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Abstract

Tar spot is an emerging fungal disease that threatens maize production across North
America due to a lack of genetic resistance in cultivated varieties. A major quantitative trait locus
(gRtsc8-1) is associated with tar spot resistance in maize and putatively contains four candidate
genes. We found that two of these genes, ZmUXT2 and ZmLRR-RLK, are induced by microbe-
associated molecular patterns (MAMPs). ZmUXT? is a predicted UDP-xylose transporter and has
higher expression in a tar spot resistant genotype compared to a susceptible genotype. ZmLRR-
RLK has similar expression between tar spot resistant and susceptible genotypes. The resistant
maize genotype had higher MAMP-induced ROS accumulation and gene expression relative to
the susceptible maize genotype. The coding sequences of ZmUXT2 and ZmLRR-RLK genes were
similar between resistant and susceptible maize genotypes with between 1-16 amino acid changes.
Fluorescently tagged ZmUXT2 localized to the endoplasmic reticulum, while ZmLRR-RLK
localized to both the endoplasmic reticulum and plasma membrane during transient expression in
Nicotiana benthamiana. No differences in subcellular localization were observed between
resistant and susceptible alleles. Together, this suggests that inducible immunity influences
expression of ZmUXT2 and ZmLRR-RLK genes and that a tar spot resistant maize genotypes
supports higher expression of ZmUXT2 compared to a susceptible genotype even in the absence of

stress.



Résumé

La tache goudronneuse est une maladie fongique émergente qui menace la production du
mais en Amérique du Nord en raison du manque de résistance génétique chez les variétés cultivées.
Un locus majeur de caractére quantitatif (qRtsc8-1) est associé a la résistance a la tache
goudronneuse chez le mais et contiendrait quatre génes candidats. Nous avons montré que deux
de ces genes, ZmUXT2 et ZmLRR-RLK, sont induits par des motifs moléculaires associés aux
microorganismes (MAMPs). ZmUXT?2 est un transporteur d’UDP-xylose prédit et présente une
expression plus élevée chez un génotype de mais résistant a la tache goudronneuse que chez un
génotype sensible. L expression de ZmLRR-RLK est similaire entre les génotypes résistants et
sensibles. Le génotype résistant a présenté une accumulation plus importante d’especes réactives
de I’'oxygene (ROS) et une expression génique induites par les MAMPs comparativement au
génotype sensible. Les séquences codantes des génes ZmUXT2 et ZmLRR-RLK étaient semblables
entre les génotypes résistants et sensibles, avec de 1 a 16 substitutions d’acides aminés. Lors d’une
expression transitoire dans N. benthamiana, la protéine ZmUXT2 marquée par fluorescence s’est
localisée au réticulum endoplasmique, tandis que ZmLRR-RLK s’est localisée a la fois au réticulum
endoplasmique et a la membrane plasmique. Aucune différence de localisation subcellulaire n’a
été observée entre les alléles résistants et sensibles. Ensemble, ces résultats suggerent que
I’immunité inductible influence 1’expression des genes ZmUXT2 et ZmLRR-RLK, et qu’un
génotype de mais résistant a la tache goudronneuse présente une expression plus ¢élevée de

ZmUXT2 qu’un génotype sensible, méme en 1’absence de stress.
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1. Introduction

1.1. Tar Spot

Tar spot (TS) is a major fungal disease of maize (Zea mays L.) native to several countries
in Central and South America and capable of causing significant grain yield losses (Hock et al.,
1995). First reported in Mexico in 1904, the disease causes grain yield reductions ranging from
approximately 11% to over 50%, in addition to reducing the quality of silage, stover, and husks
used for livestock feed (Maublanc, 1904; Hock et al., 1989; Pereyda-Hernandez et al., 2009;
Loladze et al., 2019; Mottaleb et al., 2019; Ren et al., 2022). For over 100 years, TS was restricted
to Central and South America, and the Caribbean, however, over the past decade, TS has been
moving northward, reaching the Midwestern United States in 2015, followed by Southwestern
Ontario, Canada in 2020 (Hock et al., 1995; Ruhl et al., 2016; Pearce, 2021). This range expansion
may be driven by increasingly favourable environmental conditions for the pathogen, along with
the presence of susceptible host genotypes (Ruhl et al., 2016; Camiletti, 2025). Large-scale
epidemics can have substantial economic consequences; for example, the 2018 tar spot epidemic
in the United States resulted in an estimated $680 million USD in crop losses (Mueller et al., 2020).
More recently, tar spot has become a major cause of yield losses across the U.S. Midwest and
Canada, contributing to an estimated loss of 22.4 billion kilograms (637 million bushels) of maize
and approximately $3.1 billion in economic damages over a six-year period (Mueller et al., 2024;
Mueller et al., 2023; Ferreira et al., 2025). Infection of susceptible maize genotypes occurs under
favourable environmental conditions including high elevations, cool temperatures (15-21°C), high
relative humidity (approximately 85%), and extended periods of leaf wetness exceeding seven
hours (Hock et al., 1995). Severe infection may lead to rapid foliage destruction within 8—14 days,

making TS one of the most destructive foliar diseases affecting maize (Bajet et al., 1994). Maize



can be infected at any stage of development; however, the most severe symptoms typically occur
during the pollination (R1) stage and later developmental stages (Bajet et al., 1994; Hock et al.,

1995).

Previous field studies conducted between 1986 and 1988 demonstrated that symptoms
associated with Phyllachora maydis consistently appeared first, supporting its role as the primary
causal agent of TS (Hock et al., 1995). Additional observations in Latin America indicated that in
addition to P. maydis, Monographella maydis and Coniothyrium phyllachorae were present within
the same infected tissue, suggesting that these fungi may act as opportunistic pathogens, which
establish infection by exploiting conditions created by a primary pathogen (Hock et al., 1995;
Mahuku et al., 2016). Recent work has suggested that P. maydis may employ effector proteins to
suppress host immune responses, although whether such mechanisms influence interactions with
secondary fungi remains unknown (Rogers et al., 2024). P. maydis is an ascomycete fungus that
produces both sexual spores (ascospores) and asexual spores (conidia) (Valle-Torres, et al., 2020).
Ascospores develop within single-walled asci that are contained in perithecia embedded in
stromatic tissue on infected leaves, with each ascus typically producing eight ellipsoids to ovoid
ascospores (Liu, 1973; Hock et al., 1992; Valle-Torres et al., 2020). These ascospores serve as the
primary inoculum for infection under favourable environmental conditions (Valle-Torres et al.,
2020). It is presumed that following the deposition of ascospores on leaf tissue, they germinate
and differentiate into specialized infection structures, known as appressoria, which breach the
surface of the leaf (Rogers et al., 2026). Following penetration, vegetative hyphae initiate
colonization by forming a dense, melanized network within maize epidermal cells, ultimately
leading to the characteristic tar spot lesions, referred to as stromata (Rogers et al., 2026). A

pycnidial stage may also occur, producing filiform spermatia that are often found alongside



perithecia within stromata and are believed produce conidia in the life cycle of the pathogen
(Parbery, 1967; Muller & Samuels, 1984; Valle-Torres et al., 2020). Although P. maydis has
traditionally been classified as an obligate biotroph requiring living host tissue to grow and
reproduce, similar to other species within the genus (Cannon, 1991), the fungus is capable of
overwintering in infected crop debris as stromata, allowing survival between growing seasons in
North American production systems (Kleczewski et al., 2019; Telenko et al., 2021; Solérzano et
al., 2023). Its ability to overwinter in infected crop debris suggests that it may also survive
saprophytically (Helm et al., 2022). This observation has led some authors to propose that P.
maydis exhibits a hemibiotrophic lifestyle, alternating between biotrophic infection and
saprophytic survival phases (Helm et al., 2022). Upon infection, P. maydis produces brown to
black, glossy, raised circular stromata on the leaves and stems of maize plants that are typically

0.5-2.5 mm in diameter (Singh et al., 2023).

M. maydis is commonly described as a benign saprophyte on leaf surfaces, becoming
pathogenic only in the presence of P. maydis (Mahuku et al., 2016). In 1989, Hock et al. identified
M. maydis as the causal agent of the brown necrotic halo surrounding the black stromata produced
by P. maydis, a symptom known as the “fisheye” lesion associated with tar spot disease (Hock et
al., 1989; Hock et al., 1992; Bajet et al., 1994). This identification supported earlier observations
by Miiller and Samuels that M. maydis was associated with fisheye lesions; however, the
identification was based solely on morphological characteristics (Mueller & Samuel, 1984; Valle-
Torres et al., 2020). Subsequent research has failed to provide evidence confirming the presence
or correct identification of this pathogen, and no voucher specimens were deposited to verify the
original reports (Valle-Torres et al., 2020). While C. phyllachorae may be a hyperparasite of both

P. maydis and M. maydis, its role in tar spot infection is not yet fully understood (Bajet et al., 1994;



Ceballos & Deutsch, 1992; Mahuku et al., 2016). Despite these findings, only P. maydis has been
documented in association with tar spot of maize in the United States to date (McCoy et al., 2019;
Valle-Torres et al., 2020). The host range of P. maydis appears to be largely restricted to Zea mays,
although other Phyllachora species are known to cause tar spot on a wide range of grass species
and other hosts (Parbery, 1967, 1971; Cline, 2019; Valle-Torres et al., 2020). Although P. maydis
is considered the primary causal agent of tar spot, several additional fungal species have been
associated with the disease (Hock et al., 1995; Mottaleb et al., 2019; Luis et al., 2023). In North
America, P. maydis stromata have been shown to harbour members of the Paraphaeosphaeria and
Fusarium genera, with Fusarium sporotrichioides positively correlated with the development of
P. maydis “fisheye” lesions (McCoy et al., 2019; Caldwell et al., 2024; Rogers et al., 2026). The
introduction of additional pathogens associated with tar spot, such as M. maydis, into North
American production systems could potentially exacerbate disease severity and increase economic

losses to the maize industry (Mottaleb et al., 2019; Yan et al., 2022).

The level of tar spot infection is influenced by the timing of disease onset, environmental
conditions, and the susceptibility of the maize hybrid (Telenko et al., 2020). TS typically spreads
from the lowest leaves to the upper leaves, leaf sheaths, and eventually the husks of developing
ears (Sharpe et al., 2021). Severely infected leaves can limit photosynthetic activity and sugar
availability, resulting in incomplete kernel filling and overall reductions in kernel weight and yield
(Bayer, 2020). Disease severity can range from minor infections affecting 1-15% of leaf tissue to
severe outbreaks exceeding 40-50% leaf area infection, with each 1% increase in tar spot severity
corresponding to estimated yield losses of approximately 21.5-91.5 kg ha™ (Telenko et al., 2019).
Species within the genus Phyllachora infect grasses and produce raised, melanized structures

called stromata on their plant hosts (Broders et al., 2022). Ascospores are considered the primary



infectious propagules responsible for initiating disease, as maize inoculation with conidia did not
produce tar spot symptoms on susceptible leaves (Soldrzano et al., 2023). The ascospores develop
within asci contained in perithecia, which rupture to release ascospores to the leaf surface where
they can be dispersed by wind or rain splash (Caldwell et al., 2024; Telenko et al., 2021). Infected
plant residues are therefore believed to represent the primary source of inoculum for subsequent
epidemics. Ascospores are dispersed during periods of high humidity and have been shown to
travel distances of up to 800 feet via wind or rain splash (Sharpe et al., 2021). Because tar spot is
a polycyclic disease, multiple infection cycles may occur within a single growing season as newly
produced ascospores reinfect maize foliage under favourable environmental conditions (Telenko
etal., 2019, 2022). Following infection, symptoms typically appear within 14-21 days as stromata
develop on the leaf surface and begin producing additional spores that can initiate secondary
infections (Telenko et al., 2021). As the growing season progresses, infected tissue senesces and
dries, returning fungal structures to the soil as crop residue where the pathogen persists as stromata
(Figure 1) (Telenko et al., 2021). Once maize is replanted the following season and crops reach
susceptible growth stages such as the R1 reproductive phase, overwintering stromata release
ascospores that infect maize foliage under favourable environmental conditions (Bajet et al., 1994;

Hock et al., 1995; Telenko et al., 2021).

Methods for mitigating yield losses caused by fungal pathogens such as P. maydis include
cultural practices, agrochemical applications, and partial host genetic resistance (Roggenkamp et
al., 2025). Current management strategies emphasize an integrated approach, including fungicide
applications, residue management to reduce overwintering inoculum, and the use of resistant maize
genotypes (Kleczewski, 2020; Bayer, 2020). Among these, the use of hybrids with partial

resistance is considered a cornerstone of disease management, as it can significantly slow disease



development and, in some cases, reduce the need for fungicide application (Chilvers, 2025).
Fungicide application remains an important component of management; however, no single
product or application strategy has been consistently identified as most effective. Current
recommendations favour fungicides with mixed modes of action, which generally provide
improved disease suppression compared to single-mode products and may help delay the
development of fungicide resistance in P. maydis populations (Chilvers, 2025). Increasing average
temperatures associated with climate change may further drive the northward spread of P. maydis
across the United States and Canada, particularly given the susceptibility of many cultivated maize
varieties. These findings emphasize the complexity of P. maydis biology and tar spot
epidemiology, underscoring the need for continued research to inform more effective and

sustainable disease management approaches.
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Figure 1. Disease cycle of tar spot of maize. P. maydis overwinter in infested crop debris as
stromata. Stromata release ascospores that infect foliage under favourable conditions and spread
via wind and rain. Reproduced from Telenko et al. (2021) and Iowa State University Integrated

Pest Management, without modification.



1.2. Plant Resistance to Tar Spot

Plants possess both constitutive and inducible defence mechanisms that allow them to
detect and respond to invading pathogens. Constitutive defences include preformed structural
barriers that limit pathogen entry into plant tissues (Freeman & Beattie, 2008; Boots & Best, 2018).
In contrast, inducible defences are mediated primarily through two interconnected layers of
immunity, pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) (Yu et al.,
2017). Understanding which of these defence mechanisms contribute to tar spot resistance may

provide insight into the molecular basis of disease resistance in maize.

1.2.1. Constitutive Defences

Constitutive defenses include protective barriers which limit pathogen entry into plant
tissues or cells. The plant cuticle covers the aerial surfaces of plants is primarily composed of cutin
and epicuticular and intracuticular waxes (Serrano et al., 2014; Zuch et al., 2022). Beneath the
cuticle, the plant cell wall acts as a second physical barrier against pathogen invasion (Malinovsky
et al., 2014; Narvaez-Barragén et al., 2022). The plant cell wall is a complex extracellular matrix
that provides structural support and protection against environmental stresses. Primary cell walls
are composed of cellulose, hemicelluloses, pectin, meanwhile secondary cell walls contain lignin
with little to no pectin (Zhong et al., 2019; Delmer et al., 2024). Primary cell walls are synthesized
during cell growth and are relatively thin, pliant, and highly hydrated structures that allow for cell
expansion (Cosgrove & Jarvis, 2012). The primary cell wall forms following cytokinesis of the
cell plate and provides strength, elasticity, and plasticity as the cell grows and expands. In
angiosperms, primary cell walls are broadly classified into two types (Carpita & Gibeaut, 1993).

Cereals, such as maize, possess a type Il primary cell wall, which differs from dicot type I cell

8



walls in both composition and organization (Kozlova et al., 2020). These walls are built from a
skeleton of cellulosic microfibrils embedded in a matrix of hemicelluloses, particularly
glucuronoarabinoxylans (GAX) and mixed-linkage glucans (MLG), while containing relatively
lower amounts of pectin (homogalacturonan, rhamnogalacturonan I, and rhamnogalacturonan II),

xyloglucan, and glycoproteins (Santiago et al., 2013; Okekeogbu et al., 2019; Penning et al., 2019).

While primary cell walls are formed by all plant cells, secondary cell walls are produced
only by some specialized cell types, such as xylem, that form after cell expansion has ceased and
provide increased rigidity and mechanical strength to plant tissues (Cosgrove & Jarvis, 2012;
Kumar et al., 2016). These walls are enriched in cellulose, hemicelluloses, and lignin, with
cellulose comprising approximately 40-80% of the wall depending on tissue type (Brown et al.,
2005; Zhong & Ye, 2015; Kumar et al., 2016; Zhang et al., 2025). Cellulose is synthesized at the
plasma membrane (PM) by a large rosette-shaped protein complex known as the cellulose synthase
complex (CSC). As the CSC moves within the plane of the PM, it extrudes cellulose chains that
associate to form cellulose microfibrils, creating a stiff and rigid framework that supports the cell
(Nishiyama, 2009; Kumar et al., 2016). Hemicelluloses are synthesized within the Golgi apparatus
and transported to the PM, where they are integrated into the growing cell wall (Rennie & Scheller,
2014). They function as a flexible matrix that links the cellulose framework, providing the cell
wall with flexibility and adaptability. Hemicelluloses are particularly abundant in grasses, where
they can account for approximately 55% of the cell wall composition (Cosgrove et al., 1997;
Santiago et al., 2013). Among these, xylan is the predominant hemicellulose. In grasses, ferulation
of xylan facilitates covalent cross-linking between xylan chains, contributing to the structural
integrity of the wall matrix (Figure 2) (Tan et al., 2013; Rennie & Scheller, 2014; Tryfona et al.,

2023). Arabinoxylans (AX) can also form cross-linked networks through ferulate bridges, further



strengthening the cell wall structure. Both primary and secondary cell walls therefore play a crucial

role in determining plant mechanical strength (Zhang et al., 2025).

Beyond their structural role, plant cell walls are increasingly recognized as an important
component of plant defence. Numerous studies have demonstrated that alterations in cell wall
composition or architecture can influence susceptibility to pathogens (Molina et al., 2021; Wang
et al., 2023). For example, Molina et al. (2021) examined a collection of Arabidopsis cell wall
mutants with different parasitic styles, a vascular bacterium (Ralstonia pseudosolanacearum), a
necrotrophic  fungus  (Plectosphaerella  cucumerina), and a biotrophic oomycete
(Hyaloperonospora arabidopsidis) and found that over 85% displayed altered resistance
phenotypes to at least one pathogen, highlighting the importance of wall composition in
determining disease resistance (Molina et al., 2021). Similarly, studies in maize have shown that
increased cell wall thickness and higher levels of structural polymers such as lignin and xylan are
associated with resistance to insect pests such as the European and Mediterranean corn borers
(Barros-Rios et al., 2011; Santiago et al., 2013). These findings suggest that differences in cell
wall composition and structure may serve as an important constitutive barrier limiting pathogen

entry or spread.
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Figure 2. General schematic of the grass secondary cell wall matrix. The grass secondary cell
wall matrix is composed of cellulose microfibrils, mixed-linkage glucans, heteroxylans, and
lignins. (a) Generalised cartoon of grass secondary wall polymer interactions. (b) Schematic fine
structure of the circled region in (a). Cellulose microfibrils consist of multiple, organised, B(1,4)-
linked glucose chains. Mixed-linkage glucans are also glucose chains but include B(1,3) linkages.
Heteroxylan has a xylose backbone decorated with sugar and phenolic side chains of xylose,
arabinose, glucuronic acid, and hydroxycinnamates (FA and pCA). These polysaccharides can be
interwoven with lignins, branched phenolic polymers composed of three main lignin units:
syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H). Lignins can also contain ferulic and p-
coumaric acids. The figure reproduced without modification from Coomey et al. (2020).
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1.2.2. Inducible Defences

In addition to constitutive structural barriers, plants possess inducible immune responses
that are activated upon detection of pathogen-derived molecules (Yu et al., 2017). PTI is initiated
through the recognition of conserved microbial molecules, known as microbe-associated
molecular patterns (MAMPs), by pattern-recognition receptors (PRRs) located at the plant cell
surface (Jones & Dangl, 2006; Boller & Felix, 2009; Yu et al., 2017). MAMPs represent conserved
molecular features shared among groups of microbes that plants have evolved to recognize
(Newman et al., 2013). For example, chitin, a major structural component of fungal cell walls, and
flg22, a highly conserved 22-amino acid peptide derived from bacterial flagellin, are well-
characterized fungal and bacterial MAMPs, respectively (Felix et al., 1999; Chinchilla et al., 2006;
Sanchez-Vallet et al., 2015). Upon recognition by PRR complexes at the plasma membrane (PM),
PTTI is rapidly activated through a series of intracellular signalling events, including receptor
phosphorylation, calcium influx, ion flux across the PM, and transcriptional activation of defence-

related genes (Yu et al., 2017; Brauer et al., 2025).

PRRs belong primarily to the receptor-like kinase (RLK) family, which represents one of
the largest gene families in plants and includes more than 700 members in maize (Dievart et al.,
2020; Zhu et al., 2024). PRR activation often requires interaction with co-receptors such as
SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK) proteins, including BAK1, which
stabilize receptor complexes and amplify downstream immune signalling (Ramirez-Zavaleta et al.,
2022). Among these, leucine-rich repeat receptor-like kinases (LRR-RLKSs) are well-characterized
immune receptors that detect extracellular signals associated with pathogen presence (Noman et
al., 2019; Narvaez-Barragén et al., 2022). Well-studied examples of PRRs include FLAGELLIN-

SENSING 2 (FLS2), which recognizes bacterial flagellin, and EF-Tu RECEPTOR (EFR), which
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detects the bacterial elongation factor Tu (Jones & Dangl, 2006). Activation of PRR complexes
triggers downstream defence responses including reactive oxygen species (ROS) production,
stomatal closure, callose deposition, and activation of mitogen-activated protein kinase (MAPK)
signalling pathways (Noman et al., 2019; Yu et al., 2017). One of the earliest PTI responses is the
production of ROS, which can occur within minutes of pathogen recognition (Yu et al., 2017;
Fedoreyeva, 2024). MAMP-induced ROS bursts occur primarily in the apoplast and are generated
by plasma membrane-localized NADPH oxidases and apoplastic class III peroxidases (Torres et
al., 2002; Daudi et al., 2012). These enzymes produce superoxide (O:") and hydrogen peroxide
(H202), which function both as signalling molecules and as direct antimicrobial agents, promoting
cell wall reinforcement through oxidative cross-linking of wall polymers and induction of callose

deposition (O'Brien et al., 2012; Rivas et al., 2024).

1.2.3. Pathogen Invasion

Despite the extensive defence mechanisms present in plants, pathogens have evolved
multiple strategies to evade or suppress host immune responses. During infection, many pathogens
secrete cell wall degrading enzymes, including pectate lyases, cellulases, and xylanases, which
degrade plant cell wall components and facilitate tissue colonization (Bellincampi et al., 2014;
Mitsumasu et al., 2015). In addition to these enzymes, pathogens deploy specialized secreted
proteins that can function as effectors, manipulating host cellular processes to promote infection
(Mukhtar et al., 2011; Jayami et al., 2014; Ahmed et al., 2020). Effector proteins may function in
the plant apoplast or be translocated directly into host cells, where they can localize to a variety of
subcellular compartments, including the nucleus, cytosol, PM, and other organelles (Whisson et
al., 2016; Lorrain et al., 2018; Helm et al., 2022). Once delivered, these proteins often interfere
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with host immune signalling pathways, including those associated with PTI, thereby suppressing
early defence responses and facilitating pathogen establishment (Leiva-Mora et al., 2024). For
successful infection, the delivery of effector proteins is often as important as the molecular
function. Many obligate biotrophic pathogens form specialized infection structures known as
haustoria, which invaginate into host cells while remaining separated from the host cytoplasm by
a modified plant membrane (Coffey et al., 1972; Giraldo et al., 2013). The formation of haustoria
requires extensive remodelling of the host PM and creates an intimate interface through which
effectors can be delivered and nutrients acquired (Chaudhari et al., 2014). Through these
mechanisms, pathogens can disrupt host immune signalling and cellular functions, thereby

suppressing defence responses (Todd et al., 2022; Zhang et al., 2022; Leiva-Mora et al., 2024).

Recent studies suggest that P. maydis produces a suite of candidate effector proteins that
may contribute to virulence during tar spot infection. Sequencing of the P. maydis genome by
Telenko et al. (2020) identified 462 putatively secreted proteins and predicted 59 candidate
effector proteins using EffectorP. EffectorP predicts fungal and oomycete effectors using
supervised machine learning trained on experimentally validated effectors and secreted non-
effector proteins, achieving over 80% specificity (Sperschneider et al., 2015; Sperschneider &
Dodds, 2022). These candidates were further refined through a bioinformatic pipeline
incorporating signal peptide prediction (SignalP v6.0), transmembrane domain filtering (TMHMM
v2.0) and protein size constraints (<300 amino acids) to generate 40 putative effectors (Helm et
al., 2022). In 2023, MacCready et al. reported an updated high-quality P. maydis genome,
identifying 492 predicted secreted proteins, 163 of which encoded effector-like sequences based
on EffectorP software. Building on this, Rogers et al. (2024) selected 18 candidate genes that met

similar expression criteria to those described by Helm et al. (2022), while also selecting genes that
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have expression during early disease development. Building on these predictions, Rogers et al.
(2024) investigated whether candidate effectors could suppress early plant immune responses.
Eighteen candidate genes with strong expression during early disease development were
transiently expressed in N. benthamiana, and their effects on chitin-triggered ROS production, one
of the earliest apoplastic defence responses associated with MAMP-triggered immunity, were
evaluated using a luminol-based assay (Rogers et al., 2024). This oxidative burst consists primarily
of O2™ and H:0., which are generated in the apoplast following MAMP perception (Torres et al.,
2002; O'Brien et al., 2012). Three candidate effectors consistently attenuated ROS accumulation,
suggesting a role in suppressing MAMP-triggered immunity (Rogers et al., 2024). Consequently,
suppression of this ROS burst suggests that these effectors may interfere with early chitin
perception, downstream signaling pathways, or activation of ROS-producing enzymes during the
initial stages of MAMP-triggered immunity. Transient expression assays in N. benthamiana
revealed that these candidate proteins localize to diverse subcellular compartments within plant
cells, including the nucleus, cytosol, PM, and chloroplasts (Helm et al., 2022). While the presence
of signal peptides supports their secretion, there is currently no direct evidence demonstrating that
the putative effectors translocate into host cells or that they have a role in manipulating host
processes during infection. Establishing effector function requires further validation, including
confirmation of expression during infection, host cell delivery, and the ability to modulate host

immune responses or contribute to virulence (Sonah et al., 2016).

1.2.4. Host Transcriptional Responses to P. maydis

Complementary to the characterization of pathogen-derived secreted proteins,
investigation of host transcriptional responses provides key insight into the molecular basis of
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maize defence and resistance to P. maydis. Evidence that maize mounts a defence response to P.
maydis infection has also been demonstrated through transcriptomic studies. Roggenkamp et al.
(2025) compared gene expression in B73 maize following exposure to P. maydis and identified
3,160 differentially expressed genes (DEGs). These DEGs were enriched in genes associated with
metabolism and defence responses including, mildew locus O proteins, calcium-dependent lipid-
binding proteins, terpenoid biosynthetic enzymes, pathogenesis-related proteins, and osmotin-like

proteins (Roggenkamp et al., 2025).

1.2.5. Genetic Resistance to Tar Spot

In addition to transcriptional responses, significant effort has been directed toward
identifying genetic sources of resistance to tar spot in tropical and subtropical maize germplasm,
which represents a major reservoir of genetic diversity for disease resistance. Tropical and
temperate germplasm are distinguished primarily by their adaptation to photoperiod and flowering
time. Tropical maize is generally more sensitive to day length and flowers later, whereas temperate
germplasm has been selected for reduced photoperiod sensitivity and earlier maturity to suit shorter
growing seasons at higher latitudes (Choquette et al., 2023). Compared with temperate germplasm,
tropical germplasm also retains greater allelic diversity owing to its origin near the center of maize
domestication and its adaptation to diverse environmental conditions and pathogen pressures,
whereas temperate germplasm has experienced successive bottlenecks during adaptation and
modern breeding (Hufford et al., 2012; Romay et al., 2013). A screen of 890 maize inbred
genotypes derived from CIMMYT breeding programs, identified multiple loci and genotypes
associated with tar spot resistance (Semagn et al., 2012; Wen et al., 2011; Mahuku et al., 2016).
Among these, the tropical white maize inbred line CML495 was identified as highly resistant to
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tar spot (Mahuku et al., 2016; Kushalappa et al., 2016; Lipps et al., 2022). CML495 is a CIMMYT-
derived tropical lowland line originally developed through recurrent selection for drought
tolerance under tropical growing conditions (CIMMYT, 2005). Its pedigree reflects contributions
from multiple breeding populations that underwent successive cycles of crossing and selection,
rather than a single biparental cross. Subsequent repeated selfing generations produced a
genetically stable inbred line with a high degree of homozygosity across the genome (CIMMYT,

2005).

Through GWAS and quantitative trait locus (QTL) mapping, three tar spot resistance-
associated loci were detected on chromosomes 2, 7, and 8, with a major QTL, designated gRtscS-
1, located on chromosome bin 8.03 (Mahuku et al., 2016; Cao et al., 2017). This locus was
validated across multiple independent bi-parental populations and was estimated to explain
between 18—43% of the phenotypic variation in tar spot resistance. Subsequent fine-mapping
further confirmed its contribution, with more refined estimates suggesting it accounts for
approximately 14—15% of phenotypic variance for tar spot resistance (Ren et al., 2022). The
consistent identification of gRzsc8-1 across diverse tropical populations underscores its importance
as a major contributor to resistance. Interestingly, the genomic region encompassing bin 8.03 has
also been associated with resistance to a wide range of other maize diseases, including rough dwarf
disease, grey leaf spot, common rust, northern and southern leaf blight, smut diseases, and
Aspergillus flavus infection (Di Renzo et al.,, 2004; Liu et al., 2014; Benson et al., 2015;
Mammadov et al., 2015; Shi et al., 2014; Olukolu et al., 2016; Zheng et al., 2018; Balint-Kurti &
Carson, 2007; Chung et al., 2011; Ding et al., 2008; Mideros et al., 2014; Wang et al., 2012; Yin

et al., 2014; Yan et al., 2022). This repeated association suggests that this region may represent a
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genomic hotspot for disease resistance, potentially harbouring genes involved in conserved or

broad-spectrum defence mechanisms.

Fine-mapping of the gRtsc8-1 region identified approximately 203 gene loci, including 104
putative uncharacterized proteins and 99 genes with predicted functional annotations (Mahuku et
al., 2016; Ren et al.,, 2022). Subsequent analyses further refined this region through the
identification of significant single nucleotide polymorphisms (SNPs) and candidate resistance
genes. Among these, four genes have been proposed as potential contributors to resistance,
including a UDP-xylose transporter (UXT), GRMZM2G063511 (ZmUXT2), an LRR-RLK,
GRMZM2G073884 (ZmLRR-RLK), and two additional uncharacterized genes (GRMZM2G071228
and GRMZM5G869967) (Mahuku et al., 2016; Ren et al., 2022; Yan et al., 2022). Importantly,
evidence suggests that tar spot resistance may differ between tropical and temperate maize
germplasm. Trygestad (2021) performed a GWAS using a temperate maize diversity panel and
identified SNPs associated with resistance to P. maydis; however, these loci did not overlap with
the previously identified gRtsc8-1 region. This lack of overlap indicates that resistance
mechanisms may be population-specific, with distinct genetic pathways underlying resistance in
temperate versus tropical maize (Trygestad, 2021; Roggenkamp et al., 2025). To date, the
functional roles of these temperate-associated loci remain largely uncharacterized. These findings
highlight both the progress made and the remaining gaps in understanding tar spot resistance.
While major loci such as gR#scS-1 have been identified, particularly in tropical germplasm, their
underlying molecular mechanisms remain unresolved. Integrating transcriptomic, genetic, and
functional approaches will be essential to define how these loci mediate defence against P. maydis

and to support the development of resistant maize varieties.
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1.3. Research Objectives

To improve understanding of putative candidate genes within the major gRzsc8-1 resistance
locus, this study compared candidate gene variation and inducible defence responses between

resistant and susceptible maize genotypes.

Specifically, the objectives were to:

1. To evaluate the induced expression of four candidate genes identified within the resistance

QTL gRtsc8-1 under MAMP treatment.

2. To genetically characterize two candidate genes, ZmUXT2 and ZmLRR-RLK, across

susceptible and resistant maize alleles.

3. To compare inducible defence responses in resistant and susceptible genotypes of maize.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

Seeds of maize (Zea mays) line CO428 were obtained from Aida Kebede at Agriculture and
Agri-Food Canada’s Ottawa Research and Development Centre (ORDC). Seeds of the resistant
line CML495 were purchased from the CIMMYT gene bank in Mexico. Plants were grown in a
Enconair AC-40T model growth chamber (Ecological Chambers Inc.) under a 16 h light (25°C)
and 8 h dark (18°C) photoperiod at ambient humidity of approximately 50%. Within an
experiment, five plants per line were sown individually in 24-cell trays, with one seed per cell at a
depth of approximately 2 cm in a soil mixture of 75% PRO-MIX BX, 24% black earth, and 1%

lime. Plants were watered twice daily, and no fertilizer was used.
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N. benthamiana seeds were germinated in an in-house prepared Cornell soil mix consisting of
peat moss, vermiculite, slow-release fertilizer, and lime (300:630:1:4.2). Seedlings were grown in
5-inch fibre-based paper pots in a Conviron E15 Model growth chamber (Controlled Environments
Ltd.) under a long-day photoperiod (20 h light and 4 h dark) at a constant temperature of 25°C at
ambient humidity of approximately 50%. After one week, seedlings were transplanted into
individual 2-inch pots, and excess seedlings were removed to maintain one plant per pot. Plants
were watered weekly during early growth and twice weekly following maturation. Fertilization
was performed once weekly using 50 mL of Miracle-Gro 20-8-20 solution (2 g L™"). Mature plants

were dried for five weeks prior to seed collection for future experiments.

2.2. RNA Extraction and qPCR

To assess differences in gene expression, fully expanded leaves from approximately three-
week-old plants were syringe-infiltrated with 500 pg/mL chitin, 5 uM flg22 peptide, or sterile
water (control) by applying pressure with a needleless syringe to the abaxial leaf surface until
infiltration occurred. Infiltrated regions were marked with permanent marker and after 4 hours, the
infiltrated leaf tissue was excised, flash-frozen in liquid nitrogen, and stored at —80°C until RNA
extraction. Frozen tissue was ground in liquid nitrogen prior to total RNA extraction using the
RNeasy Plant Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions, including
on-column DNase I digestion (Qiagen, Mississauga, Canada) to remove genomic DNA. RNA
quantity and purity were assessed spectrophotometrically prior to cDNA synthesis using the High-
Capacity cDNA Reverse Transcription Kit with random primers (Applied Biosystems, Thermo
Fisher Scientific). Primer efficiencies and melt-curve analyses were performed to confirm primer
specificity and amplification quality prior to gene expression analysis. qPCR reactions were
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performed using four biological replicates per treatment in 10 pL reaction volumes containing 1x
Power SYBR Green Master Mix (Applied Biosystems, Thermo Fisher Scientific), 0.5 uM of each
gene-specific primer, and 1 pL diluted cDNA template (900 ng total cDNA). Reactions were run
on a QuantStudio 5 Real-Time PCR System (Applied Biosystems) under the following cycling
conditions: 95°C for 2 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The
expression levels of the defense genes anther ear 2 (An2) and pathogenesis-related 5 (PR5) were
normalized using two reference genes, Domains of Unknown Function (DUF) and Cyclophilin
(CYP), which have previously been identified as constitutively expressed genes in maize (Lin, F.
etal., 2014; Lin, Y. et al., 2014; Brauer et al., 2024). The expression values of DUF and CYP were
averaged prior to normalization (Supplemental Table S1). Relative expression levels were
subsequently calculated using the Pfaffl method (Pfaffl, 2001). For each genotype and treatment
combination, four to five biological replicates (individual plants) were analyzed, with one
infiltrated leaf sampled per plant. Statistical significance was determined using one-way ANOVA

(p <0.05).

2.3. Phylogenetic Tree Construction

Amino acid sequences for ZmUXT2 and ZmLRR-RLK were retrieved from the NCBI Gene
database using the B73 reference genome Zm-B73-REFERENCE-NAM-5.0 (taxid: 4577) (Sayers
et al., 2023). Full-length protein sequences of each candidate gene were used as BLASTP queries
against the NCBI protein database. Crop species with the closest putative orthologs were selected
for comparison, and representative dicot species were included as comparative outgroups. BLAST

results were cross-referenced with Phytozome to confirm gene annotations and orthologue
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assignments (Goodstein et al., 2012). Selected full-length amino acid sequences were aligned using
MUSCLE and phylogenetic trees were constructed in MEGA12 using the neighbour-joining
method with 1,000 bootstrap replicates to assess branch support (Kumar et al., 2024; Madeira et

al.). The original tree topology generated by MEGA 12 was used for figure presentation.

2.4. DNA Extraction and Sequencing

To extract DNA for gene sequencing, leaf tissue was collected from approximately three-week-
old plants, flash-frozen in liquid nitrogen, and ground using a mortar and pestle. Approximately
100 mg of tissue was used for DNA extraction with the Phytopure Plant DNA Extraction Kit (GE
Healthcare, RPN8511) according to the manufacturer’s instructions. DNA concentration and
purity were determined spectrophotometrically, and samples were stored at —20°C until use.
Touchdown polymerase chain reaction (PCR) was performed using 25 pL reaction volumes
containing approximately 100 ng genomic DNA, TaKaRa Ex Premier DNA Polymerase (Takara
Bio Inc.), and gene-specific primers. Primers were designed from B73 genomic sequences using
NCBI Primer-BLAST and Geneious Prime software with the following parameters: primer lengths
of 18-24 bp, melting temperatures between 50-65°C, GC contents of 40-60%, and target amplicon
lengths of 500-800 bp (Supplemental Table S2) (Ye et al., 2012; Geneious Prime, 2025). The
touchdown PCR program consisted of an initial denaturation at 94°C for 1 min; 10 cycles of 98°C
for 10 s, 68°C for 15 s, and 68°C for 1 minute; followed by 31 cycles of 98°C for 10 s, 58°C for
15s, and 68°C for 1 min; with a final extension at 68°C for 5 min and a hold at 10°C. Amplified
fragments (500-800 bp) were verified by electrophoresis on 1% agarose gels alongside the

GeneRuler 1 kb Plus DNA Ladder (Thermo Scientific), visualized under UV illumination. Verified
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PCR products were excised and purified using the GenepHlow Gel/PCR kit (Geneaid, DFH100)
and submitted to the Molecular Technology Laboratory (MTL, Agriculture and Agri-Food
Canada) for Sanger sequencing. A second round of touchdown PCR was performed to amplify
larger genomic fragments (1,000—2,000 bp) using the same cycling conditions and KOD Xtreme
Hot Start DNA polymerase (Sigma Aldrich). Amplified products were purified using a PureLink
PCR Purification Kit (Thermo Fisher Scientific, K310001) and were subsequently submitted to
Eurofins Genomics for long-read Nanopore sequencing. Raw sequence reads were obtained in
FASTA format and analyzed using Geneious Prime version 2025.1.3 (Biomatters Ltd.) (Geneious
Prime, 2025). The sequences were aligned using the Geneious Pairwise Alignment tool and further

refined with MUSCLE multiple sequence alignment to identify polymorphisms.

2.5. Transient Expression and Subcellular Localization in N. benthamiana

Subcellular localization of candidate resistance proteins was determined using Agrobacterium-
mediated transient expression in N. benthamiana leaves. Coding sequences of ZmUXT2 and
ZmLRR-RLK from both CML495 and CO428 genotypes were synthesized (Gene Universal,
Newark, DE, USA) into the donor vector pPDONRzeo. Gateway LR Clonase II reactions (Thermo
Fisher Scientific) were used to recombine inserts into the pEarleyGatel03 expression vector,
which drives expression under the cauliflower mosaic virus (CaMV) 35S promoter and generates
C-terminal GFP-His fusion proteins (Earley et al., 2006; Brauer et al., 2016). Expression
constructs were introduced into Agrobacterium tumefaciens strain GV3101 using a freeze—thaw
transformation method. Briefly, 1 pL plasmid DNA (100-500 ng uL™") was added to 50 pL

competent 4. tumefaciens GV3101 cells and incubated on ice for 30 min. Cells were then frozen
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in liquid nitrogen for 1 min and thawed at 37°C for 2 min. Following the addition of SOC medium,
cultures were incubated for 2—-3 h with shaking before plating on selective media. Successful
transformation was confirmed by colony PCR and Sanger sequencing. PCR conditions consisted
of an initial denaturation at 95°C for 2 min, followed by 30 cycles of 95°C for 30 s, 57°C for 45 s,

and 72°C for 1 min, with a final extension at 72°C for 10 min (Supplemental Table S2).

A. tumefaciens strain GV3101 carrying the construct of interest was grown overnight in Luria—
Bertani (LB) medium supplemented with appropriate antibiotics at 28°C with shaking at 220 rpm.
Bacterial cells were collected by centrifugation and resuspended in infiltration buffer (10 mM
MES, 10 mM MgCl., 150 uM acetosyringone, pH 5.6) to a final ODsoo 0f 0.4. A. tumefaciens strain
GV2260 carrying the P19 silencing suppressor construct was prepared separately in infiltration
buffer to an ODsoo 0of 0.8. Equal volumes of GV3101 cultures carrying the construct of interest and
GV2260 cultures carrying P19 were mixed immediately prior to infiltration to enhance transient
expression (Cao et al., 2017; Popescu et al., 2007). For co-localization experiments, the
GV3101/P19 mixture was further mixed 1:1 with 4. tumefaciens GV2260 cultures carrying the
HDEL-mCherry endoplasmic reticulum (ER) marker construct at an ODsoo of 0.8 (Gomord et al.,
1997; Brauer et al., 2016). Agrobacterium suspensions were infiltrated into the abaxial surface of
the middle three leaves of four-week-old N. benthamiana plants using a 1 mL blunt-end syringe.

Plants were maintained in a controlled growth chamber for 3—4 days post-infiltration.

Leaf disks (~3 mm diameter) were excised from infiltrated regions and examined for GFP
fluorescence using a Zeiss confocal laser scanning microscope with an emission range of 500-535
nm. HDEL-mCherry fluorescence was visualized using an emission range of 600—650 nm. Plasma

membrane staining was performed using FM4-64FX (Thermo Fisher Scientific) at a final
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concentration of 15 uM. Leaf disks were incubated in the stain for 5 min prior to imaging using
an emission range of 600—650 nm. All images were acquired using the 488 nm laser on the confocal

microscope.

2.6. Reactive Oxygen Species Assay

Apoplastic ROS production was quantified using a luminol-based chemiluminescence assay
as previously described (Brauer, 2024). In the presence of horseradish peroxidase, this assay
detects extracellular hydrogen peroxide (H20:) released into the apoplast following immune
activation. Leaf disks (4-mm diameter) were collected from fully expanded leaves of
approximately three-week-old plants using a cork borer. Three disks per well were floated adaxial
side up in 200 pL sterile distilled water in white 96-well plates (Greiner Bio-One) and incubated
overnight (~16 h) in the dark at room temperature. The following day, the water was carefully
removed and replaced with 100 uL freshly prepared assay solution containing 20 pL of 4 mg/mL
L-012 (FujiFilm, 120-04891), 4 pL of 10 mg/mL horseradish peroxidase (type VI-A, Sigma,
P6782), and the appropriate elicitor to achieve final concentrations of 5 uM flg22 peptide, 500
pg/mL chitin, or sterile water as a control. Luminescence was measured immediately using a Tecan
Infinite F Plex 200 Pro Multi-Mode Microplate Reader (Life Sciences, Tecan) with readings
recorded in relative light units (RLU) at 2-minute intervals over a 60-minute period. Each
treatment consisted of 9—12 biological replicates (individual wells containing disks from different
plants) per genotype. The experiment was repeated four independent times with consistent results.
To assess the effect of candidate gene expression on ROS production, luminol-based assays were

also performed using transiently transformed N. benthamiana leaves expressing constructs of
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ZmUXT?2 or ZmLRR-RLK, or empty vector controls. Leaf disks (4-mm diameter) were collected 4
days post-infiltration and incubated overnight in sterile distilled water as described above. Samples
were treated with 1 uM flg22 peptide, 100 pg/mL chitin, or sterile water as a control. Four

biological replicates per construct were analyzed, with four leaf disks collected per plant.

3. Results

3.1. Expression patterns of putative resistance genes

Tar spot resistance is associated with a region on chromosome 8 containing four putative
genes, including a UXT, GRMZM2G063511 (ZmUXT2), an LRR-RLK, GRMZM2G073884
(ZmLRR-RLK), and two uncharacterized genes: GRMZM2G071228 and GRMZM5G869967
(Mahuku et al., 2016; Ren et al., 2022). Expression profiling revealed that ZmUXT?2 is expressed
in floral tissues, leaves, and roots, whereas ZmLRR-RLK expression appears to be restricted to leaf

tissue (Waese et al., 2017; Papatheodorou et al., 2020).

To determine if the genes were expressed in the main tissue involved in tar spot
development, the leaves, we evaluated expression using quantitative PCR (qPCR) on 3-week-old
leaf tissue. We were also interested in determining whether gene expression differed between
resistant (CML495) and susceptible (CO428) maize genotypes or after inducing immunity. Since
we could not induce immunity with P. maydis inoculation due a lack of functional methods, we
used the MAMPs chitin and flg22 to activate plant immune responses. ZmUXT2 was induced by
the flg22 treatment in both genotypes and uniquely exhibited higher basal expression in the
resistant genotype compared to the susceptible line following both chitin and flg22 treatments

(Figure 3). ZmLRR-RLK expression was significantly induced by both chitin and flg22 relative to
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water treatment in both genotypes; however, following flg22 treatment, expression was higher in
CO0428 than in CML495 (Figure 3). GRMZM5G869967 and GRMZM2G071228 were expressed
in leaf tissue of both genotypes but were not induced by either MAMP treatment.
GRMZM5G869967 expression was higher in flg22-treated CO428 than in CML495 (Figure 3).
The elevated basal and MAMP-induced expression of ZmUXT2 and ZmLRR-RLK motivated

further investigation into their potential roles in tar spot resistance.
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Figure 3. Expression of candidate genes in resistant and susceptible maize following MAMP
treatment. Relative expression of the maize genes ZmUXT2 (GRMZM2G063511), ZmLRR-RLK
(GRMZM2G070884), GRMZM5G869967, and GRMZM2G(071228 was quantified in leaves of 3-
week-old resistant (CML495) and susceptible (CO428) maize plants following infiltration with
chitin (500 pg mL™"), flg22 (5 uM), or water (control). Leaf tissue was harvested 4 h post-
infiltration, and transcript abundance was normalized to the reference genes DUF and CYP (n =4-
5). Data shown are representative of one of three independent experiments, each producing
comparable results. Box plots indicate the median (centre line), first and third quartiles (box), and
range (whiskers), with means denoted by “x”. Asterisks placed above box plots indicate significant
differences between MAMP treatments and the corresponding water control within each genotype
(one-way ANOVA; p <0.05). Hovering brackets denote significant differences between genotypes

under the indicated treatment condition (p < 0.05).
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3.2. Characterization of ZmUXT2

To further characterize ZmUXT2, the predicted domain, phylogenetic relationships,
sequence variation, and subcellular localization patterns were investigated. ZmUXT2 contains a
conserved triose-phosphate transporter (TPT) family transmembrane domain involved in the
transport of phosphorylated molecules across membranes (Figure 4) (Parker et al., 2019). Within
the maize nucleotide-sugar transporters (NSTs), ZmUXT2 is assigned to the UXT2b subgroup
within Group I transporters (Penning et al., 2019). Group I NSTs form a phylogenetically related
clade of TPT-domain-containing integral membrane proteins associated with endomembrane
transport and cell wall biosynthesis, including the Arabidopsis genes AT1G06890 (UXT3) and
AT2G30460 (UXT2) (Penning et al., 2019). ZmUXT2 shares 98% amino acid identity with the
closely related maize protein ZmUXT2a (GRMZM2G063253) and 89% identity with ZmUXT3a
(GRMZM2G081848) (Figure 4) (Penning et al., 2019). Amino acid sequence comparisons further
revealed 79% identity with Arabidopsis UX72, 95% similarity to the wheat homologue
TraesCS1B03G0359900 and greater than 80% similarity to homologues from wild rice, potato,
and Magnolia, indicating that ZmUXT?2 belongs to a conserved gene family across flowering plants
(Figure 4). To characterize sequence variation in ZmUXT2, coding sequences from resistant and
susceptible maize genotypes were compared. The coding sequence of ZmUXT2 was sequenced
from the resistant genotype CML495 and the susceptible genotype CO428 and aligned with
publicly available sequences from the susceptible maize inbred genotypes B73, B84, and PH207.
Sequence comparisons identified a single amino acid substitution unique to CML495 within the
conserved TPT transmembrane domain (Figure 5). Mapping onto the AlphaFold-predicted
structure showed that this substitution is in a surface-exposed region a-helix secondary structure

of the protein fold (Figure 6).
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Figure 4. Phylogenetic analysis of ZmUXT2 across plant species. Full-length amino acid
sequence of the ZmUXT2 (GRMZM2G063511) was aligned with homologous sequences from
selected monocot and eudicot species using MUSCLE. Phylogenetic trees were constructed in
MEGA12 (Kumar et al., 2024) using the neighbour-joining method. Bootstrap support values were
calculated from 1,000 replicates, and bootstrap percentages are shown at the corresponding nodes.
The scale bar represents 0.05 amino acid substitutions per site. Species abbreviations are Zm =
Zea mays, Ta = Triticum aestivum, Zp = Zizania palustris, St = Solanum tuberosum, Ms =

Magnolia sinica, At = Arabidopsis thaliana. The * indicates gene of interest.
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Legend: Grey = mismatch across varieties, Red = unique to CML495 Orange = Triose-phosphate transperter domain

B84 MSSLGFNFATTLTSWHLLVTFCSLHVALWMKFFEHKPFDSRTVMGFGVLNGISIGLLNLS 60
Co428 ==-MYLSSAATTLTSWHLLVTFCSLHVALWMKFFEHKPFDSRTVMGFGVLNGISIGLLNLS 58
B73 MSSLGFNFATTLTSWHLLVTFCSLHVALWMKFFEHKPFDSRTVMGFGVLNGISIGLLNLS 60
PH207 MSSLGFNFATTLTSWHLLVTFCSLHVALWMKFFEHKPFDSRTVMGFGVLNGISIGLLNLS 60
CML495 --MYLSSAATTLTSWHLLVTFCSLHVALWMKFFEHKPFDSRTVMGFGVLNGISIGLLNLS 58
B84 LGFNSVGFYQMTKLAIIPCTVILETLFFRKKFSRSIQMSLSVLLLGY===-~--~~--- GVA 110
C0428 LGFNSVGFYQMTKLATIIPCHCHLRDTFLQEEVQRSIQMSLSVLLLGY=====~=~-~~ GVA 108
B73 LGFNSVGFYQMTKLAIIPCTVILETLFFRKKFSRSIQMSLSVLLLGY---------- GVA 110
PH207 LGFNSVGFYQMTKLATIIPCTVILETLFFRKKFSRSIQMSLSVLLLGVGVATVXLLGVGVA 120
CML495 LGFNSVGFYQMTKLATIIPCHCHLRNTFLQEEVSRSIQMSLSVLLLGY======-=~~~ GVA 108
B84 TVTDLQLNAVGSILSLLAIITTCIAQIMTNTIQKKFKVSSTQLLYQSCPYQSLTLFLIGP 170
C0428 TVTDLQLNAVGSILSLLAIITTCIAQIMTNTIQKKFKVSSTQLLYQSCPYQSLTLFLIGP 168
B73 TVTDLQLNAVGSILSLLAITITTCIAQIMTNTIQKKFKVSSTQLLYQSCPYQSLTLFLIGP 170
PH207 TVTDLQLNAVGSILSLLAIITTCIAQIMTNTIQKKFKVSSTQLLYQSCPYQSLTLFLIGP 180
CML495 TVTDLQLNAVGSILSLLAITITTCIAQIMTNTIQKKFKVSSTQLLYQSCPYQSLTLFLIGP 168
B84 FLDGFLTNQNVFAFNYTSQVVFFIVLSCLISVSVNFSTFLVIGKTSPVTYQVLGHLKTCL 230
Co428 FLDGFLTNQNVFAFNYTSQVVFFIVLSCLISVSVNFSTFLVIGKTSPVTYQVLGHLKTCL 228
B73 FLDGFLTNQNVFAFNYTSQVVFFIVLSCLISVSVNFSTFLVIGKTSPVTYQVLGHLKTCL 230
PH207 FLDGFLTNQNVFAFNYTSQVVFFIVLSCLISVSVNFSTFLVIGKTSPVTYQVLGHLKTCL 240
CML495 FLDGFLTNQNVFAFNYTSQVVFFIVLSCLISVSVNFSTFLVIGKTSPVTYQVLGHLKTCL 228
B84 VLTFGYVLLHDPFSWRNILGILIAVVGMVLYSYFCTVETQHKNTEVSPQQVKESEAAPLI 290
co428 VLTFGYVLLHDPFSWRNILGILIAVVGMVLYSYFCTVETQHKNTEVSPQQVKESEAAPLI 288
B73 VLTFGYVLLHDPFSWRNILGILIAVVGMVLYSYFCTVETQHKNTEVSPQQVKESEAAPLI 290
PH207 VLTFGYVLLHDPFSWRNILGILIAVVGMVLYSYFCTVETQHKNTEVSPQQVKESEAAPLI 300
CML495 VLTFGYVLLHDPFSWRNILGILIAVVGMVLYSYFCTVETQHKNTEVSPQQVKESEAAPLI 288
B84 SDSLSKVENGGGVVDDEPLKVPMWSSKYSRE* 321
C0428 SDSLSKVENGGGVVDDEPLKVPMWSSKYSRE* 319
B73 SDSLSKVENGGGVVDDEPLKVPMWSSKYSRE* 321
PH207 SDSLSKVENGGGVVDDEPLKVPMWSSKYSRE* 331
CML495 SDSLSKVENGGGVVDDEPLKVPMWSSKYSRE* 319

Figure 5. The UDP-xylose transporter contains a single amino acid polymorphism unique to
the tar spot resistant maize line CML495. Amino acid sequences of the UDP-xylose transporter
(ZmUXT2) from five maize genotypes B73, B84, PH207, and CO428 (susceptible) and CML495
(resistant) were aligned. The predicted triose-phosphate transporter (TPT) family transmembrane
domain is highlighted in orange. The single amino acid substitution unique to CML495 is
highlighted in red, while amino acid differences that are not CML495 specific are shown in grey.
Protein sequences were retrieved from MaizeGDB (Portwood et al., 2019), the National Center for
Biotechnology Information (NCBI; Sayers et al., 2023), and Phytozome v13 (Goodstein et al.,
2012). Multiple sequence alignment was performed using MUSCLE alignment (Madeira et al.,

2019), and the figure was generated using Canva Pro.
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Figure 6. Structural localization of CML495-specific amino acid substitutions in ZmUXT2.
Predicted protein structures of ZmUXT2 and ZmLRR-RLK were generated using the AlphaFold
Server from the CML495 amino acid sequences. The top-ranked structural models (model 0) were
visualized and edited in ChimeraX. Protein backbones are shown in gray, while amino acid
substitutions unique to the resistant CML495 genotype are highlighted in red to indicate their
positions within the predicted protein folds. The ZmUXT?2 substitution is located within the

predicted TPT transmembrane domain.
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To determine the subcellular localization of ZmUXT2, localization analyses were
performed using LOCALIZER and TargetP 2.0, both of which predicted targeting to the secretory
system (Armenteros et al., 2019; Sperschneider et al., 2017). A ZmUXT2—GFP fusion construct
was generated and transiently expressed in N. benthamiana leaves using coding sequences from
both the resistant (CML495) and susceptible (CO428) maize genotypes. Non-transformed leaf
epidermal cells exhibited no detectable green fluorescence, and a weak chlorophyll
autofluorescence (Figure 7). Confocal microscopy of ZmUXT2—GFP in both mesophyll and
epidermal tissues revealed a reticulate pattern of green fluorescence characteristic of the ER
network (Figure 7). Representative images shown in Figure 7 correspond to epidermal tissue for
CMLA495 and mesophyll tissue for CO428. Red fluorescence from the ER marker HDEL-mCherry
exhibited a similar reticulate pattern and overlapped with the ZmUXT2—-GFP signal, confirming
localization of ZmUXT?2 to the ER (Figure 7). Similar localization patterns were observed for both
the CML495 and CO428 alleles, with no obvious differences in subcellular distribution between

alleles.
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Non-transformed: GFP

ZmUXT2: GFP

CMLA95

ZmUXT2: GFP

Figure 7. ZmUXT2 localizes to the endoplasmic reticulum in N. benthamiana. C-terminal
ZmUXT2-GFP fusions from CML495 and CO428 were transiently co-expressed with the HDEL—
mCherry ER marker in N. benthamiana leaves. Both alleles colocalize with the ER marker, and
experiments were conducted twice with a minimum of 5 leaves at the epidermal (non-transformed

leaf and CML495) and mesophyll cells (CO428). The white bar indicates 20 pm.
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3.3. Characterization of ZmLRR-RLK

To further characterize ZmLRR-RLK, the phylogenetic relationships, sequence variation,
and subcellular localization patterns were investigated. ZmLRR-RLK belongs to the LRR-RLK
subfamily XII, which represents one of the largest LRR-RLK clades in maize, comprising
approximately 40 of the 205 annotated LRR-RLK genes (Sun et al., 2013; Gao et al., 2025).
ZmLRR-RLK is a non-RD receptor-like kinase, which are commonly associated with immune
signalling functions (Dardick et al., 2006). Arabidopsis orthologues include the PRRs FLS2 and
EFR, which share a modest 34% and 39% amino acid identity with ZmLRR-RLK, respectively
(Figure 8) (Gémez-Goémez & Boller, 2000; Chinchilla et al., 2005). ZmLRR-RLK also shares 83%
identity with the sorghum homologue Sobic.009G058900 but only has 48% identity with the next

closest maize LRR-RLK, GRMZM2G171114 (Figure 8).

ZmLRR-RLK contains 20 predicted LRR domains, a transmembrane domain, and a
cytoplasmic kinase domain (Figure 9) (Goodstein et al., 2012; Sayers et al., 2023). Amino acid
comparisons between resistant and susceptible genotypes identified several CML495-specific
substitutions distributed throughout the predicted protein structure, including within both the
extracellular LRR region and intracellular kinase domain (Figures 9). In ZmLRR-RLK, there were
sixteen total changes unique to CMLA495, four of those amino acid substitutions were identified
within the LRR domains, with an additional six substitutions located within the kinase domain
(Figure 8). None of these substitutions were in the conserved catalytic motifs required for kinase
activity (Popescu et al., 2017; Brauer et al., 2022). The predicted protein fold was annotated to
highlight CML495 substitutions in red and revealed of the twelve substitutions were located in -

sheet secondary structures, while four were in a-helix structures of the protein fold (Figure 10).
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Figure 8. Phylogenetic analysis of ZmLRR-RLK across plant species. The full-length amino
acid sequence of the ZmLRR-RLK (GRMZM2G070884) was aligned with homologous sequences
from selected monocot and eudicot species using MUSCLE. Phylogenetic trees were constructed
in MEGA12 (Kumar et al., 2024) using the neighbour-joining method. Bootstrap support values
were calculated from 1,000 replicates, and bootstrap percentages are shown at the corresponding
nodes. The scale bar represents 0.05 amino acid substitutions per site. Species abbreviations are
Ta = Triticum aestivum, Hv = Hordeum vulgare, Os = Oryza sativa, Zm = Zea mays, Sb =
Sorghum bicolor, St = Solanum tuberosum, At = Arabidopsis thaliana. The * indicates gene of

interest.
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B84 FGGGIPEELFTLSSLSNELDLSHNQLSGEIPLEIGSFVNLGLLNISNNMLAGRIPSTLGQ 658

0428 FGGGIPEELFTLSSLSNELDLSHNQLSGEIPLEIGSFVNLGLLNISNNMLAGRIPSTLGQ 647
B73 FGGGIPEELFTLSSLSNELDLSHNQLSGEIPLEIGSFVNLGLLNISNNMLAGRIPSTLGQ 645
PH207 FGGGIPEELFTLSSLSNELDLSHNQLSGEIPLEIGSFVNLGLLNISNNMLAGRIPSTLGQ 647
CMLA495 FGGSIPEELFTLSSLSNELDLSHNQLSGEIPLEIGSFVNLGLLNISNNMLAGRIPSTLGQ 644
B84 CVHLESLHMEGNLLDGRIPQSLQGLRGLVEMDMSRNDLSGE IPEFFETFSSMKLLNLSFN 718
0428 CVHLESLHMEGNLLDGRIPQSLQGLRGLVEMDMSRNNLSGEIPEFFETFSSMKLLNLSFN 707
B73 CVHLESLHMEGNLLDGRIPQSLQGLRGLVEMDMSRNNLSGE IPEFFETFSSMKLLNLSFN 705
PH207 CVHLESLHMEGNLLDGRIPQSLQGLRGLVEMDMSRNNLSGEIPEFFETFSSMKLLNLSFN 707
CML495 CVHLESLHMEGNLLDGRIPQSLQGLRGLVEMDMSRNNLSGE IPEFFETFSSMKLLNLSFN 704
B84 DLEGPVPTGGIFQDARDVFVQGNKDLCSSSSAHLLQLPLCTTDTTSKRHRHTSSYVLKLY 778
0428 DLEGPVPTGGIFQDARDVFVQGNKDLCSS -~ THLLQLPLCSTDTTSKRHRHTSSYVLKLV 765
B73 DLEGPVPTGGIFQDARDVFVQGNKDLCSS -~ THLLQLPLCTTDTTSKRHRHTSSYVLKLV 763
PH207 DLEGPVPTGGIFQDARDVFVQGNKDLCSS - =THLLQLPLCSTDTTSKRHRHTSSYVLKLV 765
CML495 DLEGPVPTGGIFQDARDVFVQGNKDLCSS -~ THLLQLPLCNTDTESKRHRHTSSYVLKLY 761
B84 GFTALSLVLLLCFAVVLLKKRKKFQQVDHPSSMDLKKFTYAGLVKATNSFSSDNLVGSGK 838
0428 GFTALSLVLLLCFAVVLLKKRKKFQQVDHPSSMDLKKFTYAGLVKATNSFSSDNLVGSGK 825
873 GFTALSLVLLLCFAVVLLKKRKKVQQVDHPSSMDLKKFTYAGLVKATNSFSSDNLVGSGK 823
PH207 GFTALSLVLLLCFAVVLLKKRKKFQQVDHPSSMDLKKFTYAGLVKATNSFSSDNLVGSGK 825
CML495 GFTALSLVLLLCFAVVLLKKRKKVQQVDHPSSMDSKKF TYAGLVKATNSFSSDNLVGSGK 821
2 —
B84 CGLVYKGRFWDEEHVVAIKVFKLDQLGAPNSFLAECEALRNTRHRNLVKVITACSTIDSE 898
0428 CGLVYKGRFWDEEHVVAIKVFKLDQLGAPNSFLAECEALRNTRHRNLVKVITACSTIDSE 885
873 CGLVYKGRFWDEEHVVAIKVFKLDQLGAPNSFLAECEALRNTRHRNLVKVITACSTIDSE 883
PH207 CGLVYKGRFWDEEHVVAIKVFKLDQLGAPNSFLAECEALRNTRHRNLVKVITACSTIDSE 885
CML495 CGLVYKGRFWDEEHVVAIKVFKLDQLGAPNSFLAECEALRNTRHRNLVKVITACSTIDSE 881
B84 GHDFKAVILEYMSNGSLENWLYPKLNRYGIRKPLSLGSRIKIAADIACALDYLHNHCVPA 958
0428 GHDFKAVILEYMSNGSLDNWLYPKLNRYGIRKPLSLGSRIKIAADIACALDYLHNHCVPA 945
B73 GHDFKAVILEYMSNGSLENWLYPKLNRYGIRKPLSLGSRIEIAADIACALDYLHNHCVPA 943
PH207 GHDFKAVILEYMSNGSLDNWLYPKLNRYGIRKPLSLGSRIKIAADIACALDYLHNHCVPA 945
CML495 GHDFKAVILEYMSNGSLENWLYPKLNRYGIRKPLSLGSRMEIAADIACALDYLHNHCVPA 941
B84 IVHCDLKPSNVLLDDAMVAHLGDFGLAKLLHTCSYSITHSSSTSLIGPRGSIGYIAPEYG 1018
0428 TVHCDLKPSNVLLDDAMVAHLGDFGLAKLLHTCSYSITHSSSTSLIGPRGSIGYIAPEYG 1005
B73 IVHCDLKPSNVL LDDAMVAHLGDFGLAKLLHTCSYSITHSSSTSLIGPRGSIGYIAPEYG 1003
PH207 IVHCDLKPSNVLLDDAMVAHLGDFGLAKLLHTCSYSITHSSSTSLIGPRGSIGYIAPEYG 1005
CML495 TVHCDLKPSNVL LDDAMVAHLGDFGLAKLLHTCSYSIEHSESTSLIGPRGSIGYIAPEYG 1000
B84 FGSKLSTQGDVYSYGITVLEMLTGKRPTDEMFSKGLTLHKLVKEAFPQKIHEILDPSIFP 1078
0428 FGSKLSTQGDVYSYGITVLEMLTGKRPTDEMFSKGLTLHKFVKEAFPQKIHEILDPSIFP 1065
873 FGSKLSTQGDVYSYGITVLEMLTGKRPTDEMFSKGLTLHKFVKEAFPQKIHEILDPSIFP 1063
PH207 FGSKLSTQGDVYSYGITVLEMLTGKRPTDEMFSKGLTLHKFVKEAFPQKIHEILDPSIFP 1065
CML495 FGSKLSTQGDVYSYGITVLEMLTGKRPTDEMFSKGLTLHKFVKEAFPQKUHEILDPSIFP 1060
B84 VTR-DGDNHTTDEITRSIMNLLKIGILCSADAPTDRPTIDDVYAKVITIKETFLDLCH* 1135
0428 VTRDDGDNHTTDEITRSIMNLLKIGISCSADAPTDRPTINDVYAKVITIKETFLDLCH* 1123
B73 VTR-DGDNHTTDEITRSIMNLLKIGISCSADAPTDRPTIDDVYAKVITIKETFLDLCH* 1120
PH207 VTRDDGDNHTTDEITRSIMNLLKIGISCSADAPTDRPTINDVYAKVITIKETFLDLCH* 1123
CML495 VTR-DGDNHTTDETRSIMNLLKIGISCSAHAPTDRPTIDDVYAKVITIKETFLDYCH* 1117

Figure 9. ZmLRR-RLK exhibits multiple CML495-specific amino acid polymorphisms
distributed across the protein. Amino acid sequences of the ZmLRR-RLK from five maize
genotypes B73, B84, PH207, and CO428 (susceptible) and CML495 (resistant) were aligned.
Leucine-rich repeat domains are highlighted in purple, the transmembrane domain in green, and
the kinase domain in blue. Amino acid substitutions unique to CML495 are highlighted in red,
while amino acid differences that are not unique to CML495 are shown in grey. Amino acid
sequences were obtained from MaizeGDB, NCBI, and Phytozome. Multiple sequence alignment

was performed using MUSCLE alignment, and the figure was generated using Canva Pro.
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Figure 10. Structural localization of CML495-specific amino acid substitutions in ZmLRR-
RLK. Predicted protein structures of ZmLRR-RLK were generated using the AlphaFold Server
from the CML495 amino acid sequences. The top-ranked structural models (model 0) were
visualized and edited in ChimeraX. Protein backbones are shown in gray, while amino acid
substitutions unique to the resistant CML495 genotype are highlighted in red to indicate their
positions within the predicted protein folds. Substitutions in ZmLRR-RLK are distributed

throughout the extracellular LRR region and intracellular kinase domain.
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The predicted subcellular localization of ZmLRR-RLK from LOCALIZER and TargetP
2.0 suggested targeting to the secretory system (Armenteros et al., 2019; Sperschneider et al.,
2017). To validate this prediction, ZmLRR-RLK—GFP fusion proteins derived from the resistant
(CMLA495) and susceptible (CO428) alleles were transiently expressed in N. benthamiana leaves.
Non-transformed epidermal leaf cells showed little or no green and red fluorescence (Figure 11).
Confocal microscopy of the ZmLRR-RLK constructs revealed green fluorescence at the cell
periphery and within internal membrane structures (Figure 11). The green fluorescence signal
overlapped with the red fluorescence of FM4-64, indicating plasma membrane localization, and
co-localized with the red fluorescence of the ER marker HDEL-mCherry, consistent with
localization to both the PM and ER (Figure 11). As observed for ZmUXT2, the CML495 and
CO0428 alleles displayed similar localization patterns, with no obvious differences in subcellular

distribution between alleles.

Collectively, these analyses indicate that both ZmUXT2 and ZmLRR-RLK are responsive
to immune induction. ZmLRR-RLK localized to both the ER and PM and exhibited similar
transcript abundance and subcellular localization between resistant and susceptible genotypes
despite minor sequence variation. In contrast, ZmUXT2 localized exclusively to the ER and

showed elevated expression in the resistant genotype relative to the susceptible genotype.
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Figure 11. ZmLRR-RLK localizes to the plasma membrane and endoplasmic reticulum in
N. benthamiana. C-terminal ZmLRR-RLK-GFP fusions from CML495 and CO428 were
transiently coexpressed with the HDEL-mCherry ER marker in N. benthamiana mesophyll leaf
cells. Alternatively, infiltrated leaves were stained with the lipid dye FM4-64, which shows PM
binding after 10 minutes of staining of epidermal leaf cells. Both alleles colocalize with the ER
marker and with the dye FM4-64 experiments were conducted twice with a minimum of 5 leaves.

The white bar indicates 20 pm.
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3.4. Inducible Defence Responses in a Resistant and Susceptible Genotypes

To determine whether inducible immune responses differed between the susceptible CO428
and resistant CML495 genotypes, chitin and flg22 MAMPs were used to activate immune
responses in both lines. CML495 exhibited a significantly stronger ROS burst in response to both
flg22 and chitin treatments than CO428 (Figure 12A). Gene expression analysis through qPCR
showed that An2, a copalyl diphosphate synthase (CPS)-like protein previously reported to be
strongly upregulated in response to Fusarium graminearum attack (Harris et al., 2005), was
induced by flg22 in CO428 but not in CML495. Despite this differential response, no significant
differences in An2 expression were observed between the two genotypes (Figure 12B). This
analysis further revealed that PRS5, a defense-related gene previously shown to be induced during
Fusarium verticillioides infection, was upregulated by both chitin and flg22 in CO428, whereas
only flg22 significantly induced expression in CML495 (Figure 12B). Although PR5 was induced
in both genotypes, transcript abundance was significantly higher in flg22-treated CML495 plants
than in CO428 (Figure 12B). Previous studies have shown that overexpression of PR5 enhances
antioxidant responses following pathogen inoculation, supporting its role in plant defense (Yang
et al., 2025). To assess the contribution of the candidate resistance proteins to MAMP-induced
immune responses, ROS production was measured in N. benthamiana leaves transiently
expressing ZmUXT?2 or ZmLRR-RLK alleles from the resistant and susceptible genotypes (Figure
13). Preliminary results showed no detectable differences in ROS production between leaves
expressing ZmUXT2, ZmLRR-RLK, or the empty vector control (Figure 13). Collectively, this
suggests that the CML495 resistant genotype might have higher inducible immune responses than

the susceptible genotype CO428.

42



1400
CO428Water
L2 e e — CO428flg22
CMLAS5 Water
51000 CMLAS5flg22
@' 800
w
a G600
T 400
200
L=
o oo e T A ——
10 20 30 40 50 60
Time (Minutes)
800 <
700 CO428Water
----- CO428 Chitin
E00 CMLA35 Water
S 500 CMLASS Chitin
-
T 400
& 300
= 200
100 T
0 = x, I L ——
10 20 30 40 50 60
Time (Minutes)
B
Water [ Chitin [__| fle22 ]
3 45 3
40
2.5 -
s s 3
@ 2 * ‘w30 a
%3] W =
B TE :
g Q & | 5 20 T
oy 1 ]
Yol o B
X _ c
0 ==
C0O428 CML485 C0O428 CML495

Figure 12. Resistant maize line CML495 exhibits enhanced inducible immune responses.
(A) ROS production was measured in leaf discs from 3-week-old resistant (CML495) and
susceptible (CO428) maize plants following treatment with water (control), chitin (500 pg mL™),
or flg22 (5 puM). ROS accumulation was measured using a luminol-based assay to detect
extracellular H>O: and monitored over a 60-minute time course presented as relative luminescence
units (RLU; mean = SD, n = 12 plants). Data shown are representative of one of four independent
experiments with similar results. Statistical significance was determined using unpaired, one-tailed

t-tests (p < 0.05).
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(B) Relative expression of the defence marker genes PR5 and An2 was measured by qPCR in 3-
week-old maize leaves treated with water (control), chitin (500 pug mL™), or flg22 (5 uM), and
harvested 4 h after infiltration. Gene expression was normalized to housekeeping genes DUF and
CYP (n=15). Data shown are from one of three independent experiments with comparable results.
Box plots display the median (center line), first and third quartiles (box), and range (whiskers);
means are indicated by “x”. Asterisks indicate significant differences between MAMP treatments
and the corresponding water control within each genotype (one-way ANOVA; p <0.05). Brackets
denote significant differences between genotypes under the indicated treatment condition (p <

0.05).
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Figure 13. Resistant and susceptible alleles of ZmUXT2 and ZmLRR-RLK produce similar

flg22-induced ROS responses during transient expression in V. benthamiana.

(A) ROS production in relative light units (RLU) from leaf discs expressing ZmUXT?2 alleles from
from resistant (CML495) or susceptible (CO428) maize genotypes or an empty vector control.
Leaf discs (n=4) were treated with 1 uM flg22, and ROS was measured over 60-minutes using a
luminol-based assay to detect extracellular H.O.. Data represent mean = SD from a single
experiment and the experiment was repeated once. No significant differences were observed

between alleles and the empty vector control using a one-way ANOVA.

(B) ROS production in relative light units (RLU) from leaf discs expressing ZmLRR-RLK alleles
from from resistant (CML495) or susceptible (CO428) maize genotypes or an empty vector
control. Leaf discs (n=4) were treated with 1 uM flg22, and ROS was measured over 60-minutes
using a luminol-based assay to detect extracellular H.O.. Data represent mean + SD from a single
experiment and the experiment was repeated once. No significant differences were observed

between alleles and the empty vector control using a one-way ANOVA.
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4. Discussion

Recent work has identified multiple QTLs associated with tar spot resistance, including the
major QTL gRtsc8-1, which contains four candidate genes. In the present study, these genes were
evaluated following MAMP treatment, revealing that ZmUXT2 and ZmLRR-RLK displayed
differential expression, whereas GRMZM5G869967 and GRMZM2G071228 did not. ZmLRR-RLK
and GRMZM5G869967 were more highly expressed in flg22-treated CO428 compared to
CMLA495, while ZmUXT2 showed elevated expression in the resistant genotype CML495. The
higher basal and MAMP-induced expression of ZmUXT2 and ZmLRR-RLK prompted further
characterization of potential differences between resistant and susceptible alleles. ZmUXT2 was
identified as a member of the UXT family, with Arabidopsis thaliana UXT?2 representing its closest
characterized homologue. The protein contained a single amino acid substitution unique to
CMLA495 and localized to the ER in both the CO428 and CML495 alleles. In contrast, ZmLRR-
RLK clustered within LRR-RLK subfamily XII, which includes immune receptors such as FLS2
and EFR. ZmLRR-RLK contained 11 amino acid substitutions unique to CML495 and localized to
both the ER and PM in both alleles. Additionally, the resistant maize genotype CML495 exhibited
enhanced PTI-associated responses, including a stronger ROS burst and elevated expression of the

defence-related gene PRS.

Overall, these findings demonstrate that ZmUXT2 and ZmLRR-RLK differ in both expression
and protein sequence between resistant and susceptible maize genotypes, while maintaining
similar subcellular localization patterns. In addition, ROS accumulation and PR5 expression
differed between CO428 and CML495, with the resistant genotype exhibiting stronger inducible

defence responses. Although all candidate genes within gRtsc8-1 remain potential contributors to
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tar spot resistance, many additional mechanisms and loci likely contribute to resistance and were
not examined in this study. One limitation of GWAS is their reliance on statistical associations
rather than direct causal relationships, which can complicate the interpretation and functional
validation of candidate loci. Furthermore, GWAS often explain only a limited proportion of
disease heritability (Witte, 2014). Despite these limitations, the elevated basal and MAMP-induced
expression of ZmUXT2 in the resistant genotype CML495 makes this gene a particularly

compelling candidate for further investigation.

4.1. UDP-Xylose Transporters

Cell wall composition plays an important role in plant defence by functioning as both a
physical barrier to pathogen invasion and a source of damage-associated molecular patterns that
activate immune signalling pathways (Malinovsky et al., 2014). In grasses such as maize, the cell
wall is highly enriched in hemicellulosic polysaccharides, particularly xylan, which contribute
substantially to wall strength and structural integrity (Cosgrove et al., 1997; Santiago et al., 2013).
Because these polysaccharides are synthesized primarily within the Golgi lumen, UDP-xylose
(UDP-Xyl) must be transported from the cytosol into the endomembrane system by nucleotide-
sugar transporters (NSTs). UXTs are specialized membrane proteins that mediate the transport of
cytosolic UDP-Xyl into the Golgi and ER lumen, thereby supplying the activated sugar donors
required for glycosylation and cell wall polysaccharide biosynthesis (Knappe et al., 2003; Scheible

& Pauly, 2004; Liepman et al., 2010).

ZmUXT?2, along with 3,159 other genes, was previously shown to exhibit increased expression
10 days following exposure to P. maydis relative to non-exposed controls, indicating

responsiveness to pathogen challenge (Roggenkamp et al., 2025). Consistent with this finding, our
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gene expression analysis demonstrated that ZmUXT2 was significantly induced by both chitin and
flg22 treatments, supporting its responsiveness to MAMP perception and downstream immune
signalling pathways. Importantly, ZmUXT?2 also displayed higher expression in the resistant maize
genotype CML495. Elevated expression of UXT transporters could increase the availability of
UDP-xylose within the Golgi lumen, potentially enhancing xylan and xyloglucan biosynthesis by
xylosyltransferases (Ebringerova & Heinze, 2000; Scheller & Ulvskov, 2010). Altered UDP-
xylose availability is therefore expected to influence the abundance and structure of xylan
polymers, including GAX and AX, which may affect cellulose-hemicellulose interactions and
overall cell wall integrity (Ebert et al., 2015; Zhao et al., 2018; Curry et al., 2023; Kundu et al.,

2025).

Modifications to cell wall xylose content have been shown to influence resistance to multiple
pathogens in Arabidopsis (Hernandez-Blanco et al., 2007; Delgado-Cerezo et al., 2012; Bacete et
al., 2018; Xu et al., 2025). Early work by Hernandez-Blanco et al. (2007) demonstrated that
disruption of secondary cell wall biosynthesis enhanced resistance to both the vascular bacterium
Ralstonia solanacearum and the necrotrophic fungus Plectosphaerella cucumerina, likely through
activation of defence pathways triggered by altered cell wall integrity. Similarly, Delgado-Cerezo
et al. (2012) investigated the role of heterotrimeric G-proteins in resistance to necrotrophic fungi
using Arabidopsis G-protein mutants in combination with pathogen assays, transcriptomics, FTIR
spectroscopy, and cell wall composition analyses. Mutants with increased fungal susceptibility
also exhibited altered cell wall composition, including reduced xylose content, supporting the
conclusion that cell wall integrity and polysaccharide composition contribute to plant immunity.
Bacete et al. (2018) further demonstrated that variation in cell wall glycan composition, including

xylan-associated epitopes, correlates with resistance phenotypes across multiple pathogens,
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although these effects appear highly context dependent. In contrast, Xu et al. (2025) provided
evidence for a more direct structural role of xylan in defence, showing that increased xylan
biosynthesis enhanced resistance to the fungal pathogen Fusarium verticillioides, likely by
reinforcing the cell wall and limiting pathogen penetration. Likewise, disruption of xylan
modification, such as reduced O-acetylation in rice #bll th/2 mutants, decreased resistance to
bacterial leaf blight disease (Gao et al., 2017). In maize, increased incorporation of UDP-xylose-
derived residues into cell wall polysaccharides has also been associated with enhanced resistance
to F. verticillioides, further supporting a role for cell wall reinforcement in limiting pathogen

invasion (Xu et al., 2025).

In addition to hemicellulose, lignin deposition contributes substantially to cell wall strength
and resistance to pathogen penetration. Xylan and lignin are closely associated within the
secondary cell wall matrix, where covalent and non-covalent interactions enhance wall rigidity
(Kang et al., 2019; Sapouna et al., 2023). Transcriptomic analyses of tar spot-infected maize have
identified differential regulation of genes involved in lignin biosynthesis and degradation pathways
following P. maydis infection (Roggenkamp et al., 2025). This is consistent with predictions that
P. maydis secretes carbohydrate-active enzymes and other cell wall-degrading enzymes to
facilitate host colonization (MacCready et al., 2023; Rogers et al., 2024). Collectively, these
studies support the hypothesis that altered UDP-xylose transport and downstream cell wall
composition may contribute to tar spot resistance, although further work is required to determine

the direct impact of ZmUXT?2 on cell wall architecture and defence.

In Arabidopsis, UXT1, UXT2 and UXT3 localized in the Golgi apparatus, meanwhile UXT]1

was also observed in the ER (Ebert et al., 2015). In this study, ZmUXT?2 localized predominantly

49



to the ER, consistent with some UXT family members that function within the early secretory
pathway. Cell wall biosynthesis relies on coordinated activity across multiple compartments of the
endomembrane system, including the ER, Golgi apparatus, trans-Golgi network, and secretory
vesicles (Aniento et al., 2022; Hoffmann, 2024). Protein synthesis is initiated in the ER before
cargos are trafficked through the Golgi apparatus for further modification and sorting (Alberts et
al., 2002). Members of the SLC35 (solute carrier 35) family, which includes NSTs, are commonly
localized to the ER and/or Golgi apparatus and function to transport activated sugars from the
cytosol into the lumen of these organelles for glycosylation reactions (Hadley et al., 2014; Hadley
et al., 2019; Van den Bossche et al., 2024). Because glycosyltransferases responsible for
polysaccharide biosynthesis reside within the endomembrane lumen, NSTs are essential for
linking cytosolic nucleotide-sugar synthesis with glycosylation processes required for cell wall
assembly. Although ER localization is consistent with the general distribution of NSTs and with
the initiation of N-glycosylation in this compartment, UXT proteins are more commonly associated
with xylosylation processes occurring in the Golgi apparatus (Fitchette-Lainé et al., 1994; Egelund
et al., 2006; Ebert et al., 2015). Therefore, the ER localization of ZmUXT2 was somewhat
unexpected, and its biological significance remains unclear. This observation may indicate a
previously uncharacterized role for ZmUXT2 within the early secretory pathway; however, the
current study was not designed to resolve this possibility fully. It is also possible that transient
expression in N. benthamiana did not fully capture native localization patterns occurring in maize

tissues.

Functional studies in Arabidopsis further support the importance of UXT transporters in cell
wall biosynthesis. Ebert et al. (2015) demonstrated that although all three Arabidopsis UXT

transporters can transport UDP-xylose, their contributions to cell wall composition differ. Loss-
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of-function uxt/ mutants exhibit reduced xylose content, whereas uxt2 and uxt3 single mutants
display only minor phenotypic effects (Ebert et al., 2015). However, stronger phenotypes emerge
in higher-order mutants. Both the uxt/ uxt3 double mutant and the uxt/ uxt2 uxt3 triple mutant
exhibit delayed growth, darker leaf coloration, shorter stems, and severely collapsed vascular
tissues (Zhao et al., 2018). The triple mutant additionally shows more severe developmental
defects than the uxt/ uxt3 double mutant, suggesting that UX72 contributes to plant growth and
development in combination with other UXT family members. Furthermore, uxt/ uxt2 uxt3
mutants exhibit a 20—40% reduction in cell wall thickness relative to wild type (Zhao et al., 2018).
Together, these findings highlight the importance of UDP-xylose transport for proper cell wall
biosynthesis and structural integrity. It is possible that ZmUXT2 may have a role in maize xylan
biosynthesis and cell wall-mediated defence, but further work is needed to confirm the function of

ZmUXT2.

Future work should focus on further characterizing the function of ZmUXT2 in maize and
determining how its expression is differentially regulated between resistant and susceptible
genotypes. Variation within the promoter region of ZmUXT2 may influence transcription factor
binding or regulatory element activity, thereby contributing to differences in gene expression
between genotypes. Promoter—reporter assays could be used to test whether regulatory sequences
from resistant genotypes confer stronger transcriptional activation following immune elicitation
(Kohler et al., 1995). In addition, functional studies manipulating ZmUXT2 expression, including
overexpression and loss-of-function approaches, would help determine whether altered transcript
abundance directly affects tar spot susceptibility. Together, these approaches would clarify
whether regulatory variation at ZmUXT2 contributes to resistance differences between maize

genotypes.
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4.2. LRR-RLKSs

LRR-RLK proteins constitute a large and functionally diverse receptor family in plants, with
more than 200 members encoded in the maize genome (Ng et al., 2011; Sun et al., 2017; Gao et
al., 2025). These receptors are involved in a broad range of biological processes, including plant
growth and development, immune signalling, and responses to biotic and abiotic stresses (Shi et
al.,2023; Sun et al., 2023; Gao et al., 2025). Structurally, LRR-RLKs contain extracellular leucine-
rich repeat (LRR) domains that perceive external ligands and activate intracellular kinase domains
through phosphorylation and autophosphorylation, thereby initiating downstream signalling

cascades (Lemmon, 2000; Hubbard et al., 2007; Gao et al., 2025).

Transcriptomic analyses of tar spot-infected maize identified three genes near the gRtscS-1
region that were differentially expressed following P. maydis infection, including ZmLRR-RLK,
which was upregulated during pathogen challenge (Roggenkamp et al., 2025). Consistent with
these findings, our gene expression analysis demonstrated that ZmLRR-RLK was strongly induced
by both chitin and flg22 treatments, supporting a role in stress-responsive signalling pathways. In
addition to immune elicitation, ZmLRR-RLK has also been reported to be induced under cold stress
conditions (Hoopes et al., 2019), suggesting that its expression may be regulated by multiple

environmental and stress-related cues.

Phylogenetic analysis placed ZmLRR-RLK within LRR-RLK subfamily XII, which includes
well-characterized PRRs such as FLS2 and EFR (Chinchilla et al., 2006; Zipfel et al., 2006; Kileeg
& Mott, 2025). Consistent with previously reported localization patterns of LRR-RLK proteins,
ZmLRR-RLK localized to both the ER and the PM. Gao et al. (2025) studied all 205 identified

LRR-RLKSs in maize from 15 subfamilies and found that all proteins localized to the cytoplasmic
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membrane. In other LRR-RLK family members, the ER serves as an important site for protein
folding, N-glycosylation, and quality-control processes mediated by ER chaperones prior to
trafficking of mature receptors to the plasma membrane, where ligand perception and signal
transduction occur (Li et al., 2009; Tintor & Saijo, 2014). Defects in ER quality control can impair
receptor accumulation and signalling at the cell surface, highlighting the importance of ER
processing for proper receptor function. Therefore, localization of ZmLRR-RLK to both the ER and
PM is consistent with its predicted role as a membrane-associated receptor. Similar localization
patterns were observed for both resistant and susceptible alleles, indicating that the identified

amino acid substitutions do not substantially alter subcellular localization.

Despite strong induction by MAMP treatment, ZmLRR-RLK displayed relatively similar
expression patterns between resistant and susceptible genotypes and contained only minor amino
acid variation. This may suggest that ZmLRR-RLK does not function as a major determinant of
resistance or that its contribution depends on protein activity rather than transcript abundance
alone. Notably, some LRR-RLK family members act as negative regulators of immunity. For
example, CDGI promotes degradation of immune receptors such as FLS2 and CERKI, while
downstream signalling regulators including CPK28 and PUBI2/PUBI3 attenuate immune
responses (Yang et al., 2021). Therefore, the induction of ZmLRR-RLK during immune stimulation
does not necessarily indicate a positive role in defence signalling. Further functional validation is
required to clarify the role of ZmLRR-RLK in maize immunity. Generation of knockout genotypes
in a resistant background, combined with overexpression or complementation studies in a
susceptible background, would provide direct evidence of function. In addition, PTI-associated
responses, including ROS production, MAPK activation, defence gene expression, and callose

deposition, should be assessed following MAMP treatment in these genotypes. Protein interaction

53



and ligand-binding assays would further help determine whether ZmLRR-RLK functions as a

receptor, co-receptor, or downstream signalling component (Du et al., 2016).

Overall, this study advances the characterization of two candidate genes within the tar spot
resistance locus gRtsc8-1. ZmUXT2 and ZmLRR-RLK belong to conserved gene families
associated with cell wall biosynthesis and immune signalling, respectively, and both genes were
responsive to MAMP treatment. ZmUXT2 exhibited elevated expression in the resistant genotype
CMLA495, contained a single amino acid substitution unique to CML495, and localized to the ER
in both alleles. In contrast, ZmLRR-RLK showed higher expression in CO428, contained multiple
amino acid substitutions, and localized to both the ER and PM in resistant and susceptible alleles.
Collectively, these findings refine our understanding of candidate genes within the major tar spot
resistance QTL gRtsc8-1 and provide a foundation for future functional studies investigating their

roles in maize immunity.

4.3. Genotypic Variations in MAMP-Triggered Responses

The results of this study indicate that CML495 and CO428 exhibit differences in selected
MAMP-triggered responses. Specifically, CML495 displayed a stronger ROS burst and higher
PRS5 expression following flg22 treatment than CO428. Since the ROS burst has been linked to
salicylic acid accumulation and induction of defence-associated genes, including PR3, the elevated
ROS production observed in CML495 may contribute to the increased PRS expression detected in
this genotype (Herrera-Vasquez et al., 2015; Ding et al., 2022). However, not all inducible
responses differed between genotypes. Although An2 expression was induced by flg22 in CO428,
no significant differences in An2 transcript abundance were observed between CML495 and

CO428.
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Moreover, CML495 and CO428 originate from tropical and temperate germplasm,
respectively, which differ in their adaptation to photoperiod and flowering time and possess
distinct evolutionary histories and genetic backgrounds (Ding et al., 2015; Reid et al., 2019;
Choquette et al., 2023; Mufioz-Zavala et al., 2024). Consequently, differences in MAMP-induced
responses could reflect broader genetic variation rather than effects directly associated with tar
spot resistance alleles. Since physiological and developmental traits were not characterized in this
study, the extent to which such factors contributed to the observed responses remains unknown.
Future studies should compare near isogenic lines segregating only in tar spot resistance alleles or
genome-edited genotypes to determine the contribution of individual genes to resistance. Such
approaches would help distinguish effects associated with resistance loci from those arising from

broader genetic differences among maize genotypes.

Conclusion & Future Directions

Tar spot of maize has emerged as a major threat to maize production across North America.
Understanding the molecular mechanisms underlying host resistance is therefore critical for
informing durable management strategies aimed at minimizing losses for maize producers and
protecting the broader agricultural economy. Here, we verified the gene expression of four
candidate maize genes identified within the major QTL associated with tar spot resistance, gRtscS-
1. Of these, ZmUXT2 and ZmLRR-RLK exhibited differential expression, whereas
GRMZM5G869967 and GRMZM2G071228 did not. Although changes in gene expression can
provide insight into potential involvement in downstream signalling of PTI, the absence of
differential expression does not exclude the other genes as candidates for tar spot resistance, as

they may function through alternative resistance mechanisms. Focusing on two promising
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candidates, we further characterized ZmUXT?2 and ZmLRR-RLK across maize genotypes. ZmUXT2
showed significantly higher expression in CML495 than in CO428 under both chitin and flg22
treatments, contained a unique amino acid substitution in CML495 compared to four susceptible
maize genotypes, and consistently localized to the ER. In contrast, ZmLRR-RLK exhibited higher
expression in CO428 under flg22 treatment, displayed multiple amino acid differences between
genotypes, and localized to both the ER and PM in both alleles. This demonstrates that these genes
have differences in both expression under MAMP induced treatment and sequencies amongst
different genotypes. Future work should aim to further validate the roles of ZmUXT?2 and ZmLRR-
RLK in tar spot resistance. Sequencing upstream regulatory regions may reveal promoter variation
associated with differential gene expression between genotypes. Additional functional analyses
using transient expression systems in N. benthamiana, including assays for callose deposition and
defence gene expression, could clarify their roles in immune signalling. Genome editing
approaches such as CRISPR/Cas9 could provide direct functional validation by generating
knockout genotypes for these candidate genes. The genetic diversity within maize may also be
leveraged beyond the development of new genotypes. Finally, biochemical analyses of cell wall
composition, including measurements of xylose, xylan, lignin, and other structural
polysaccharides, may help determine whether differences in cell wall architecture contribute to the
resistance phenotype observed in CML495. This study also demonstrates differences between the
tar spot resistant genotype CML495 and the susceptible genotype CO428, as observed through
ROS and gene expression assays. However, these differences may partially reflect inherent
physiological variation and may not fully represent responses to pathogen invasion. Because PR5
is commonly associated with salicylic acid (SA)-dependent defence and ROS can act upstream of

SA accumulation, these findings suggest that resistance may be activated early within PTI
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pathways. Future research could therefore evaluate whether salicylic acid analogues or other plant
defence activators can enhance maize immunity, either alone or in combination with fungicide

programs, to reduce tar spot severity.

One limitation of this study is that reproducible methods to induce P. maydis infection do not
exist, limiting the approaches which can be used in studying resistance. In 2023, Sol6rzano et al.
described a method for inducing P. maydis infection under controlled conditions using ascospores
collected from infected field leaves. However, subsequent work by Jimenez-Beitia et al. (2026)
highlighted difficulties in reproducing these results, demonstrating that disease development was
strongly influenced by inoculum quality and environmental conditions. Although reproducibility
was high in Ecuador, results were less consistent in the United States, suggesting that
environmental variability and inoculum source contribute to the challenge of establishing a reliable
inoculation system (Jimenez-Beitia et al., 2026). To date, no reproducible method has been
established for inducing P. maydis infection in temperate maize, limiting the ability to directly
challenge plants with the pathogen. Consequently, this study relied on MAMPs to induce defence
responses rather than pathogen inoculation. Furthermore, the infection biology of tar spot remains
incompletely understood, and the experimental time points used may not fully capture the dynamic
host responses that occur during natural infection. These limitations highlight the broader
challenges associated with studying obligate biotrophic pathogens and underscore the need for

continued development of reproducible infection systems for P. maydis.

From an applied perspective, improving tar spot resistance is increasingly important as the
disease continues to spread throughout North America. Identification of resistance-associated
genes may support the development of resistant maize cultivars, helping to reduce yield losses and

improve crop stability. However, continued pathogen evolution, expanding geographic
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distribution, and climate variability are likely to sustain or intensify disease pressure in many
maize-growing regions. Consequently, further investigation of plant defence mechanisms and their
interactions with P. maydis will be critical for informing targeted management strategies.
Functional studies aimed at understanding the molecular basis of tar spot resistance will provide
insight into how resistance is established and maintained, while also contributing more broadly to
our understanding of plant—pathogen interactions. Overall, this study advances our understanding
of the molecular differences between tar spot resistant and susceptible maize genotypes. Continued
investigation of host—pathogen interactions will be essential for developing effective strategies to

manage tar spot and support sustainable maize production.
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Supplemental Tables

Supplementary Table S1: List of primers used in this study to conduct qPCR analysis.

Gene Gene ID Forward (5° -->37) Reverse (3’ -->5")
ZmUXT2 GRMZM2G063511  TGCTCCTTCTTGGTGTTGGT TGCCAGCAAGGAGAGTATGG
ZmLRR- GRMZM2G073884 CCCGAATGAGATAGGACGCC TTCGGAAGATGCCCTAGGGA
RLK

GRMZM2G071228  AGAGTGTGCAGGATCAAGCC  TGACCCATCGGAGTCCTCAT

GRMZM5G869967  AGCAATTACGCCTGGAGGTC  AGATCCAGCTGACTCGTTGC
DUF Zm00001d039138 GGGCCAACTACCTTCACAAT CAGCGCCACTTAGGTTACTAT
CYp Zm00001d023192 CGTCATCCCCGAGTTCATGT E}CTTGCGCACGAACTTCTC
An2 Zm00001d029648 GTCTCTACCCATCTCCGTAAC  GAACCATGATCCATCCGTTTC
PRS Zm00001d024303 éTCCTCCTGCTGCTCCT ZGTTGTTGGTGATGGTGAAGG
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Supplementary Table S2: List of primers used in this study for sequencing.

Gene Forward (5 -->3°) Reverse (3’ -->5") Sequencing
ZmUXT?2 GTTTCGAGGGCAGCGAAGAT TGAAAGAAACAAACTCGAACCAA Nanospore
(GRMZM2G063511)

CTCATCGACCCAACTGCTCT TACACTCTGGGTTGGCTTCC
ACACTCTCGTCTCCCTCCTC  ATGGAGCACGCAGATCTACG Sanger
CGTAGATCTGCGTGCTCCAT CAGCCAGAGCAGAACAGACA
TGTCTGTTCTGCTCTGGCTG  GTGCAGTAACAGACCCGTGA
GGCTTCAACTCTGTTGGGTT AAGATGACAGTGCACGGGAT
CATCCCGTGCACTGTCATCT CCATCAAGGAAGGGGCCAAT
ATTGGCCCCTTCCTTGATGG  CTGCTGTGGGGAGACTTCAG
GAACCGAACCACACTCTCGT GCACCAGAACTACAACCCGA
ZmLRR-RLK AGGATGCACGGGATGTGTTT CGCTTCCCTGTGAGCATTTC Nanospore
(GRMZM2G073884)
CACACACGACCACTGCAAAA CCTCACAGAGCCATCGAAAG
GCTGACCCGTTCCACACAAT GCAGAGCACGAGATACCGAT
AGCTGGCCACACAGTTGTTT CACGATGAGACAGTCTCCGG
TCTTTGTGGTTGGGCTGGTT  TATGCTTTGCGGTCGTCCTT Sanger
GTCCGCTGCGATTTCCATTC  TCCCTAGGGCATCTTCCGAA
AAGGACGACCGCAAAGCAT  CTGTTCCGGCCTCGATCTAC
A
TTCGGAAGATGCCCTAGGGA CAACCTCTCGGATCTACGCC
GTAGATCGAGGCCGGAACA  GCTGGCGTTGATCATCCTCT
G
AAACAGCGACTGGGGAATG  GAATGGAAATCGCAGCGGAC
A
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