoxazinoid pathway in-
termediates indolin-2-one (ION) and 3-hydroxy-indolin-2-one
(HION). Benzoxazinoids are indole-derived secondary defense me-
tabolites, which have best been studied in grasses (Poacea) and
additionally independently evolved in some eudicot species
(Florean et al. 2023). They not only regulate below and above-
ground biotic interactions but are also known as signaling mole-
cules and as iron chelators supporting iron uptake (Hu et al.
2018). Our study, therefore, adds another layer to the multifunc-
tionality of benzoxazinoids and suggests the benzoxazinoid path-
way as target for engineering plants adapted to altered soil boron
concentrations.

Results

Goodman-Buckler association panel shows
extensive variation in boron concentration in
maize ear leaves

To investigate the extent of phenotypic variability of leaf boron
concentrations, boron concentrations from 277 inbred lines
(Supplementary Table S1) of the 282 maize Goodman-Buckler
association panel (Flint-Garcia et al. 2005) were quantified. The
diversity panel was grown in replicates in the summers of 2017
and 2018 at Genetics Farm of the University of Missouri,
Columbia, USA, where soil boron concentrations of 0.39 mg/kg
are considered low (Durbak et al. 2014; Matthes et al. 2018). This
can be seen by the occurrence of the strong boron-deficient leaf
phenotype of the maize Zmtassel-less1 (Zmtls1) mutant, which is
defective in active boron transport (Durbak et al. 2014; Matthes
etal. 2022).

After flowering, the boron concentration of ear leaves (the leaf
subtending the ear shoot) was analyzed. In the analyzed back-
transformed best linear unbiased predictors (BLUPs) from the di-
versity panel, the boron concentration varied between 8.6 ug/g
(line CMV3) and 17.8 ug/g (line IL14H) (Supplementary Table S1)
with a mean of 11.9 ug/g (Supplementary Table S2). The broad
sense heritability calculated on a line-mean basis was 0.31
(Supplementary Table S2), indicating that the boron concentra-
tion in maize ear leaves is a complex trait and warrants genetic
dissection to unravel this complexity.

GWAS uncovers 2 significant loci associated with
the natural variation in boron concentration

To associate the observed variation in ear leaf boron concentration
with the diverse inbred lines in the Goodman-Buckler association
panel, we performed a GWAS using BLUPs from the analyzed 277
inbred lines. Using the publicly available single nucleotide poly-
morphism (SNP) data from the 282 Goodman-Buckler association,
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2 significant SNP-trait associations (Fig. 1A) were identified. One SNP
was on chromosome 4 (chr4) and 1 on chr7 (Fig. 1A; Table 1), sug-
gesting that the genomic regions that are in linkage disequilibrium
(LD) with them were significantly associated with the ear leaf boron
concentration in maize. A quantile-quantile plot from the GWAS
showed that our GWAS model is not inflated and depicts that few
P-values of the performed association tests between SNP data and
boron concentration data were more significant than expected
(Fig. 1B).

Weidentified 6 candidate genes from the 200 kb intervals (100 kb
upstream and downstream) centered around the significant SNP on
chr4 and 8 candidate genes centered around the SNP on chr7
(Table 1). Two of the 6 chr4 genes were annotated as benzoxazinless3
(bx3) and bx4 (Table 1), involved in benzoxazinoid biosynthesis. The
annotated genes underlying the peak on chr7 encoded an alcohol
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dehydrogenase, a DNAJ domain-containing protein, and the gibber-
ellin receptor GID1L2 (Table 1).

Correlation analysis of gene expression of GWAS
hits and boron concentration in the

Goodman-Buckler association panel

To assess a potential connection between the identified GWAS
candidate genes’ transcript expression and boron concentration
in the maize ear leaf, a correlation analysis was performed using
publicly available gene expression data of the GWAS candidate
genes in leaf tissues of the 282 Goodman-Buckler association
panel (Kremling dataset, Kremling et al. 2018; Supplementary
Table S3). Of the 14 detected GWAS hits, data for 6 genes were
available from the Kremling dataset. We detected significant
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Figure 1. Phenotypes of the bx3 mutant grown in the field (Bonn-Endenich 2020). A) Manhattan plot depicting genomic regions associated with
variations of boron concentrations in a subset of the 282 Goodman-Buckler association panel. B) A quantile-quantile (qq) plot depicting the expected
(x-axis) and observed (y-axis) —log(10) P-values. C) Boron concentration in ear leaves of the bx3 mutant and B73 siblings. D) Plant height to flag leaf at
maturity of the bx3 mutant and B73 siblings. E) Leaf number between the leaf subtending the ear and the flag leaf of the bx3 mutant and B73 siblings.
F) Tiller number of the bx3 mutant and B73 siblings. G) Tassel traits of the bx3 mutant and B73 siblings. H) bx3 plant image at 42 days after planting. The
image was digitally extracted. Note that arrows in H) depicting leaf senescence at the leaf blade tip and the margins of bx3. Statistical analyses in

C) through G) depict means and the error bars represent standard error of means. Sample numbers in C to F) were 13 (B73) and 14 (bx3) and in G) 10 (B73)
and 11 (bx3). Statistical significance was calculated using Student’s t-test (*P < 0.05, ***P <0.005). Scale bar in H)=15 cm. TL, tassel length; CS, length of

central spike.
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Table 1. GWAS of the boron concentration in ear leaves of the 282 Goodman-Buckler association panel and the candidate genes from 200 kb interval centered on the significant SNP (100 kb

upstream/downstream) are summarized

ption (v2)

Gene_descri

Gene (B73_v4) Zm00001d Gene (B73_v5) Zm00001eb

Gene (B73_v2)

Effect size

AF

P-value M

Position

Chr:SNP

Conserved gene of unknown function
Hypothetical protein LOC100383896

No description

165520

48699
48701

GRMZM2G422877

-0.011

0.381

3.34x107%

3002213

4:55196451184

165530, 165540

NA

GRMZM5G896369

NA

GRMZM5G830888,

GRMZM2G469483
GRMZM2G167549

Cytochrome P450 71C2 (EC 1.14) (Protein

165550

48702

benzoxazineless 3)
Cytochrome P450 71C1 (EC 1.14) (Protein

165560, 165570

48703

GRMZM2G172491

benzoxazineless 4)
Alcohol dehydrogenase

315020
315030
315030
315030
315040
315050
315060

NA

20727
20728
20728
20728

GRMZM2G147191

0.0124

7.81x107%° 0.392

126000000

7:55196479729

Hypothetical protein LOC100381799

No description
No description

GRMZM2G179045

GRMZM2G368058

GRMZM2G479068

DNAJ domain-containing protein

NA
20731
20732

GRMZM2G076802

Conserved gene of unknown function
Gibberellin receptor GID1L2

No description

GRMZM2G076778

GRMZM2G003246

NA

GRMZM2G518756

Chromosome (Chr.), SNP ID, position, P-value, minor allele frequency (MAF), effect size, gene ID based on V2, V4, and V5 assembly, and gene description are summarized.
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correlations between gene expression and boron concentration
for 5 of the GWAS hits (bx3 on chr4; alcohol dehydrogenase,
DNAJ domain-containing protein, GRMZM2G076778 [which is a
gene with unknown function], and Gibberellin Receptor on chr7)
in one or multiple leaf tissues, suggesting that the variation of
boron concentration in the Goodman-Buckler association panel
might be correlated with expression level changes of these candi-
date genes. While bx3 and the alcohol dehydrogenase gene
showed a negative correlation in the third leaf, the DNAJ domain-
containing protein and the Gibberellin Receptor genes showed
positive correlations in various leaf tissues. GRMZM2G076778 de-
picted a negative correlation in adult leaf tissue (Supplementary
Table S3).

The GWAS candidate genes bx3 and bx4 are
differentially expressed in the maize boron
transporter mutant Zmtls1

To further assess a connection between the identified genes and
boron concentration in maize leaves, we tested, whether the iden-
tified GWAS candidate genes are differentially expressed in the
maize boron transporter mutant Zmtls1, for which RNA-seq data
of developing tassel meristems (~1mm) are publicly available
(Matthes et al. 2022). In Zmtls1 tassel meristems, boron levels
were found to be reduced compared with wild-type siblings
(Durbak et al. 2014). We found that the chr4 candidate genes bx3
and bx4 were significantly upregulated in Zmtls1 in that dataset,
with log, fold changes of 1.56 for bx3 (P-adj=0.0013) and 1.42 for
bx4 (P-adj=0.0025) (Matthes et al. 2022; Table 2). Notably, none
of the other candidate genes on chr4 or chr7 appeared as differen-
tially expressed in the Zmtls1 RNA-seq dataset (Table 2).

Taken together, the chr4 candidate gene bx3 was the only GWAS
candidate, whose expression in leaf tissue (Kremling et al. 2018)
showed a significant correlation with the measured leaf boron con-
centration in the 282 Goodman-Buckler association panel (negative
correlation) and which was also differentially expressed in the
boron-deficient tassel meristem of the Zmtls1 mutant.

Mature plants of maize bx3 mutants have a boron
concentration phenotype

The previous GWAS and expression analyses linked the bx3 gene
with variation in boron concentration in maize. To test if there
was a boron-associated phenotype in bx3 mutants, we analyzed

Table 2. Differential expression of GWAS candidate genes and
benzoxazinoid biosynthesis genes in developing meristems of
Zmtls1 compared with wild-type controls

Gene ID tls1 vs WT P-adj
(log,FC)
Zm00001d048702 (bx3) 1.56 0.001288
Zm00001d048703 (bx4) 1.42 0.002502
Zm00001d48699 (unknown) ns
Zm00001d48701 (hypothetical) ns
Zm00001d20727 (alcohol dehydrogenase) ns
Zm00001d20728 (hypothetical) ns
Zm00001d20731 (unknown) ns
Zm00001d20732 (gibberellin receptor GID1L2) ns
Zm00001d048709 (bx1) ns
Zm00001d048710 (bx2) ns
Zm00001d048705 (bx5) ns
Zm00001d048634 (bx6) 1.66 1.66x1071
Zm00001d049179 (bx7) ns
Zm00001d048707 (bx8) ns

ns, not statistically significantly different.
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boron concentration in ear leaves of mature bx3 mutants (Frey
et al. 1997) and in the B73 inbred line grown at the field site in
Bonn, where soil boron levels averaged 0.27 mg/kg. Soil boron con-
centrations in combination with the appearance of the strong
seedling phenotype of the boron-deficient maize mutant Zmtls1
in Bonn-Endenich (Supplementary Fig. S1) showed that these field
site conditions are comparable to those at the Genetics Farm
in Columbia, Missouri (Durbak et al. 2014), the field site used for
the GWAS.

Analyses from field grown plants in 2020 and 2021 showed that
boron concentration was significantly elevated in the ear leaves of
bx3 mutants compared with B73 (Fig. 1C; Supplementary Tables
S2 and S3), substantiating a correlation between bx3 and boron
levels in maize. This increase was nutrient specific as the concen-
trations of the other tested micro- and macronutrients were
either unchanged (magnesium, calcium, phosphorus, sulfur, iron,
zinc) or even decreased (manganese, copper) in the bx3 mutant.
Only potassium also showed a mild increase in bx3 ear leaves
(Supplementary Table S4). During the 2023 field season, however,
no elevated boron concentrations were detected in bx3 ear leaves
compared with B73 (Supplementary Fig. S1). Similar observations
were made in the greenhouse, when bx3 mutants were grown in
boron-rich soil (ED73 soil boron=1.97 mg/kg) (Supplementary
Fig. S2). In addition, the Zmtls1 phenotype was also less severe
with enhanced boron concentrations in ear leaves under the 2023
field conditions and under greenhouse conditions (Supplementary
Fig. S1). It, therefore, seems likely that either variation in soil boron
concentration or additional, not yet identified environmental fac-
tors influenced the boron-related phenotype in bx3 and tls1.

Elevated boron concentrations in bx3 ear leaves compared with
B73 siblings did not lead to striking differences in reported boron
toxicity phenotypes, like leaf tip necrosis in mature leaves
(Supplementary Figs. S2 and S3), suggesting that the elevated bor-
on concentrations in bx3 ear leaves were not toxic. However, ear-
lier during vegetative development (42 days after planting [DAP] in
the field), bx3 mutants showed severe leaf senescence at the leaf
blade tip of particularly older leaves, extending into the leaf blade
margins, which was not observed in B73 (arrowed in Fig. 1H;
Supplementary Fig. S3B), suggesting a developmental factor influ-
encing the phenotypes observed in bx3 mutants.

In addition, the bx3 mutants showed minor alterations of other
potentially boron-related phenotypes: Plant height (up to the flag
leaf) was significantly reduced in bx3 mutants compared with B73
(Fig. 1D), and bx3 mutants had significantly fewer leaves between
the ear and the tassel compared with B73 siblings (Fig. 1E). In ad-
dition, tiller number, tassel length (TL), and the length of central
spike (CS) were significantly increased in bx3 mutants compared
with B73 siblings (Fig. 1, F and G; Supplementary Table S5).
While kernel row number was slightly, but significantly reduced
in bx3 mutants compared with B73 control plants, ear length
was significantly longer (Supplementary Table S5). These mor-
phological data suggested that enhanced boron levels in the bx3
mutants did not lead to striking boron toxicity symptoms in field
grown plants at maturity.

Bx3 mutants show a leaf tip necrosis phenotype
during seedling development and its severity
correlates with boron levels

In order to characterize the impact of boron levels on the observed
leaf tip necrosis phenotype that we observed 6 weeks after plant-
ing (Fig. 1H), we analyzed the phenotype of bx3 mutants earlier in
development grown with different levels of boron. We first grew
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bx3 mutants and B73 siblings in the growth chamber in boron suf-
ficient soil (boron concentration of ED73 soil=1.97 mg/kg) and
phenotypically characterized seedling development over time
(Fig. 2; Supplementary Table S6). We evaluated plant height,
V-stage, leaf tip necrosis, and leaf number at 14 (developmental
stage: V1/2 with 3 to 4 leaves emerged) and 25 DAP (developmental
stage: V3/4, with 5 to 6 leaves emerged) (Fig. 2; Supplementary Fig.
4G and Table S6). At both time points, the bx3 mutant was pheno-
typically not distinguishable from B73 with respect to plant height,
leaf number, and V-Stage (Supplementary Table S6). However, at
14 DAP (developmental stage: V1/2), when both B73 and bx3 had
3 to 4 leaves, the leaf tips of leaves 1 and 2 showed a distinct leaf
tip necrosis phenotype in bx3 mutants, but not in the B73 control
(Fig. 2, A to C). In addition, we detected statistically significantly
higher boron concentrations in pooled first and second leaves of
bx3 mutants compared with those of B73 14 DAP (Fig. 2D). This
showed that boron levels are also enhanced in seedling leaves of
the bx3 mutant and suggested that these elevated boron levels cor-
related with the observed leaf tip necrosis phenotype.

Since the Zmtls1 mutant showed enhanced boron levels in ear
leaves under field conditions in 2023 (Supplementary Fig. S1), we
did not use a genetics approach using double mutant analysis to
determine the effects of lowered boron levels on bx3 mutants.
Instead, we grew the bx3 mutants and B73 control plants in boron-
free media (HGoTech GmbH, Bonn, Germany), where boron con-
centration =0.03 mg/kg.

The leaf tip necrosis phenotype remained present in the bx3
mutant, when grown in the boron-free media, whereas boron con-
centration in seedling leaves of bx3 (leaves 1 and 2 pooled) were
not statistically significantly different from the B73 control
(Fig. 2, E to H). Therefore, we tested whether adding extra boron
could influence the severity of the leaf tip necrosis phenotype by
subjecting bx3 mutants and B73 control plants (grown in ED73
soil) to the following watering regimes: Ultra-pure water (Merck
Millipore, Burlington, USA), Peter’s fertilizer (ICL specialty fertil-
izers, Tel-Aviv, Israel), Peter’s fertilizer +0.5 mwm boric acid, and
Peter’s fertilizer +1 mwm boric acid. The ultra-pure water and
Peter’s fertilizer treatments showed the leaf tip necrosis pheno-
type in bx3 plants, but not in B73 plants 14 DAP. In contrast, the
treatments with Peter’s fertilizer and additional boric acid caused
the occurrence of the leaf tip necrosis phenotype also in B73 seed-
lings (Fig. 3, A to C; Supplementary Table S7), suggesting that the
additional boric acid treatment caused this phenotype even in
B73. In the bx3 mutant, no enhancement of the leaf tip necrosis
score was detected between the different watering regimes; how-
ever, the senesced leaf area in bx3 mutants was significantly larg-
er in the additional boric acid treatments compared with the
ultra-pure water and Peter’s fertilizer treatments (Fig. 3D).

Taken together, these analyses showed that the severity of the
leaf tip necrosis phenotype in bx3 mutants is correlated with en-
hanced boron levels. However, the variability of the results indi-
cated that there are also additional, so far unidentified factors,
contributing to the leaf tip necrosis phenotype in bx3 mutants.

Investigation of a correlation between additional
benzoxazinoid pathway genes and boron
homeostasis

To determine if the link between boron levels and bx3 was specific
to bx3, we investigated other genes in the benzoxazinoid pathway.
bx3 encodes a cytochrome P450 monooxygenase that is involved
in the biosynthesis of benzoxazinoids, a group of specialized sec-
ondary metabolites (Frey et al. 1997; Supplementary Fig. S5). The
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Figure 2. Leaf phenotypes of B73 and bx3 seedlings. Images of the first leaves of A) B73 and B) bx3 14 days after planting (DAP) grown in the growth
chamber in ED73 soil (boron concentration =1.97 mg/kg). Arrows indicate leaf tip senescence. The images were digitally extracted for comparison.
C) Statistical analysis of leaf tip necrosis in all emerged leaves of ED73-grown B73 and bx3 14 DAP. Depicted are means of 3 biological replicates, where n
=16 per genotype and biological replicate. Error bars show standard error of means. Statistical analysis of boron concentration (ug/g dw) in leaves 1 and
2 (pooled) of B73 and bx3 14 DAP, when D) seedlings grew in ED73 soil and E) seedlings grew in HGoTech substrate (boron concentration 0.03 mg/kg).
Given are means over 4 biological replicates. The error bars represent standard error of means. Images of the first leaves of F) B73 and G) bx3 14 DAP
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bars in A, B, and F), G)=5 cm. ns, not statistically significantly different.

predominant benzoxazinoids are 2,4-dihydroxy-1,4-benzoxazin-
3-one (DIBOA) and 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one
(DIMBOA), the latter being the major benzoxazinoid in B73 maize.
There are 14 characterized bx genes in maize (as reviewed in
de Bruijn et al. (2018)) with bx1 to bx9 involved in the synthesis of
DIMBOA and bx1 to bx8 being located in proximity on chr4 (as re-
viewed in Frey et al. (2009)). We, therefore, assessed the possibility
that the GWAS detected a significant correlation with the bx gene
cluster on chr4, rather than individual bx genes, which was also rea-
soned by the detection of both bx3 and bx4 in the GWAS (Table 1).
We performed correlation analyses with publicly available expres-
sion data in leaf tissue (Kremling et al. 2018) for all bx genes located
on chr4 and the boron concentration data obtained from 277 lines
of the 282 Goodman-Buckler association panel (Supplementary
Table S1), similar to the correlation analyses with the detected
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GWAS candidates (Supplementary Table S3). These analyses
showed that, in addition to gene expression of bx3, that of bx2
also showed a negative correlation in the base of third leaf tissue,
and that of bx5 showed a positive correlation in the tip of third
leaf tissue with boron concentration (Supplementary Table S8).
Furthermore, we examined bx gene expression of the chr4 clus-
ter in the developing tassel meristem dataset of the Zmtls1 mu-
tant, which has reduced boron levels in that tissue. We found
that in addition to bx3 and bx4, also expression of bx6 is signifi-
cantly upregulated in Zmtls1 mutants compared with normal sib-
lings (Table 2). These results indicated that a potential correlation
between bx genes and boron concentration in maize might not be
restricted to bx3 and that benzoxazinoid biosynthesis could be
altered in Zmtls1. Therefore, we quantified levels of DIMBOA in
Zmtls1 leaves and found that the levels were significantly reduced
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Figure 3. Senesced leaf area is enhanced by boron fertilization. Images of first leaves of A) B73 and B) bx3 grown in ED73 soil. The images were taken
14 days after planting (DAP) with different watering regimes (from left to right: H,O, Peter’s fertilizer, Peter’s fertilizer +0.5 mwm boric acid (BA), Peter’s
fertilizer +1 mwm BA). Arrows in A) point to leaf tip necrosis in B73. C) Statistical analysis of leaf necrosis score 14 DAP in B73 and bx3 seedlings.

D) Statistical analysis of senesced leaf area 14 DAP in B73 and bx3 seedlings. C and D) show means of 4 biological replicates with 4-6 individuals per
genotype and replicate. Error bars represent standard error of means. Different letters indicate statistical significance at P <0.05 according to an
analysis of variance with post hoc multiple comparison correction using the Tukey algorithm.

compared with wild-type controls (WT=462.01+71.01ng/g,
Zmtls1 =229.41 +59.99 ng/g, P<0.05).

Boron homeostasis appears to be linked to bx3
rather than DIMBOA

To test potential correlations between boron levels and benzoxa-
zinoid biosynthesis, we analyzed boron concentration and as-
sessed the leaf tip necrosis phenotype in bx1 and bx2 mutants,
which were reported to have reduced DIMBOA levels (Hamilton
1964; Frey et al. 1997; Tzin et al. 2015).

We found that boron levels in ear leaves of bx1 or bx2 mutants
were not statistically significantly different compared with their re-
spective inbred control (Fig. 4A), when grown in Bonn-Endenich
(soil boron concentration: 0.27 mg/kgin 2021). Likewise, bx1 (devel-
opmental stage: V1/2) and bx2 mutants (VE/1) did not show the
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strikingleaf tip necrosis phenotype observed in bx3 mutants (devel-
opmental stage: V1/2) at 14 DAP (Fig. 4, B to E, Supplementary
Table S9). While the bx2 mutant (introgressed in W22 and not
B73) was not at the same developmental stage (VE/1) as bx1 or
bx3 at 14 DAP, it did not show a statistically significant difference
in leaf tip necrosis compared with its inbred control (W22) in any
of the analyzed timepoints (Supplementary Table S9). In contrast,
bx1 showed a similar leaf tip necrosis phenotype to bx3 at 18 DAP
(developmental stage of both mutants: V2) and at 25 DAP (develop-
mental stage of both mutants: V3). This phenotype, however, was
restricted to the first leaf (18 DAP) or the first 2 leaves (25 DAP)
(Fig. 4; Supplementary Table S9), which was in contrast to bx3,
where the leaf necrosis phenotype was present in all developed
leaves (Supplementary Table S9).

Taken together, our analyses therefore suggested a link be-
tween boron and bx3 rather than boron and DIMBOA and raised
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the question whether the lack of a functional BX3 enzyme or the
accumulation of the BX3 substrate (Supplementary Fig. S5A) is
connected with the observed boron accumulation.

Boron concentration is elevated in transgenic
Arabidopsis lines expressing BX1 and BX2

Although all 3 maize bx mutants we investigated are DIMBOA de-
ficient (Frey et al. 1997; Tzin et al. 2017), bx3 unlike bx1 and likely
bx2 also accumulates the intermediate ION, which is the substrate
of the BX3 enzyme (Abramov et al. 2021; Supplementary Fig. S5A).
In order to test, whether elevated ION levels correlate with the ob-
served boron concentration elevation in the bx3 mutant, we made
use of Arabidopsis lines, where parts of the benzoxazinoid biosyn-
thesis pathway were transgenically introduced (Abramov et al.
2021). Arabidopsis does not endogenously express this pathway,
allowing an assessment of a potential boron-benzoxazinoid corre-
lation in a “clean” background. We found that boron concentra-
tion in rosette leaves at bolting stage of pSUR2::Bx1Bx2, which
accumulate ION, was significantly higher compared with the
Col-0 control. On the other hand, functional expression of BX3
(p35S::Bx3 lines, which do not accumulate ION) did not influence
the boron concentration. Therefore, a direct effect of the enzyme
seems to be unlikely (Fig. 5). In addition, pSUR2::Bx1Bx2 overex-
pressing lines showed a subtle leaf tip necrosis phenotype, com-
pared with Col-0 and p35S::Bx3 lines (Fig. 5). Since pSUR2::BX1BX2
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lines were reported to additionally show elevated salicylic acid
(SA) levels, we additionally assessed the impact of SA accumula-
tion on the boron-related phenotypes of pSUR2::Bx1Bx2 lines, by
analyzing pSUR2::Bx1Bx2 crossed to NahG lines (pSUR2::Bx1Bx2 x
NahG), where the SA hydroxlase NahG was introduced (Abramov
et al. 2021). Our results showed that boron concentration is also
significantly elevated in pSUR2::Bx1Bx2xNahG rosette leaves com-
pared with Col-0 controls and that the leaf tip necrosis phenotype
in these lines is enhanced (Fig. 5, E and F; Supplementary
Table S10). Therefore, these results suggested that a correlation
between boron levels and the benzoxazinoid pathway is linked
to an accumulation of the intermediate ION.

Boric acid forms a complex with the
benzoxazinoid intermediate 3-hydroxy-ION
(HION)

The benzoxazinoid DIMBOA was reported to chelate iron thus
making it bioavailable (Hu et al. 2018), but also complex formation
between DIMBOA and other nutrients, including zinc, copper, and
manganese was reported (as reviewed in Wouters et al. (2016)).
We therefore reasoned that elevated boron levels in the bx3 mu-
tant could be related to a benzoxazinoid-mediated alteration of
boron transport or mobility. The correlation between boron levels
and an accumulation of ION led us to test the hypothesis that bor-
ic acid and ION might form a complex, which in turn might
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influence boron transport or mobility in maize. The reaction be-
tween ION and boric acid, however, did not lead to any boric
acid-ION complex (Supplementary Fig. S6). As boron is known to
specifically interact with cis-diol groups, which are not present
in the benzoxazinoid intermediate ION, we also tested the next
intermediate in the benzoxazinoid pathway, 3-hydroxy-ION
(HION). HION is the product of the enzymatic function of BX3
(Supplementary Fig. S5A) that may tautomerize to the lactim
species bearing 2 cis-diol groups (Supplementary Fig. S5B). The re-
action of HION with boric acid in the presence of a base led to nu-
merous additional signals in the **B-NMR spectrum (Fig. 6A) and
TH-NMR spectrum (Supplementary Fig. S7A). Importantly, these
signals were not observed when the analysis was done with boric
acid and base alone (Fig. 6B) or when the control experiments were
performed in the absence of boric acid (Supplementary Fig. S7, B
and C). These results suggested the formation and therefore the
existence of additional boron compounds formed between boric
acid and HION (Fig. 6). Attempts to identify the nature of these ad-
ditional boron compounds were unsuccessful, suggesting that
such a complex is unstable. In the presence of air, HION reacted
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indicates statistical significance at P < 0.005 according to Student’s t-test. Scale

to isatin, which was not dependent on the presence of boric acid
(Supplementary Fig. S6).

Discussion

Identification of genomic loci involved in boron
homeostasis in maize

Previous analyses of genetic variation in various plant species that
detected QTLs or genomic regions associated with boron defi-
clency or toxicity tolerance, identified mostly boron transporter-
related genes (Sutton et al. 2007; Zeng et al. 2008; Schnurbusch
et al. 2010; Pallotta et al. 2014; Pommerrenig et al. 2018; He et al.
2021; Jia et al. 2021). Notably, the significantly associated SNPs
on chr4 and chr7 in the GWAS analysis did not harbor any of the
published boron transporter genes in maize, which are located
on chrl (Zmtls1 and Zmrte) and on chr3 (Zmrte2) (Chatterjee et al.
2014, 2017; Durbak et al. 2014; Leonard et al. 2014). It is likely
that passive, protein-independent boron transport was still pre-
vailing in the low boron field conditions, therefore masking any
potential influence of active or facilitated boron transporters.
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Similar studies using boron concentrations from seed as input
have either detected specific boron transporters, like Zmrte2 (Wu
et al. 2021) and uncharacterized genes in maize (Schaefer et al.
2018) or peanut (Zhang et al. 2019), highlighting the potential con-
tribution of non-boron transporter-related genes regulating boron
homeostasis in plants.

Studies in rice, barley, and peanut have detected various cyto-
chrome P450 proteins (with unknown function or putative iron-
binding function) to be associated with either boron efficiency
traits or boron concentration (Hassan et al. 2010; de Abreu Neto
etal. 2017; Zhangetal. 2019), yet bx genes, which encode substrate
specific cytochrome P450 proteins in grasses, have to our knowl-
edge not been detected as potential candidates influencing boron-
related processes in plants previously. Our study suggests that
particularly bx3 represents a molecular player associated with
boron homeostasis in maize.

While we did not further test the additional GWAS hits detected
(Table 1), the identification of a gene encoding a gibberellin recep-
tor GID1L2 (GRMZM2G003246) on chr7 is worth mentioning. A
functional role of gibberellin signaling in shaping the maize ion-
ome had been suggested before (Schaefer et al. 2018) and it seems
possible that gibberellin signaling or perception might be involved
in boron concentration variation. Indeed, a rice GWAS analysis for
boron toxicity tolerance also detected a gibberellin receptor (de
Abreu Neto et al. 2017), providing evidence for the aforemen-
tioned hypothesis and for the applicability of our approach to de-
tect molecular players involved in boron homeostasis. In addition,
this finding adds to the importance of phytohormones in the bor-
on response of plants (Martin-Rejano et al. 2011; Abreu et al. 2014;
Camacho-Cristébal et al. 2015; Li et al. 2015; Matthes and
Torres-Ruiz 2016; Eggert and von Wirén 2017; Poza-Viejo et al.
2018; Gémez-Soto et al. 2019; Zhang et al. 2021; Matthes et al.
2022,2023; Pommerrenig et al. 2022) and complements the reports
of connections between the adaptation of plants to low or excess
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boron and gibberellins (Alva et al. 2015; Eggert and von Wirén
2017).

The unprecedented association between the benzoxazinoid
pathway and boron levels is a surprising discovery, particularly
because it suggests bx3 as a non-boron transporter-related gene
associated with boron homeostasis in maize. We detected re-
duced DIMBOA levels and upregulation of various bx biosynthesis
genes in the boron transporter mutant Zmtls1 (Table 2), which cor-
roborates previous results showing a transcriptional feedback in-
hibition of benzoxazinoid biosynthesis genes by DIMBOA (Ahmad
etal. 2011). However, altered boron levels and the leaf tip necrosis
phenotypes were most pronounced in bx3 mutants, compared
with bx1 or bx2 mutants, although all 3 mutants have reduced
DIMBOA levels. Besides a reduction of DIMBOA, the bx3 mutant,
unlike bx1 or bx2 mutants, was reported to accumulate the inter-
mediate ION (Abramov et al. 2021). Since the benzoxazinoid path-
way is blocked from ION on in the bx3 mutant, it can be assumed
that not just DIMBOA but also the direct product of BX3, namely
HION, is depleted in the bx3 mutant. Therefore, a depletion of
HION or a shift in the ION to HION ratio might be of greater impor-
tance for the observed boron-related phenotypes than reduced
DIMBOA levels in the bx3 mutant. This makes it tempting to spec-
ulate about a causal connection between these intermediates
(ION and/or HION) rather than DIMBOA and enhanced boron lev-
els in the bx3 mutant. This hypothesis is supported by the finding
that transgenic Arabidopsis lines, that overexpress bx1 and bx2
and therefore accumulate ION (Abramov et al. 2021), also showed
elevated boron levels in rosette leaves and a leaf tip necrosis
phenotype (Fig. 5), similar to what was observed in the maize
bx3 mutant (Figs. 1 and 2). In the transgenic Arabidopsis lines,
ION was further shown to be hydroxylated and glucosylated
by endogenous Arabidopsis enzymes to yield the metabolite,
indoline-2-one-5-p-D-glucopyranoside (SHIONG; Abramov et al.
2021). Therefore, the Arabidopsis boron-related phenotypes might
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not just be connected to enhanced ION levels, but also to different
intermediates/metabolites, like SHIONG and/or ratio shifts of ION
to such additional metabolites. Furthermore, the detection of ad-
ditional boron species using *B-NMR and 'H-NMR analyses of
HION and boric acid mixtures (Fig. 6) provide compelling evidence
for the ability of HION to form a complex with boric acid. While
the identity of the additional boron species and proof for such a
complex in planta remains elusive, it is tempting to speculate
that a mechanistic link between boron levels and the benzoxazi-
noid pathway might be connected to the formation of boron-ben-
zoxazinoid complexes, hence affecting boron homeostasis. While
this remains intriguing and speculative the association of boron-
related processes with the benzoxazinoid pathway opens up excit-
ing lines of research in both areas.

Elevated boron levels toxic, beneficial, or both?

The bx3 mutant, grown in low boron field conditions, showed ele-
vated boron concentrations in the ear leaves, yet boron toxicity
phenotypes were subtle at maturity (reduced plant height, in-
creased tillering) (Fig. 1; Supplementary Fig. S3), suggesting that
the enhanced boron levels were not high enough to be detrimental
to plant performance. On the contrary, strong leaf senescence
phenotypes were observed at the seedling stage (Figs. 1H and 2),
indicating that elevated boron levels are more detrimental during
juvenile vegetative development, although there are also addi-
tional factors that contribute to the leaf senescence phenotype
(Fig. 2; Supplementary Fig. S3). Boron requirements are higher
during reproductive development compared with vegetative de-
velopment in maize (Lordkaew et al. 2011; Durbak et al. 2014)
and bx gene expression is higher during seedling development
(Frey et al. 1995, 1997), providing explanations for the leaf senes-
cence phenotype observed in bx3 seedlings, but not in mature
plants. Since boron soil levels at the field site in Bonn-Endenich
can be considered low (soil boron concentration: 0.27 mg/kg), it
seems possible that the enhanced boron concentration in bx3 mu-
tants at maturity might counteract soil induced boron deficiency
in contrast to provoking toxicity symptoms. This hypothesis is
supported by the finding that specific tassel traits, like TL and
length of CS, but also ear traits, like ear length, were significantly
longer in bx3 compared with B73 plants (Fig. 1G; Supplementary
Table S5). This observation further complements published re-
sults, showing that boron supplementation increases tassel and
ear size (Durbak et al. 2014; Leonard et al. 2014; Matthes et al.
2018). Our findings, therefore, allow a future assessment of bx3
and potentially other bx genes as suitable molecular candidates
for the adaptation of maize to low boron soil conditions.

Conclusion

Understanding the molecular regulation of boron homeostasis in
crops remains a challenging task. By using a GWAS approach in
combination with mutant and chemical analyses, we showed
that the benzoxazinoid pathway is linked to boron homeostasis
likely through bx3 and the pathway intermediates ION and HION.

Materials and methods

Germplasm and plant growing conditions

In total, 277 inbred lines of the 282 Goodman-Buckler association
panel (Flint-Garcia et al. 2005), consisting of diverse maize (Zea
mays L.) lines including tropical, sub-tropical, temperate, sweet
corn, and popcorn lines, were grown in a randomized complete
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block design in the summers of 2017 and 2018 at Genetics Farm
of the University of Missouri (Columbia, Missouri, USA). Soil boron
concentration in both years was 0.39 mg/kg as evaluated with the
azomethine H method (Lohse 1982) by the Soil and Plant Testing
Laboratory of the University of Missouri, which can be considered
low considering the recommendation to apply boron to field
maize, when soil levels are <0.75 ppm (Heckmann 2009).

The alleles used for the respective mutants were Bx3::Mu (bx3)
(Frey etal. 1997), bx1:Mu (bx1) (Frey et al. 1997), bx2::Ds (bx2) (Tzin
etal. 2017), and tls1-ref (tls1) (Durbak et al. 2014). The bx1, bx3, and
tls1 mutants were backcrossed at least 3 times to B73.
Homozygous wild-types (B73) originating from the individual lines
were used as controls. The bx2 mutants were in al-m3 back-
ground in the W22 inbred line, and the corresponding al-m3 wild-
type, also in the W22 background, was used as control. The bx2
mutants and the corresponding wild-type (W22) were obtained
from Dr. Georg Jander and Kevin Ahern (Boyce Thompson
Institute, USA). In homozygous bx3 plants, no DIMBOA can be de-
tected and therefore can be considered null mutants (Frey et al.
1997). Homozygous bx3 mutants from segregating lines were se-
lected through genotyping using bx3_+540_F (5'-CAC CAA GAA
GGT GCA GTC CT-3'), bx3_+1144_R (5'-GTA GCT GGA CTT ACC
ACC AAG A-3'), and TIR6 (5'-AGA GAA GCC AAC GCC AWC GCC
TCY ATT TCG TC-3') primers. Genotyping for tls1 was done as pre-
viously described (Durbak et al. 2014).

Unless otherwise stated, all maize greenhouse and growth cham-
ber experiments were done with ED73 soil (Einheitserdewerke
Werkverband e.V., Sinntal-Altengronau, Germany).

The transgenic Arabidopsis (Arabidopsis thaliana) lines, overex-
pressing parts of the maize benzoxazinoid pathway, namely
pSUR2::Bx1Bx2, pSUR2::Bx1Bx2xNahG, and p35S::Bx3 are described
in Abramov et al. (2021). Seeds of the transgenic lines and the
Col-0 control were sown on 1% H,O Agarose plates and stratified
for 4d at 4 °C in the dark. Afterwards, seeds were allowed to ger-
minate for 7 d under long day conditions (light: 16 h, 22 °C, dark:
8h, 17 °C, 40% humidity, light intensity =65 UE/m?/s), before seed-
lings were transferred to soil (Floragard B fein, sand, Perligran G
mix, 10:1:1).

Boron concentration measurements

For the GWAS experiment in total, 277 inbred lines of the
Goodman-Buckler association panel (Flint-Garcia et al. 2005)
were used. In 2017 and 2018, leaves from the node subtending
the ear shoot (referred to as ear leaves) from 5 plants per inbred
line were collected after flowering, pooled, and about 2 cm of
the leaves from the tip were discarded. The remaining leaf blades
were dried at 60 °C and ground to a fine powder. Boron concentra-
tion in individual lines was analyzed subsequently by the azome-
thine H method (Lohse 1982) by the Soil and Plant Testing
Laboratory at the University of Missouri.

The bx3 mutants in the B73 background and the B73 inbreds
(control) or bx3 segregating lines were grown in the summers of
2020, 2021, and 2023 at the field station of the University of
Bonn (Bonn-Endenich, Germany), where soil boron concentration
was 0.27 mg/kg as assessed using a cold 0.01 M CaCl, extraction
protocol and a miniaturized curcumin method for analysis
(Wimmer and Goldbach 1999). Four ear leaves of bx3 mutants,
the B73 inbreds or the wild-type sibling controls were pooled sep-
arately, 2 cm of the leaf tips were discarded and the remainingleaf
blades dried at 60 °C, and ground to a fine powder (3 biological rep-
licates). For the Arabidopsis samples, whole rosettes were taken
before bolting and dried at 60 °C before grinding to a fine powder
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(3 to 4 biological replicates). Plant samples (500 mg maize or
Arabidopsis) were digested with nitric acid in a CEM Mars 5 micro-
wave digestion system (CEM Corporation, Matthews, North
Carolina, USA) and boron concentration was analyzed by a mini-
aturized curcumin method (Wimmer and Goldbach 1999).

Genome-wide association study

The outlier removal, optimal transformation and BLUP calculation
for the trait were performed as described in Slaten et al. (2020).
The genotypic dataset was previously described in Shrestha et al.
(2022). Briefly, the association panel was previously genotyped
with the Illumina MaizeSNP50 BeadChip (Cook et al. 2012) and
also with a genotyping-by-sequencing approach (Elshire et al.
2011) as described and utilized in Lipka et al. (2013). SNPs were fil-
tered using minor allele frequency >0.05 and a total of 458,775 SNPs
from both datasets were used for the GWAS analysis. We used
FarmCPU model (Liu et al. 2016) to conduct GWAS and Bonferroni
correction was used to correct for multiple testing at 5%. The can-
didate gene list was obtained using a 200 kb window size (100 kb on
either side) of the significant SNPs. This interval was chosen to cov-
er the long range LD in maize and also to compensate for low
marker coverage as described in Ching et al. (2002), Flint-Garcia
et al. (2003), Yan et al. (2009), and Shrestha et al. (2022). The phys-
ical locations and annotations of the genes were based on v2 of the
maize B73 annotation.

Correlation analysis between boron
concentrations and GWAS candidate gene
expression in the Goodman-Buckler association
panel

For the correlation analysis between leaf boron concentration and
target gene expression levels, Pearson correlation tests were per-
formed. We used gene expression data from Kremling et al.
(2018). The authors collected 3’ RNA-sequencing data from 7 dif-
ferent tissues from 255 inbred lines of the Goodman-Buckler asso-
ciation panel. The normalized gene expression levels of candidate
genes were used and correlated with back-transformed BLUPs of
leaf boron concentrations of 277 lines of the Goodman-Buckler as-
sociation panel (Supplementary Table S1).

Phenotypic analyses

Plant height measurements were taken at maturity from the soil
level up to the tip of the tassel (total plant height=PH) and to
the leaf collar of the flag leaf (plant height to flag leaf =FL). In ad-
dition, the number of primary tillers was scored. Plant height at
seedling stage was determined from the pot soil level to the top
of the leaf whorl. Developmental stages were assessed by using
V-stages (Abendroth et al. 2011) and leaf number is given as the
number of fully developed leaves plus all leaves that have
emerged from the whorl.

TL was determined by measuring the length from the tassel
node (node where the tassel is inserted in the stem at the base
of the flagleaf) to the tip of the tassel. Peduncle length (PL) was de-
termined by measuring the length of the tassel from the tassel
node to the first branch. Branching area (BA) was determined by
measuring the length of the main spike between the first and
the last branch. Branch number (BN) is the total number of pri-
mary tassel branches. The length of CS was determined by sub-
tracting PL and BA from TL.

Boron toxicity symptoms in seedling leaves were assessed us-
ing an adapted leaf bronzing score (de Abreu Neto et al. 2017),
where O=no phenotype, 1=Ieaf tips senesced, 2=leaf tip and

62

edges senesced (with or without leaf rolling), 3=senescence
reaches into leaf blade (with or without leaf rolling), 4=any or
all symptoms of categories 1 to 3 including aberrant leaf morphol-
ogy, and 5=fully senesced leaf (Supplementary Fig. S4).

The percentage of the senesced leaf area (boron fertilization ex-
periment) was assessed 14 DAP (developmental stage V2 with 3 to 4
emerged leaves). The entire leaf blade of leaf one was cut and pho-
tographed, while for leaf 2, 5 cm of the leaf tip were cut and photo-
graphed. Image analysis was done with ImageJ (Schneider et al.
2012). The thresholds of all images were adjusted to either provide
the full leaf area or the area of senescence (Supplementary Fig. S8).
Out of these 2 values, the percentage of the senesced leaf area for
every leaf was calculated.

Boron fertilization

B73 and bx3 seedlings in the B73 background were grown in ED73
soil in a walk-in growth chamber (26 °C day, 16 °C night, 16 h day,
8 hlight, 70% humidity) for 14 d and watered with either ultra-pure
water (Merck Millipore, Burlington, USA), Peter’s fertilizer (ICL spe-
cialty fertilizers, Tel-Aviv, Israel), Peter’s fertilizer +0.5 mm boric
acid, or Peter’s fertilizer +1 mw boric acid. For the regular strength
of Peter’s fertilizer, nitrogen levels were adjusted to 238 ppm, which
resulted in a final boron concentration of 0.08 ppm (Matthes et al.
2018). The plants were watered every other day, where 1 L of the re-
spective solution was given to 24 plants (12 plants per genotype).
The experiment was repeated 3 times.

DIMBOA levels in the tls1 mutant

The boron transporter mutant Zmtls1 (Durbak et al. 2014; Leonard
et al. 2014) and wild-type siblings were grown in the Sears green-
house facility at the University of Missouri, Columbia, USA (16/8 h
light/dark cycle with an average day temperature of 30.5 °C, an
average night temperature of 25°C, and average humidity of
40% (day) and 60% (night)) and were continuously fertilized with
Peter’s fertilizer (ICL specialty fertilizers, Tel-Aviv, Israel), where
nitrogen levels were adjusted to 238 ppm, resulting in boron con-
centrations of 0.08 ppm (Matthes et al. 2018). Developing leaves
were dissected as described in Matthes et al. (2022) and analyzed
for DIMBOA concentrations using liquid chromatography-mass
spectrometry by the proteomics and metabolomics core facility
at the University of Nebraska—Lincoln, USA. For details, see
Supplementary Methods.

Boron-(H)ION complex formation

A solution of boric acid (2.6 mg/mLin D20, pH 6, 540 uL, 22.5 pmol,
1.0 eq.) was added to a solution of ION (Sigma-Aldrich) (50 mg/mL
in DMSO, 60 uL, 22.5 umoL, 1.0 eq.) and kept at room temperature
for 80 h. ™B-NMR spectra were recorded after mixing, 18 and 80 h.
Further experiments were performed with a boric acid solution,
adjusted to pH 8 using 0.5 M NaOH solution, either at room tem-
perature or 80 °C. Spectra were recorded on a Bruker Avance
Neo 400 MHz with CryoProbe. Chemical shifts are given in ppm.

A solution of boric acid (2.3 mg/mL in D20, pH 8 (adjusted using
0.5m NaOH solution), 540 uL, 20.1 umol, 1.0 eq.) was added to a
solution of HION (Sigma-Aldrich) (50 mg/mL in DMSO, 60 uL,
20.1umol, 1.0 eq.) and kept either at room temperature or
80°C. 'B-NMR spectra were recorded after mixing, 3, 18, and
40h. Further experiments were performed with 10 eq. HION
(500 mg/mL in DMSO, 60 uL, 201 umol, 10 eq.), 0.5 eqg. and 0.2 eq.
HION (respective stock solutions). The oxidized product isatin was
isolated using preparative thin layer chromatography (CH/AcOEt
1:1).
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Control experiments were performed in the absence of boric
acid and using dimethylformamide instead of DMSO, also giving
isatin as a product.

Under an argon atmosphere, tetrabutylammonium hydroxide
(90.0 uL, 184 umoL, 55 w% solution in water, 0.55 eq) was added
to a degassed solution of HION (Sigma-Aldrich) (50.0 mg,
335 umol, 1.00 eq) and boric acid (11.4 mg, 184 ymol, 0.55 eq.) in di-
methylformamide (15 mL). The resulting solution was stirred at
130 °C for 16 h. Subsequently, the solvent was removed under re-
duced pressure using a cooling trap (<0.001 mbar, 100 °C). The
yellow-brown color of the crude product mixture changes imme-
diately to a strong violet color upon contact with air. The *'B-NMR
and 'H-NMR spectra of the yellow-brown mixture were measured
in a quartz glass NMR tube under argon atmosphere, using anhy-
drous and degassed acetonitrile-ds as a solvent.

To verify the origin of additional species in these spectra, the
control experiments were performed (i) between the base and bor-
ic acid in the absence of HION and (ii) between HION and the base
in the absence of boric acid, and the crude products were analyzed
by 'H and *'B-NMR spectroscopy.

The spectra were recorded on a Bruker Avance 400 NMR spec-
trometer. Chemical shifts are given in ppm.

Statistical analysis

Statistical significance of the boron concentrations in the bx3 mu-
tant, the various growth trait phenotypes between bx3 and B73
siblings, and the DIMBOA levels in the tlsI mutant in comparison
tonon-mutant control lines was assessed in Microsoft Excel using
Student’s t-test (Student 1908) at a significance level of P<0.05.

Statistical significance at a significance level of P < 0.05 was deter-
mined for the different boron fertilization treatments and the differ-
ent genotypic categories in the Arabidopsis lines using analysis of
variance with post hoc multiple testing correction applying the
Tukey or Benjamini-Hochberg algorithms using the multcompView
(Piepho 2004), agricolae (de Menidburu and Yaseen 2020), and em-
means (Lenth 2022) packages in R.

Accession numbers

Sequence data from this article can be found in the GenBank/
EMBL data libraries or the MaizeGDB database under the following
accession numbers: Zmbx3, LOC103652724, Zm00001eb165550;
Zmbx1, LOC542117, Zm00001eb165610; Zmbx2, LOC100192631,
Zm00001eb165620; Zmtls1, LOC541885, Zm00001eb043650.
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4 General discussion

Boron is an essential micronutrient and therefore crucial for plant development (Warington,
1923). After a century of study, boron deficiency-induced phenotypic and physiological
responses in many species have been documented, the primary function of boron in plants to
crosslink cell wall rhamnogalacturonan II (RG-II) has been found, and boron transporters which
contribute to boron homeostasis have been identified in many species (Marschner, 2023).
However, the linkages between the phenotypes and the molecular functions of boron have not
been fully revealed. Reported phenotypic responses of maize roots to boron deficiency were
obscure and sometimes contradictory, and the underlying molecular mechanisms remain largely
unexplored. Therefore, boron deficiency mimics, such as phenylboronic acid (PBA), have been
proposed. Moreover, additional mechanisms except for boron transporters are known to

contribute to boron homeostasis in maize.

This thesis reports two boron-related studies in the maize root and shoot respectively. In chapter
2, the boron deficiency-induced root defects and the usability of PBA as a boron deficiency
mimic is tested. PBA reduces primary root length and lateral root density, similar to boron
deficiency treatment, but more severe. The PBA-induced lateral root defects are stable,
pronounced, boron-related, but are not due to RG-II dimerization defects. In vitro, PBA does
not interfere with the boric acid-mediated RG-II crosslinking, nor crosslinks RG-II by itself. In
planta, PBA could be oxidized and supply boric acid to form RG-II dimers.

In chapter 3, a novel boron homeostasis regulator unrelated to boron transporters is identified.
The benzoxazinoid biosynthesis gene benzoxazinless3 (bx3) is associated with boron
homeostasis in maize ear leaves. BX3 converts indolin-2-one (ION) into 3-hydroxy-ION
(HION) in the biosynthesis pathway of benzoxazinoids, a category of defense compounds in
maize. Mutation of hx3 leads to enhanced leaf tip necrosis and higher boron levels in leaves
compared to the wild type plants, which are likely related to the benzoxazinoid intermediates

ION and HION.

4.1 PBA induces defects of primary root development similar to boron deficiency, but

more severe

Previous boron deficiency studies have mostly been focused on the primary root, where an
inhibition of primary root elongation is one of the typical boron deficiency phenotypes, as
reported for example in Arabidopsis (Bolanos et al., 2023; Chu et al., 2025). In this thesis, the
primary root elongation defects induced by boron deficiency were marginal in maize seedlings
(Chapter 2, Figs. 2), showcasing a unique response of the maize root system to boron deficiency.
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This might be due to the lower abundance of RG-II and lower demand of boron in maize
compared to that in dicotyledons (Matsunaga et al., 2004). Compared to the boron deficiency-
induced primary root elongation defect, the 0.4 mM PBA-induced defect was more severe
(Chapter 2, Figs. 2A, S2A-B). However, the PBA-induced inhibition of primary root length
was not consistently detected across biological replicates (Chapter 2, Figs. 3F, S4A, S4C, S4E,
S5A, S8D), suggesting additional factors affecting the effects of PBA on primary root
elongation. The PBA-induced primary root inhibition had also been observed in Arabidopsis
(Hays et al., 2024). In contrast, 50 uM PBA promoted the primary root growth in bean plants
(Odhnoff, 1961). These findings suggest, that the effects of PBA on primary root elongation

are species-specific.

The impact of boron on maize lateral root development is highlighted by both the effects of the
boron deficiency treatment and the PBA treatment in this thesis. Boron deficiency is known to
negatively affect lateral root formation in maize and pea (Wang et al., 2006; Housh et al., 2020;
Wilder et al., 2022). In Arabidopsis, although the lateral root number decreases in boron-
deficient conditions (Duran et al., 2018; Alcock et al., 2025), the lateral root density increases
in most investigated accessions (Alcock et al., 2025). This inconsistency suggests there might
be species-specific differences of the effects of boron deficiency on lateral root development,
and a general understanding of the effects requires consistent and standardized phenotyping

strategies.

Unlike the species-specific effects of boron deficiency on lateral roots, the negative effects of
PBA on lateral roots are pronounced and conserved. In maize seedlings, PBA induced root
lateral density defects similar to boron deficiency, and PBA induced significant reduction of
lateral root primordia number (Chapter 2, Figs.1-2, S2). Consistently, PBA reduces lateral root
density in Arabidopsis and bean (Odhnoff, 1961; Hays et al., 2024).

The initiation of maize lateral roots is tightly modulated by auxin (Dresselhaus et al., 2025).
Indeed, auxin levels were reduced in maize roots under both boron deficiency and PBA
treatments (Chapter 2, Figs. 3, 5). However, application of auxin did not rescue the lateral root
defects induced by boron deficiency or PBA treatment, nor inhibition of auxin biosynthesis
enhanced those lateral root defects (Chapter 2, Figs. 3, 6, S4-5, S8), suggesting that the auxin
level reduction is not causal for the observed lateral root defects. Moreover, while boron
deficiency negatively affects lateral root development in Arabidopsis (Duran et al., 2018;
Alcock et al., 2025), auxin levels or signaling are up-regulated in Arabidopsis roots under boron

deficiency (Martin-Rejano et al., 2011; Li et al., 2015; Camacho-Cristobal et al., 2015; Herrera-
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Rodriguez et al., 2022; Tao et al., 2023). The boron deficiency-induced root responses and their

correlation to the auxin cascade, therefore, seem to be species-specific.

To explore the mechanisms how PBA affects root development in maize, a GWAS was
conducted (Chapter 2, Fig. 7). GWAS results using lateral root density ratios between PBA
treatment and water control identified two Lateral Organ Boundaries Domain (LBD) genes and
some auxin-related genes including Auxin Response Factors (ARFs; Chapter 2, Table S4). One
of the detected LBD genes (Chapter 2, Table S4), ROOTLESS CONCERNING CROWN AND
SEMINAL ROOTS!I (RTCS1; ZmLBD?2), regulates crown and seminal roots development under
the control of ARF (Majer and Hochholdinger, 2011; Xu et al., 2015). ZmLBD17 is boron
toxicity-responsive in maize roots (Chen et al., 2022). Oilseed rape LBD41 is boron deficiency-
responsive, and associated with boron efficiency-related traits (Hua et al., 2017; Zhang et al.,
2024). These findings suggest that boron might interfere with lateral root development through
the auxin-LBD-mediated regulation (Du and Scheres, 2018; Orosa-Puente et al., 2018; Soyano
et al., 2019), which will be interesting to test in the future by characterization of mutants of

such candidate genes.

4.2 PBA is at least partially intact in planta

The usability of PBA as a boron deficiency mimic in plants is challenged by the oxidative
instability of PBA. At the presence of H>Oz, PBA can be oxidized to phenol and boric acid
(Graham et al., 2021). The presence of RG-II dimers following PBA-treatment supports that
PBA might be deboronated and does not induce boron deficiency in planta (Chapter 2, Fig. 4;
Hays et al., 2024). On the other hand, many evidence suggests that PBA is still intact in

organisms, at least partially.

Theoretically, H>O> deboronates PBA in a 1:1 ratio in vitro (Graham et al., 2021). The amount
of phenotypically effective PBA, therefore, should at least excess the amount of H>O» in planta.
However, the normal range of H>O> in plants is considered at the range of 0.1 - 0.5 mM
(Sharova et al., 2024), whereas 50 pM PBA significantly inhibits Arabidopsis primary roots
(Hays et al., 2024), and 0.1 mM PBA significantly inhibits Arabidopsis hypocotyl bending
(Jewaria et al., 2025). In addition, the PBA deboronation rate decreases with decreasing pH
(Saxon and Peng, 2022). Meanwhile, there’s an inducing effect of PBA on H20: accumulation,
which should not occur if PBA simply quenches H,O> (Chapter 2, Fig. 5). Moreover, the PBA-
induced lateral root density defects were specific to the boric acid moiety in maize (Chapter 2;
Figs. 6, S6B). In Arabidopsis, PBA inhibits the boric acid-induced BOR1 degradation (Matthes
and Torres-Ruiz, 2016), and induces a root curvature phenotype (Hays et al., 2024). Such
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effects have not been observed under boric acid or phenol treatments (Chapter 2, Figs. 6, S6;
Xu et al., 2012; Landi et al., 2019), suggesting that the observed PBA-induced defects in plants

are cause by unoxidized PBA.

Collectively, these findings suggest that the interaction between PBA and H>O» in planta is not
as simple as the redox reaction in vitro. Moreover, the reactive oxygen species (ROS) processes
are stimulated by PBA, likely in a tissue-specific manner (Chapter 2, Fig. 7). The inducing
effect of PBA on H:0: accumulation is interesting, considering PBA and phenol are both
reductive chemicals. In tomato leaves, PBA treatment increases the activities of four ROS
scavenging enzymes with peroxidase included (Mathan, 1965; 1967), which might be a
feedback result of PBA-induced H>O» accumulation. Moreover, the effects of PBA on
peroxidase seem to be specific. The horseradish peroxidase can interact with PBA (Liu et al.,
2005), and PBA affinity separation isolated a peroxidase from Arabidopsis roots (Wimmer et
al., 2009). These findings suggest direct molecular interactions between PBA and peroxidases,
likely through the glycosyl group on peroxidases. Interestingly, in this thesis, from the lateral
root density ratio GWAS, two closely linked peroxidase genes, maize peroxidase50
(Zm00001eb226360) and maize peroxidase56 (Zm00001eb226340) were identified (Chapter 2,
Table S4; Wang et al., 2015). The peroxidase50 gene is expressed preferentially in the root tips
and is stress-responsive (Stelpflug et al., 2016; Hoopes et al., 2019).

4.3 The PBA-induced root defects are not caused by defective RG-II dimerization

One surprising finding made in this thesis is that PBA does not promote nor inhibit RG-II in
vitro (Chapter 2; Fig. 4, Table S2). The maize RG-II analysis suggests that PBA does not
integrate into pectin in vivo (Chapter 2; Fig. 4). In parallel, RG-II dimers were also detected in
a rosa cell culture system treated with PBA and without boric acid, and the benzene ring did
not present in the RG-II isolated from that cell culture (Sharma and Urbanowicz, personal
communication). Therefore, PBA, although with a pKa lower than that of boric acid, does not
have advantage over boric acid on the RG-II binding affinity. The results from this thesis does
not support the hypothesis that PBA interferes with RG-II dimerization (Bassil et al., 2004;
Hays et al., 2024). In this thesis, the typical RG-II peaks in chromatograms, however, could not
be defined or quantified from the maize root samples (Chapter 2; Fig.4A). The highly esterified
or branched components of maize root cell walls might hinder the release of RG-II by enzymes
(Kozlova et al., 2020). Therefore, optimization of the RG-II purification is required. In order to
eliminate the interference of boric acid derived by PBA oxidation, it would be worthwhile to

conduct the in vivo RG-II analysis with oxidatively stable PBA species, such as 2-
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carboxyphenylboronic acid (Grahams et al., 2021).

4.4 Bx3 is a novel boron homeostasis regulator in maize

Previous studies have indicated that boron homeostasis is not solely regulated by boron
transporters, however, the knowledge of transporter-independent mechanisms remains elusive
and fragmentary (de Abreu Neto et al., 2017; Huai et al., 2018; Matthes et al., 2018; Hiroguchi
et al., 2021; Jia et al., 2021; Wu et al., 2021; Onuh and Miwa, 2023). In maize, the GWAS of
ear leaf boron levels did not identify any boron transporter genes among the significant loci
(Chapter 3, Table 1). Instead, an association was found between boron homeostasis and the
benzoxazinoid biosynthesis pathway. Benzoxazinoids are defense compounds that have never
been reported to associate with boron-related processes. In addition to the benzoxazinoid-
related genes detected on chromosome 4, there were several other non-boron transporter genes
located in the additional significantly associated locus on chromosome 7 (Chapter 3, Table 1).
Among them, a gibberellin receptor gene appears particularly noteworthy. Gibberellin levels
have been reported to change in response to boron deficiency (Eggert and von Wirén, 2017; Su
et al.,, 2019; Guo et al., 2025b). Gibberellins can induce the expression of the Arabidopsis
vacuole boron channel gene Tonoplast Intrinsic Protein 5,1 and alleviate boron toxicity (Pang
et al., 2010; 2017). Gibberellin receptor genes have been identified to be induced by boron
deficiency in poplar, associated with boron toxicity tolerance in rice, and grain-ionome-
associated in maize (de Abreu Neto et al., 2017; Schaefer et al., 2018; Su et al., 2019). These
findings highlight the importance of phytohormones for boron deficiency and toxicity responses
Whether the gibberellin signaling is associated with boron homeostasis in maize remains to be

validated.

4.5 The boron-benzoxazinoid biosynthesis association is likely mediated by the

biosynthesis intermediates

The functional diversity of benzoxazinoids have been actively researched and expanded in
recent years (Li et al., 2025). In the aspects of mineral elements, benzoxazinoids chelate iron,
aluminum, molybdenum and arsenic, and modify the speciation and bioavailability of these
elements (Poschenrieder et al., 2005; Hu et al., 2018a, b; Zhao et al., 2019; Hu et al., 2021;
Caggia et al., 2024). Notably, most of such studies are focused on the benzoxazinoids in the
soil or rhizosphere, which are predominately 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one
(DIMBOA) and DIMBOA-glucoside, together with the DIMBOA degradation product 6-
methoxybenzoxazolin-2-one (Hu et al., 2018a). For example, DIMBOA forms
Fe(IIT)(DIMBOA), and Fe(IIT1)(DIMBOA); at the surface of maize roots, and promotes the iron
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content in the maize xylem (Hu et al., 2018a). In this thesis, the association between boron and
the benzoxazinoid biosynthesis pathway is likely mediated by upstream biosynthesis
intermediates. Among the tested benzoxazinless (bx) mutants bx1, bx2 and bx3, the correlation
to boron homeostasis is specific to bx3 (Chapter 3, Fig. 4). The bx3 gene encodes an enzyme
required to convert ION into HION. Therefore, the mutation of bx3 leads to the accumulation
of ION and a lack of HION (Chapter 3, Fig. 3.1). bx3 mutants had elevated boron levels and
necrosis in leaves compared to the wildtype (Chapter 3, Fig. 2). Moreover, overexpression of
BXland BX2 in Arabidopsis, a species lacking the benzoxazinoid pathway, resulted in
accumulation of ION (Abramov et al., 2021). Interestingly, the BX/and BX2 overexpression
Arabidopsis showed elevated boron levels and leaf necrosis phenotypes similar to bx3,
suggesting boron homeostasis might be related to these intermediates (Chapter 3, Figs. 2, 5).
Furthermore, the in vitro complexation between boric acid and HION, although unstable and
unconfirmed in vivo, raises the question whether such interactions might influence the mobility
or bioavailability of boron, similar to the DIMBOA-iron interaction (Chapter 3, Figs.6, S§; Hu
et al., 2018a). These findings highlight the importance of not only the end products, but also

the diverse activities of intermediates in the benzoxazinoid biosynthesis pathway.

4.6 Potential of the benzoxazinoid pathway in boron deficiency adaptation

Several observations suggest that manipulating the benzoxazinoid biosynthesis pathway might
help to improve maize adaptation to boron deficiency, which is important as boron deficiency
is a worldwide problem reducing the yield of maize (Shorrocks, 1997; Lordkaew et al., 2011;
Brdar-Jokanovi¢, 2020). The bx3 gene expression was upregulated in the boron transporter
mutant tassel-lessI (Chapter 3, Table2). The bx3 mutant seedlings displayed leaf tip necrosis
resembling a typical boron toxicity symptom, and the severity was intensified with increasing
boron levels (Chapter 3, Figs 2-3). Further phenotypic analysis in different growth conditions
demonstrated the specific correlation between benzoxazinoid biosynthesis and boron
homeostasis, but also suggested that the relationships between boron levels, benzoxazinoid
biosynthesis, and plant phenotypes are complex, may also depend on developmental stages and
environmental conditions. In a low-boron field, the elevated boron in bx3 seemed to be not toxic
to the mature plants, and might even benefit the reproductive development in specific aspects
(Chapter 3, Fig.1; Table S5). Moreover, the elevated leaf boron levels in the Arabidopsis
BXland BX2 overexpression lines indicate this potential is possible to be transferred to species

without the benzoxazinoid pathway (Chapter 3, Fig. 5).

The bx3 gene also provides a new nexus connecting boron and plant defense. Previous studies
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had suggested some indirect connections between boron homeostasis and defense: herbivore
attack reduces boron concentrations in birch leaves, and the defense metabolic responses are
weakened under boron deficiency (Ruuhola et al., 2011). Boron-deficient citrus leaves are more
attractive to herbivores due to altered volatiles (Dong et al., 2023). Boron deficiency induces
infection-like transcriptomic responses in oilseed rape (Verwaaijen et al., 2023). From these
reports no genetic mechanism is demonstrated. Nevertheless, given the knowledge that the
benzoxazinoid biosynthesis pathway is responsive to diverse additional environmental stimuli
(Guo et al., 2025a), these correlations raise the possibility that the benzoxazinoid pathway could
serve as a regulatory hub for systemically coordinating maize performance under multiple

environmental stresses, and connecting boron homeostasis to even broader stress adaptation.
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6 Appendix

6.1 Appendix for chapter 2

Supplementary tables for chapter 2

Supplementary tables for chapter 2 are available in the digital appendix on the bonndoc publication server:

https://nbn-resolving.org/urn:nbn:de:hbz:5-89855
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Supplementary figures for chapter 2
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Chapter 6 Appendix

Figure S1 Graphical representation of phenotyping and sampling strategies and quantification of meristem
length, root diameter, and PIN1a-YFP or FM4-64 fluorescence following boron deficiency- and phenylboronic
acid (PBA) treatments.

A, Primary root length and branching zone phenotyping. B-E, Sampling methods of boron quantification in root and
shoot tissue (B), lateral root primordia and root diameter analysis (C), phytohormone quantification (D) and H,O>
detection via 3,3'-diaminobenzidine staining (E). F, Example of meristem length analysis using lateral root sections.
G, Primary root diameter analysis using radial root sections. The sections in F - G are from the +B (50 uM boric acid)
treatment and sampled 4 days after treatment (DAT) and stained using toluidine blue. H-1, Strategy for PIN1a-YFP
and FM4-64 fluorescence quantification at the plasma membrane and in the cytosol using ImageJ (Scheinder et al.,
2012) and R (R Core Team, 2021). Fluorescence was detected along a manually drawn line (see yellow line) across a
cell file (H). The detected fluorescence intensity values were plotted against the distance from the starting point of the
line (I). Membrane locations were manually selected for each image (as indicated by the blue X) and the respective
fluorescence intensities at the membrane were calculated using the integrate()-function in R with the respective

membrane locations. Related to Figure 2.
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Figure S2
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Figure S2 Phenylboronic acid- (PBA) and boron deficiency-treatments induce primary root defects in maize. A-B, Boxplots
of primary root length 4 (A) or 6 (B) days after treatments (DAT) of: 50 uM boric acid (+B), no boric acid (-B; 0 uM boric acid),
50 puM boric acid + 0.4 mM PBA (+B+PBA), or without boric acid + 0.4 mM PBA (-B+PBA). All treatments were made in
Hoagland media. C, Boxplots of lateral root density of the same seedlings as indicated in B. For boxplots A-C, the grey diamond
within each box represents the mean of 8 biological replicates (n > 40 per replicate per treatment). Different letters indicate
statistically significant differences as determined by Tukey’s test (»p < 0.05). D-E, Bar plots of meristem length in the primary root
tip 4 DAT (D) and 5 DAT (E). F-G, Bar plots of root diameter 5 DAT (F) or 6 DAT (G) of the 4 treatments as indicated in A-C.
Data represent the mean + standard deviation (n = 3 biological replicates). Different letters indicate significant differences as

determined by Fisher’s test (p < 0.05) following analysis of variance. Related to Figure 2.
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Figure S3
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Chapter 6 Appendix

Figure S3 Alterations of the levels of the ethylene precursor 1-amino-cyclopropane-1-carboxylic acid (ACC) and abscisic
acid (ABA) following boron deficiency and phenylboronic acid (PBA) treatments. A-H, Boxplots of hormone concentrations
in seedling roots 4 or 5 days after treatment (DAT) of: 50 pM boric acid (+B), without boric acid (-B; 0 uM boric acid), with 50
UM boric acid + 1 mM PBA (+B+PBA), or without boric acid + 1 mM PBA (-B+PBA). All treatments were done in Hoagland
media. Samples were collected from primary root tips up to 1 cm (A - D) and the maturation zone (E - H). A-B, Concentrations of
ACC (A) and ABA (B) in primary root tips 4 DAT. C-D, Concentrations of ACC (C) and ABA (D) in primary root tips 5 DAT. E-
F, Concentrations of ACC (E) and ABA (F) in the maturation zone 4 DAT. G-H, Concentrations of ACC (G) and ABA (H) in the
maturation zone 5 DAT. The bar plots in A - H represent the mean =+ standard deviations (n = 3 biological replicates). Different
letters indicate significant differences as determined by Tukey’s test (p < 0.05) following analysis of variance. DW = dry weight,

MZ = maturation zone, PR = primary root tip. Related to Figure 3
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Figure S4
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Figure S4 Effects of altered auxin biosynthesis on boron deficiency- and phenylboronic acid (PBA)-induced
defects in maize roots. Boxplots of primary root length (A, C, E) and lateral root density (B, D, F) of seedlings 6 days
after the indicated treatments of: 50 uM boric acid (+B), without boric acid (-B; 0 uM boric acid), 50 uM boric acid +
0.4 mM PBA (+B+PBA), or without boric acid + 0.4 mM PBA (-B+PBA). A-B, Effects of the auxin biosynthesis
inhibitor L-kynurenine (Kyn; 40 M) on boron deficiency- and PBA-induced defects regarding primary root length
(A) and lateral root density (B). DMSO was added to the control conditions (0.4 %), since it was the solvent of Kyn.
The white diamond in each boxplot represents the mean over 3 biological replicates (n >17 per replicate per treatment).
C-F, Effects of boron deficiency and PBA on the primary roots of wild type and the auxin biosynthesis mutants
vanishing tassel2 (vt2; C-D) and sparse inflorescencel (spil; E-F). The white diamond in each boxplot represents the
mean over 3 biological replicates (n > 4 per replicate per treatment; C-D) or over 4 biological replicates (n > 3 per
replicate per treatment; E-F). In A-F, different letters indicate significant differences as determined by Tukey’s test (p
<0.05). DMSO = dimethyl sulfoxide. Related to Figure 3.
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Figure S5
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Figure SS Involvement of auxin transport in boron deficiency- and phenylboronic acid (PBA)-induced defects
in maize roots. A-B, Boxplots of primary root length (A) and lateral root density (B) 6 days after treatment of: 50 uM
boric acid (+B), without boric acid (-B; 0 uM boric acid), with 50 uM boric acid + 0.4 mM PBA, or without boric acid
+ 0.4 mM PBA (-B+PBA) with or without the addition of 5 uM naphthylphthalamic acid (NPA). All treatments were
done in Hoagland media. DMSO was added to the control conditions (0.025 %), since it was the solvent of NPA. The
white diamond within each boxplot represents the mean of 4 biological replicates (n > 17 per replicate per treatment).
Different letters indicate statistically significant differences as determined by Tukey’s test (p <0.05). C, Confocal laser
scanning microscopy showing the subcellular localization of PIN1a-YFP in the primary root tip 6 days after the
indicated boron or PBA treatments: +B, -B, +B+PBA, -B+PBA. D, Bar plots of PINla-YFP-fluorescence
quantification at the plasma membrane versus the cytosol. The ratios between YFP-fluorescence at the plasma
membrane versus the cytosol were determined individually for each cell file. Data are represented as means + standard
error of means (n = 3 - 5 biological replicates). Statistical significance (p < 0.05) was calculated using the Dunnett’s
test in R (compared to the +B control). Scale bars in C = 20 pm. DMSO = dimethyl sulfoxide, ns = not statistically

significantly different, PM = plasma membrane.
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Figure S6
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Figure S6 Phenylboronic acid (PBA)-induced root defects are likely not caused by the oxidation products of
PBA. A, A typical size exclusion chromatography (SEC) profile of celery rhamnogalacturonan I (RG-I), RG-II (mRG-
II = monomeric and dRG-II = RG-II dimers), and oligogalacturonic acids (OGA’s). B, Original image underlying
Figure 6: Representative image of primary roots 6 days after treatment of: Control (Hoagland solution), 1 mM PBA, 1
mM PBA + 1 mM H202, 1 mM H202, 1 mM phenol, 1 mM phenol + 1 mM boric acid. C, Chemical structures and
acid dissociation constants (pKa) of phenylboronic acid (PBA; Sporzynski et al., 2024), 2-carboxyphenylboronic acid
(2-CPBA; Graham et al., 2021) and 1-butylboronic acid (BBA; De Paola et al., 1999), RI = refractive index. Scale bar
in B =3 cm. Related to Figures 4, 6.
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Figure S7
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Figure S7 Phenol is not detected by ultraviolet (UV) spectroscopy in media containing phenylboronic acid (PBA)
or 2-carboxyphenylboronic acid (2-CPBA). A, UV-spectra of | mM PBA, 1 mM phenol, and 1 mM PBA plus
different concentrations of H202 (1 mM or 10 mM) in Hoagland solution. B, UV-spectra of 1 mM 2-CPBA, 1 mM
phenol, and 1 mM 2-CPBA plus different concentrations of H2O2 (1 mM and 10 mM) in Hoagland solution. The
solutions in A and B were incubated at 20 °C in the dark for 2 h. C - D, UV-spectra of Hoagland media containing 1
mM PBA (C) or 1| mM 2-CPBA (D) used in the seedling assays. Media in C and D was analyzed at the beginning of

the treatment and 6 days after the treatment, which was the time point for most phenotyping assays.
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Figure S8
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Figure S8 H:0: treatment leads to maize primary root defects in a dose-dependent manner. A-B: Examples of
3,3'-diaminobenzidine-stained primary roots six days after the indicated treatments of: 50 uM boric acid (+B), without
boric acid (-B; 0 uM boric acid), with 50 pM boric acid + 1 mM PBA, without boric acid + 1 mM PBA (-B+PBA), or
with 1 mM H202 (H202). All treatments were done in Hoagland media. The yellow polygon selections in A - B indicate
the quantified areas in the 1 cm root tip-samples (A) or in the lateral root formation zone-samples (1 cm below the
branching zone; B). C, Representative image of primary roots 6 days after the indicated treatments of 0 mM, 1 mM, 2
mM, and 5 mM H20z. D-E, Box plots of primary root length (D) and lateral root density (E) of seedlings 6 days after
the indicated H20: treatments. The grey diamond in each boxplot represents the mean of 3 biological replicates with n
> 19 per replicate per treatment. Different letters indicate statistically significant differences as determined by Tukey’s

test (p < 0.05). The scale bar in A-B =5 mm and in C = 3 cm. Related to Figures 5 and 6.
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Figure S9
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Figure legend on next page
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Figure S9 2-Carboxyphenylboronic acid (2-CPBA) and 1-butylboronic acid (BBA) lead to similar primary root phenotypes
as phenylboronic acid (PBA). A, Representative image of primary roots 6 days after treatment (DAT) of: Control (Hoagland
media), 1 mM PBA, 0.4 mM 2-CPBA, 1 mM 2-CPBA, 5 mM 2-CPBA. B, Representative image of primary roots 6 DAT of:
Control (Hoagland media), | mM PBA, 0.4 mM BBA, 1 mM BBA, 2 mM BBA, and 5 mM BBA. Shown are two roots per treatment
representing two different B73 seed packs (biological replicates). C-D, Box plots of primary root length of the seedlings treated
with 2-CPBA (C) or BBA (D) 6 DAT. The grey diamond within each boxplot represents the mean of 3 biological replicates (C) or
6 biological replicates (D) with n > 17 per replicate per treatment. Different letters indicate statistically significant differences as

determined by Tukey’s test (p < 0.05). The scale bars in A and B =3 cm. Related to Figure 6.
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Figure S10
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Figure S10 Quantile-quantile (QQ)-plot underlying the results of a genome-wide association study (FarmCPU model) with
the lateral root density ratio data (1 mM phenylboronic acid versus H2O control). The QQ-plot depicts the expected (x-axis)

and observed (y-axis) -logio p-values. Related to Figure 7.
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6.2 Appendix for chapter 3
Appendix for chapter 3 is available online:

https://academic.oup.com/plphys/article/197/1/kiae611/7887750#supplementary-data
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7 Publications

7.1 Publications related to this thesis

Phenylboronic acid-induced defects in maize roots are independent of
rhamnogalacturonan-II dimerization

Liuyang Chu, Deepak Sharma, Alexa Brox, Cay Christin Schéfer, Norman B. Best, Ha
Ngoc Duong, Yen On Chan, Jutta Baldauf, Beatrice Klammer, Julia Briick, Felix
Plotecki, Gabriel Schaaf, Ruthie Angelovici, Frank Hochholdinger, Breanna
Urbanowicz, and Michaela S. Matthes

Plant Physiology, in revision.

Own contribution: Experimental design, performed the majority of the experiments,
statistical analyses (except GWAS), interpretation of results, and writing of the
manuscript.

Association of the benzoxazinoid pathway with boron homeostasis in maize.
Liuyang Chu', Vivek Shrestha’, Cay Christin Schifer, Jan Niedens, George W. Meyer,
Zoe Darnell, Tyler Kling, Tobias Diirr-Mayer, Aleksej Abramov, Monika Frey,
Henning Jessen, Gabriel Schaaf, Frank Hochholdinger, Agnieszka Nowak-Krol, Paula
McSteen, Ruthie Angelovici, Michaela S. Matthes

Plant Physiology (2024). DOI:10.1093/plphys/kiae611 (published, 1: co-first authors).

Own contribution: Phenotypic analyses of maize mutants and Arabidopsis lines, boron
quantification of soil and mutants, writing of the manuscript.

Molecular mechanisms affected by boron deficiency in root and shoot meristems
of plants (review)

Liuyang Chu, Cay Christin Schéfer, and Michaela S. Matthes

Journal of Experimental Botany (2025). DOI:10.1093/jxb/eraf036 (published, first
author).

Own contribution: Literature reading, interpretation and manuscript writing.
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7.2 Presentations at conferences

Dissecting the boron deficiency response of maize roots using phenylboronic acid

2026 Maize Genetics Meeting. Feb.26-Mar.9, 2026, Cologne, Germany. (Lightning talk
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Effects of phenylboronic acid on maize root development: Boron-related but

independent of rhamnogalacturonan-II dimerization
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Celebration of Micronutrient Research at Huazhong Agricultural University. Nov. 14-

17, 2025. Wuhan, China. (Invited oral presentation)

Effects of phenylboronic acid on maize root development: Boron-related but

rhamnogalacturonan II-independent?

2025 Maize Genetics Meeting. Mar.6-9, 2025, St. Louis, USA. (Oral presentation at
the pre-meeting Maize Development and Cell Biology Workshop and poster

presentation at the main conference)
Primary root development of maize (Zea mays L.) under boron deficiency.

56" Annual conference of the German Society of Plant Nutrition. Sep.2-4, 2024. Bonn,

Germany. (Lightning talk presentation of the poster and poster presentation)
Boron deficiency leads to defects in maize lateral roots.

International Conference on 100 Years of Results in Boron Research in Plants. Sep. 22-

23, 2023, Hohenheim, Germany. (Oral presentation).

Boron deficiency leads to lateral root defects in maize.

5th European Maize Meeting. June 14-16, 2023. Bologna, Italy. (Poster presentation).
Boron deficiency leads to lateral root defects in maize.
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