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1. Justificación del estudio. 

La glicosilación de proteínas es una modificación postraduccional común 

de los componentes de la pared celular y otros factores secretados, 

típicamente requerida para la correcta localización, secreción y función de las 

proteínas, que se adquiere durante el tránsito a través de retículo endoplásmico 

y el aparato de Golgi (Helenius and Aebi, 2004; Corfield and Berry, 2015). Por 

lo tanto, la ausencia de glicosilación se asocia con la avirulencia de patógenos 

animales y vegetales (Rouabhia et al., 2005; Schirawski et al., 2005; Olson et 

al., 2007; Fernandez-Alvarez et al., 2009, 2013). Aunque se ha establecido 

claramente la relevancia de la glicosilación de proteínas para la patogénesis, 

no se han identificado las principales glicoproteínas responsables de la pérdida 

de virulencia observada en hongos defectuosos de glicosilación. Por lo tanto, 

en esta tesis ideamos un enfoque proteómico para identificar tales proteínas y 

lo usamos para demostrar el papel en la virulencia de la proteína disulfuro 

isomerasa Pdi1, las endo-β-1,4-xilanasas Xyn1, Xyn2 y Xyn11A, y la β-1,6-

glucanasa Glu1 del fitopatógeno Ustilago maydis. 

Por otro lado, se han llevado a cabo muchos análisis transcriptómicos 

mediante RNAseq o microarrays durante los últimos años dando información 

sobre las diferentes etapas asociadas con el desarrollo fúngico en la superficie 

y dentro de la planta (Kamper et al., 2006; Zheng et al., 2008; Skibbe et al., 

2010; Wahl et al., 2010b; Zahiri et al., 2010; Kawahara et al., 2012; O’Connell 

et al., 2012; Gao et al., 2013; Hacquard et al., 2013; Jupe et al., 2013; Dong et 

al., 2015; Fondevilla et al., 2015; Kong et al., 2015; Rudd et al., 2015; Schuler 

et al., 2015; Dobon et al., 2016; Rabe et al., 2016; Thatcher et al., 2016; Tollot 

et al., 2016; Copley et al., 2017; Wang et al., 2017; Zeng et al., 2017; Lanver et 

al., 2018; Massonnet et al., 2018). Sin embargo, ninguno considera que la 

mayoría de las proteínas secretadas y de pared celular del hongo están 

glicosiladas y, por tanto, resulta interesante analizar cómo puede afectar una 

glicosilación defectiva al transcriptoma de la planta durante la infección. Por 

ello, infectamos plantas de maíz con una cepa silvestre de U. maydis y 

mutantes defectivos para la glucosidasa I (Gls1) y la subunidad β de la 

glucosidasa II (Gas2) (Fernandez-Alvarez et al., 2013) y analizamos la 

expresión de los genes de la planta de maíz a 1 y 3 días post-infección 

mediante RNAseq. 
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2. Identificación y caracterización de glicoproteínas implicadas en la 

virulencia de U. maydis. 

La aproximación proteómica por 2D-DIGE nos permitió identificar un total 

de 36 N- y O- glicoproteínas presentes en el citoplasma, en la fracción 

secretada o en la pared celular, cuya movilidad electroforética se veía afectada 

con la eliminación de Gls1 y/o Pmt4 y cuya expresión depende de la activación 

del programa de virulencia. Entre estas glicoproteínas se encuentran los 

efectores o factores de virulencia ya caracterizados Afg1 y Afg3 (Lanver et al., 

2014), Pep4 (Soberanes-Gutierrez et al., 2015), y Cmu1 (Djamei et al., 2011; 

Bange and Altegoer, 2019; Han et al., 2019). De estas 36 glicoproteínas 

identificadas, vimos que 18 de ellas presentan términos de ontología génica 

(GO) relacionados con actividad catalítica, 12 de ellas con actividad hidrolasa y 

4 con actividad peptidasa; lo que podría incluir proteínas degradadoras de la 

pared celular de la planta y peptidasas e hidrolasas necesarias para la 

penetración en la planta y la progresión del hongo dentro de ella. Para 

aumentar el número de candidatos, llevamos a cabo una segunda 

aproximación proteómica en la que identificamos todas las proteínas 

glicosiladas que varían su cantidad tras la activación del programa infectivo 

mediante FPLC y espectrometría de masas. Con esta técnica logramos validar 

que el análisis por 2D-DIGE puede identificar proteínas glicosiladas con un 

posible papel en virulencia debido a la presencia de algunas de las 

glicoproteínas identificadas por ambas técnicas. Aunque conseguimos más 

glicoproteínas cuya expresión se ve afectada tras la entrada en el ciclo 

infectivo, nos centramos en la caracterización de las glicoproteínas 

identificadas por DIGE. Para ello, delecionamos los genes que las codifican en 

la cepa silvestre CL13 (Bolker et al., 1995) y ensayamos su virulencia en 

plantas de maíz. Aquellos mutantes que presentaban una mayor reducción en 

la formación de tumores, fueron ensayados también en las cepas silvestres con 

mayor virulencia SG200 (Bolker et al., 1995) y FB1 y FB2 (Banuett and 

Herskowitz, 1989). Debido a la mayor reducción en la formación de tumores y a 

sus dominios funcionales, nos centramos en la caracterización de 3 proteínas: 

UMAG_10156, UMAG_04422 y UMAG_05223. 

UMAG_10156 es una proteína disulfuro isomerasa (Pdi1) con una alta 

conservación que demostramos que se localiza en el retículo endoplásmico 
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(RE) y que está implicada en el plegamiento de proteínas en el RE mediante la 

formación de puentes disulfuro. La función de Pdi1 es crítica durante las 

condiciones de estrés del RE (Wilkinson and Gilbert, 2004; Breitenbach et al., 

2015), por lo que estudiamos la resistencia de pdi1 en presencia de DTT y 

vimos que la falta de pdi1 da lugar a una menor resistencia a estrés del RE. 

Demostramos que Pdi1 se requiere para la patogénesis completa de U. 

maydis, que es dispensable para la conjugación, la filamentación, la formación 

del apresorio y la penetración, pero que se necesita para la expansión fúngica 

dentro de la planta de maíz. Para estudiar la importancia de la glicosilación de 

Pdi1, mutamos los sitios de N- y O-glicosilación y pudimos ver que la N-

glicosilación de Pdi1 asegura la virulencia completa de U. maydis, y que 

también se necesita para la proliferación del hongo dentro de la planta de maíz. 

Además, estudiamos la movilidad electroforética de las proteínas secretadas en 

una cepa de U. maydis sin pdi1 y lo comparamos con las proteínas secretadas 

en gls1 mediante DIGE. Así, determinamos que un subconjunto de proteínas 

secretadas está glicosilado por Gls1 y su correcto plegamiento depende de 

Pdi1, la cual a su vez necesita ser glicosilada por Gls1 para su función. Por 

todo ello, concluimos que Pdi1 podría estar implicada en cuatro mecanismos no 

excluyentes por los que su pérdida afecta a la virulencia del hongo: i) reducción 

de la resistencia a estrés del RE y una señalización de ROS defectuosa; ii) 

descenso o eliminación de la secreción de efectores; iii) reducción o 

eliminación de la actividad de los efectores secretados; iv) la presencia de 

proteínas mal plegadas que actúen como nuevos patrones moleculares 

asociados a patógenos (PAMPs, de sus siglas en inglés) y activen el sistema 

inmune de la planta. 

La N-glicoproteína secretada UMAG_04422 (Xyn1) es una endo-β-1,4-

xilanasa con un dominio catalítico GH10 y su deleción da lugar a una reducción 

estadísticamente significativa en la formación de tumores en la planta de maíz, 

por lo que está implicada en la virulencia de U. maydis. El genoma de U. 

maydis contiene otra endo-β-1,4-xilanasa GH10 (UMAG_03411 – Xyn2), una 

endo-β-1,4-xilanasa GH11 (UMAG_06350 – Xyn11A) y una endo-β-1,4-xilanasa 

GH43 (UMAG_04897 – Xyn3). Tras una mayor caracterización de los mutantes 

para estas xilanasas vimos que las cuatro xilanasas son necesarias para una 

completa patogénesis; que las xilanasas Xyn1, Xyn2 y Xyn11A se necesitan 
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para la progresión fúngica dentro de la planta de maíz; y que Xyn1 y Xyn2 son 

dispensables para la conjugación y la formación del apresorio pero requeridas 

para la filamentación en la superficie de la hoja. Puesto que el xilano es el 

componente principal de la hemicelulosa de la pared celular de las plantas 

(García et al., 2017), estas xilanasas tendrán un papel en la degradación de la 

pared celular de la planta durante la progresión del hongo dentro de su 

hospedador. Además, hemos demostrado que la expresión de las xilanasas 

Xyn1, Xyn2 y Xyn11A se induce durante la infección y que Xyn2 y Xyn11A 

también son proteínas secretadas. De hecho, hemos podido incluso identificar 

la xilanasa Xyn11A en el espacio apoplástico de la planta de maíz durante la 

infección. Todos los resultados obtenidos sugieren que las xilanasas Xyn1, 

Xyn2 y Xyn11A son glicoproteínas secretadas que actúan de manera 

coordinada durante el ciclo infectivo de U. maydis para asegurar un correcto 

establecimiento del biotrofismo. 

La N-glicoproteína citoplasmática UMAG_05223 (Glu1) es una endo-β-

1,6-glucanasa cuya expresión aumenta durante la infección de la planta de 

maíz. Hemos demostrado que Glu1 es esencial para la virulencia de U. maydis; 

en concreto es dispensable para la conjugación y la formación del apresorio 

pero se necesita para la filamentación en la superficie de la hoja y la progresión 

fúngica dentro de la planta. Puesto que la planta de maíz no contiene β-1,6-

glucanos pero la pared del hongo presenta, entre otros azúcares, β-glucanos 

unidos por enlace 1,3 y 1,6 (Kubicek et al., 2014; Fesel and Zuccaro, 2016), 

Glu1 puede estar implicada en la remodelación de la pared celular del hongo 

durante el ciclo infectivo.  
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3. Análisis de la respuesta de la planta de maíz a la infección con 

mutantes de glicosilación de U. maydis. 

Hasta ahora se ha abordado la interacción patógeno-planta desde la 

perspectiva del hongo, en la búsqueda de glicoproteínas con un papel 

relevante en la infección; pero también resulta interesante conocer qué 

cambios se producen en la planta durante la infección fúngica para tratar de 

identificar los mecanismos de defensa responsables del control de la infección 

de U. maydis y qué mecanismos emplea el patógeno para evadir dicha 

respuesta, controlar el metabolismo de la planta y proliferar formando tumores. 

Así, llevamos a cabo un análisis de la expresión de los genes de la planta de 

maíz tras la infección con mutantes de Ustilago maydis defectivos en la N-

glicosilación (∆gls1 y ∆gas2) mediante RNAseq. De esta manera, pudimos 

determinar que la falta de gls1 produce la inducción de genes de la planta de 

maíz a 1 día-post infección con funciones moleculares relacionadas con 

actividad catalítica (57%), actividad transferasa (23%), actividad 

oxidorreductasa (15%) y actividad ATPasa (5%). Por otro lado, la falta de la 

glucosidasa II (gas2) produce la inducción de genes de la planta de maíz a 3 

días-post infección con funciones moleculares relacionadas con actividad 

catalítica (52%), actividad hidrolasa (20.5%), actividad oxidorreductasa 

(17.5%), actividad ATPasa (5%) y actividad O-glicosil hidrolasa (5%); mientras 

la infección de la planta de maíz con la cepa silvestre de U. maydis da lugar a 

la inducción de genes de la planta a 3 días-post infección con funciones 

moleculares relacionadas con actividad catalítica (56%), actividad hidrolasa 

(22%) y actividad oxidorreductasa (22%). Es decir, tanto la cepa silvestre como 

gas2 inducen principalmente la expresión de genes de la planta con actividad 

catalítica, oxidorreductasa, glucosidasa e hidrolasa, lo que podría explicarse 

como una respuesta de la planta para atacar al hongo degradando su pared 

celular y destruir las proteínas secretadas por él. Durante la primera etapa de la 

infección, ni la cepa silvestre ni gas2 producen cambios importantes en los 

genes de la planta mientras que gls1 sí es capaz de inducir dicha respuesta. 

Esto podría indicar que el control de la glicosilación llevada a cabo por Gls1 es 

importante para evitar una respuesta de la planta y asegurar una infección 

exitosa, bien evitando la presencia de proteínas mal glicosiladas en la pared 
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celular o en la membrana del hongo que pudieran activar el sistema inmune de 

la planta, o bien por una reducción total o parcial de la secreción de efectores 

implicados en el control del sistema inmune de la planta y en la progresión del 

hongo.  

Además, aunque no era el objetivo del análisis, hemos podido comprobar que 

los clústeres relacionados con la patogénesis y los efectores caracterizados 

See1 y Pit2 de U. maydis, se sobreexpresan durante la infección, 

especialmente en las plantas infectadas con células gls1. 
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1. Plant pathogenic fungi and economic losses in crops. 

Emerging infectious diseases (EIDs) are defined as infectious diseases 

caused by pathogens that have increased in incidence or host range, changed 

pathogenesis, have evolved or have been discovered recently (Daszak et al., 

2000). EID term has been also applied to plants infections, since plant diseases 

impact negatively on human wellbeing through agricultural and economic 

losses, and also have consequences for biodiversity conservation (Anderson et 

al., 2004). EIDs caused by fungi are increasingly recognized as presenting a 

worldwide threat to food security, i.e. it was estimated that losses due to 

fungal/oomycete diseases in the five major crops that feed the world’s 

population (rice [Oryza sativa], wheat [Triticum aestivum], maize [Zea mays], 

potato [Solanum tuberosum] and soybean [Glycine max]) could feed 596 – 

4,287 million mouths per year  (Fisher et al., 2012).  

This is not a recent problem since plant diseases epidemics caused by 

fungi have modified the human history. For example, in the nineteenth century, 

late blight led to starvation, economic ruin and the downfall of the English 

government during the Irish potato famine and, in the twentieth century, Dutch 

elm blight and chestnut blight laid bare urban and forest landscapes. Recently, 

an overview of the disease’s alerts recognized by ProMED (the Program for 

Monitoring Emerging Diseases; http://www.promedmail.org) from 1995 to 2010, 

revealed a higher increase in the percentage of alerts for animal- and, above all, 

plant-infecting fungi being worldwide distributed (Fig 1). 

 

 

Fig 1. Worldwide reporting trends in emerging infectious diseases (adapted from Fisher et 

al., 2012). Disease alerts in the ProMED database for pathogenic fungi of animals and plants 

(A), and the spatial location of the associated reports (B). 
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Annual losses caused by fungi in agricultural and horticultural crops are 

estimated at more than €200 billion (González-Fernández et al., 2010; Horbach 

et al., 2011; Martínez-González et al., 2018). Main culprits for economic losses 

in crops are the rice blast fungus Magnaporthe oryzae, affecting rice and wheat, 

Botrytis cinerea causing severe damage, both pre- and post-harvest in a broad 

host range, and Puccinia spp. developing severe and wheat stripe rust 

epidemics (Dean et al., 2012; Almeida et al., 2019). Rice losses of 10%–30% 

caused by M. oryzae are typical, although regional epidemics can be 

devastating (Dean et al., 2012). Other fungal pathogens such as Fusarium 

graminearum and F. oxysporum cause significant damage in cereals and crops 

as diverse as tomato, cotton and banana (Dean et al., 2012).  

Therefore, plant protection against plant diseases and food safety have 

become dominant concerns in the developing countries and the developed 

world because of the growing demand for food quality and quantity (Savary et 

al., 2012). In fact, European Parliament and the Council adopted different rules 

on protective measures against plant pests since 1977, constituting EU Plant 

Health Regime, and has been recently reviewed in Regulation (EU) 2016/2031 

(“Plant Health Law”) and Implementing Directive (EU) 2019/523. Moreover, the 

emergence of antifungal resistance because the massive use of approved 

drugs in agriculture may risk the limited treatments options, supporting the 

development of new antifungal drugs to improve both human health and 

agricultural production (Almeida et al., 2019). Hence, it is suggested to increase 

the knowledge about plant-pathogen interactions to overcome phytopathogen 

infections.  

 

2. Plant-pathogen interactions. 

Fungi have diverse lifestyles and thus distinct strategies to interact with 

their host plants including necrotrophic, biotrophic and hemibiotrophic lifestyles. 

In fact, plant-microbe interactions have evolved over hundreds of millions of 

years, leading to diverse interactions such as pathogenic or mutualistic 

interactions (Uhse and Djamei, 2018). Necrotrophic fungi synthesize and 

secrete toxic secondary metabolites during the first stages of host colonization, 

which kill their host and allow them to grow on the organic compounds released 

from the dead tissue (Horbach et al., 2011; Lo Presti et al., 2015; Lanver et al., 
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2018). In addition to toxins, reactive oxygen species play an important role in 

necrotrophic fungi such as the gray mold fungus Botrytis cinerea. Necrotrophs 

also secrete cell wall-degrading enzymes which act on cell wall polymers 

causing significant tissue damage (Horbach et al., 2011). On the other hand, 

biotrophic fungi grow by using the nutrients provided by the living host during 

extended periods of time without producing any toxins. Pathogens exhibiting an 

initial and transient biotrophic, followed by a necrotrophic lifestyle, are called 

hemibiotrophs (Horbach et al., 2011; Lo Presti et al., 2015; Lanver et al., 2018). 

Most plant pathogens, including nearly all biotrophic and many necrotrophic 

fungi, cause disease in only one or a few plant species, whereas other 

pathogens, including many root-infecting and soft rot–inducing fungi, have a 

wide host range (Kubicek et al., 2014).  

To colonize host plants, fungal pathogens show a broad spectrum of 

infection structures (Doehlemann and Hemetsberger, 2013) (Fig 2). For 

example, Cladosporium fulvum, colonize the apoplast in between plant cells, 

whereas smut fungi, such as Ustilago maydis, and the hemibiotroph 

Colletotrichum graminicola invaginate the plant plasma membrane (PM) to form 

a biotrophic interface that serves as an interaction surface. In order to penetrate 

the plant cell wall (CW) and invaginate the plasma membrane, U. maydis 

sporidium (S) develops an infectious filament and then a specialized structure 

called appressoria (Ap) which facilitates the penetration by a combination of 

secreted enzymes and turgor pressure. Similarly, C. graminicola conidium (C) 

germinates and then develop the appressorium. Other pathogens, such as the 

powdery mildew fungus Blumeria graminis and the rust fungus Puccinia 

graminis, form a complex interaction structure called the haustoria 

(Doehlemann and Hemetsberger, 2013). This specialized structure which 

differentiates from haustorial mother cell (HMC) and penetrates the plant cell 

wall, is thought to play the primary role in nutrient acquisition from the host 

(Catanzariti et al., 2006). Here, a structure called the neckband (NB) physically 

isolates the interaction zone surrounding the haustorium (extrahaustorial matrix, 

EHM), and the apoplastic space.  
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Fig 2. Infection structures of different fungal plant pathogens (adapted from Doehlemann 

and Hemetsberger, 2013). Schematic representation of the infection structures of different 

biotrophic fungi and the resulting apoplastic interaction zones (Ustilago maydis, Blumeria 

graminis, Colletotrichum graminicola, Puccinia graminis, Cladosporium fulvum). Ap, 

appressorium; C, conidium; CW, cell wall; EHM, extrahaustorial membrane; H, haustorium; 

HMC, haustorial mother cell; IB, interfacial bodies; N, nucleus; NB, neckband; NT, necrotic 

tissue; PM, plasma membrane; S, sporidia; SH, secondary hypha; St, stoma; US, uredospore; 

V, vesicle. 

 

2.1. PAMP-triggered immunity (PTI). 

Independently of the host range and infection structure, all fungi that 

colonize host plants are recognized by the plant immune system and elicit plant 

defences. Before entering the host cell, phytopathogen needs to pass the 

apoplast, where several defence compounds of the pant immune system 

develop an efficient barrier (Doehlemann and Hemetsberger, 2013). These 

defences are initiated by conserved microbe molecular patterns termed 

pathogen-associated molecular patterns (PAMPs) or microbe-associated 

molecular patterns (MAMPs). The main PAMPs of pathogenic fungi is chitin 

from fungal cell wall, although lipopolysaccharides, peptidoglycan volatiles, 

glycoproteins and plant cell wall-degrading enzymes (PCWDEs) can also serve 

as plant immune system elicitors (Lo Presti et al., 2015; Wang and Wang, 

2018). PAMPs are recognized by membrane-anchored pattern recognition 

receptors (PRRs) and trigger a first defence response called PAMP-triggered 

immunity (PTI), although PRRs can also be activated by host-derived damage-

associated molecular patterns (DAMPs) (Asai and Shirasu, 2015; Gupta et al., 
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2015; Lo Presti et al., 2015; Wu et al., 2016; Martínez-González et al., 2018; 

Wang and Wang, 2018). This first line of defence includes accumulation of 

reactive oxygen species (ROS) involving extracellular enzymes (NADPH 

oxidase, peroxidases superoxide dismutase, oxalate oxidases and amine 

oxidases), nitric oxide (NO), salicylic acid (SA), jasmonic acid (JA) and ethylene 

(ET). First line of plant defence also includes reinforcement of cell walls through 

the production of callose depositions and lignification, activation of ion channels, 

increase of intracellular pH, activation of MAPK signalling, and a huge host 

transcriptional reprogramming leading to an accumulation of antimicrobial 

compounds such as chitinases, proteinases, peroxidases and β-1,3-glucanases 

to degrade pathogenic structures, as well as enzyme inhibitors to overcome 

fungal secreted molecules such as trypsin inhibitors (Doehlemann and 

Hemetsberger, 2013; Perez-Nadales et al., 2014; Lo Presti et al., 2015; Ökmen 

and Doehlemann, 2016; Martínez-González et al., 2018; Wang and Wang, 

2018; Yang et al., 2019).   

Plant proteases from diverse catalytic classes have been associated with 

plant immunity. For example, apoplastic aspartic protease CDR1 induces local 

and systemic defence responses in Arabidopsis thaliana. Thus, CDR1 

overexpression resulted in enhance resistance to Pseudomonas syringae (Xia 

et al., 2004). In maize, papain-like cysteine proteases (PLCPs) regulate plant 

defence against biotrophic pathogens being crucial in the orchestration of SA-

dependent signalling. It has been demonstrated that PLCPs released Zea mays 

immune signalling peptide 1 (Zip1) from its inactive propeptide precursor which 

leads to SA accumulation and signalling (Ziemann et al., 2018). Moreover, it 

has been shown that maize Cystatin-9 (Corn Cystatin-9 [CC9]) is a compatibility 

factor that blocks the activation of SA signalling during the interaction of maize 

and U. maydis by the inhibition of apoplastic Cys proteases (van der Linde et 

al., 2012a, 2012b). 
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2.2. Effector-triggered immunity (ETI). 

To stablish a compatible interaction, fungi must avoid eliciting PTI or 

suppress it. To do that, fungus must inactivate toxic metabolites or secrete so-

called fungal effectors to kill the host plant (in necrotrophic and hemibiotrophic 

fungi) or to shield the fungus, suppress the host immunity or manipulate host 

metabolism (in biotrophic and hemibiotrophic fungi). These effectors, in which 

we will focus below, are usually recognized by plant resistance proteins (PR 

proteins), mainly nucleotide binding-leucine-rich repeat (NB-LRR) proteins, 

which constitute a second layer of defence called effector-triggered immunity 

(ETI). This second line of plant defence is specific for each pathogen effector, 

stronger and faster than PTI and can result in localized cell death to kill both 

pathogen and pathogen infected plant cells (Doehlemann and Hemetsberger, 

2013; Stam et al., 2014; Gupta et al., 2015; Lo Presti et al., 2015). Effector 

perception could be either direct, through the binding of the effector to the 

receptor as described for the Chitin Elicitor Receptor Kinase 1 (CERK1), or 

indirect, involving accessory proteins for signal transduction as BAK1 receptor 

(Dodds and Rathjen, 2010; Lo Presti et al., 2015). ETI can trigger strong 

defence responses such as the hypersensitive response (HR), and systemic 

effects, for example systemic acquired resistance (SAR) (Doehlemann and 

Hemetsberger, 2013; Lo Presti et al., 2015). Pathogenic Related (PR) proteins 

are produced by plants and accumulated intra- or extracellularly under 

pathological conditions. They are historically classified into 17 families on the 

basis of their characteristics and biological activity, and show various 

antimicrobial activities. For example, the β-1,3-glucanase PR-2 or the chitinases 

PR-3, PR-4 and PR-8 enzymatically attacks major components of fungal cell 

walls (Doehlemann and Hemetsberger, 2013). Osmotin PR5 interacts with cell 

wall glycoproteins and induces apoptosis (Ibeas et al., 2000, 2001; Narasimhan 

et al., 2003), and members of the PR-1 family trigger SA-induced defence 

signalling (Doehlemann and Hemetsberger, 2013). Phytoalexins are defined as 

secondary metabolites of low molecular mass that are induced by stress and 

exhibit antimicrobial activity (Hammerschmidt, 1999). Indeed, in a compatible U. 

maydis–maize interaction, the expression of PRs and components of 

phytoalexin synthesis are attenuated once biotrophy has been successfully 

established (Doehlemann et al., 2008b). 
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2.3. Model organism to study plant-pathogen interactions. 

Magnaporthe oryzae has been established as the most important fungus 

in terms of economic losses caused and scientific importance, because half of 

the world’s population relies on rice as the main source of feeding and M. 

oryzae has devasting effects on this crop (Dean et al., 2012). Botrytis cinerea, 

Puccinia spp., Fusarium oxysporum and F. graminearum, among others, have 

also a high importance because of their wide host range or the serious diseases 

caused by them. However, the corn smut fungus Ustilago maydis is one of the 

best model systems available to study plant-pathogen interactions and it has 

been positioned in the “Top10 fungal pathogens” since it is easy to be 

genetically manipulated, plant infections are simple and reproducible and 

provide vital insights into the molecular basis of plant immunity and infection 

processes (Dean et al., 2012). In fact, U. maydis have an exclusive feature that 

allows detection of symptoms in maize seedlings less than a week after syringe 

infection, that is the local tumor formation in leaves (Djamei and Kahmann, 

2012), although symptoms are usually quantified from 12 to 14 days after 

infection. Among Ustilaginales, Ustilago maydis, has the unique ability to 

colonize all the aerial organs of its host plant maize and to induce the formation 

of plant tumors locally at sites of infection (Kamper et al., 2006; Okmen and 

Doehlemann, 2014). Moreover, there are many tools for reverse genetics, cell 

biology, and functional studies available to analyse this fungus and the 

interaction with the maize plant (Djamei and Kahmann, 2012).  

 

3. Ustilago maydis life cycle. 

U. maydis is a dimorphic fungus which can grow in both pathogenic and 

non-pathogenic forms during its life cycle (Nadal et al., 2008). Starting from an 

infected maize plant, diploid spores are released when tumours break open, 

undergo meiosis and develop haploid cells (Fig 3A). These spores can grow in 

a non-pathogenic phase, as haploid yeast-like cells that can also be easily 

cultured in the laboratory (Fig 3B). The pathogenic phase starts when two 

sexually compatible haploid strains get together, and pheromones activate the 

compatible receptor in each other. Then they develop a conjugation tube which 

get fused and mating is completed on the maize plant surface developing a 

filamentous cell cycle-arrested dikaryon (Feldbrügge et al., 2004; Castanheira 
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and Pérez-Martín, 2015) (Fig 3C and D). Physical and chemical plant signals 

are sensed by those filaments that develop a morphogenetic structure called 

the appressorium, which mediates plant cuticle penetration (Mendoza-Mendoza 

et al., 2009) (Fig 3E and F). In contrast to the M. oryzae appressoria which have 

a highly melanized, dome-shaped structure and penetrate the plant cell wall via 

turgor pressure (Martin-Urdiroz et al., 2016), U. maydis develop a non-

melanized appressoria without a septum and thus penetration is likely achieved 

via secretion of cell wall degrading enzymes rather than mechanic force 

(Schirawski et al., 2005; Matei and Doehlemann, 2016). During early stages of 

infection, the cell cycle arrest is released, hypha starts branching and clamp-like 

structures assure correct segregation of the two nuclei (Kamper et al., 2006; 

Brefort et al., 2009) (Fig 3G). The fungus expands in this branched filamentous 

form generating hypertrophied plant cells, macroscopically visible as tumors 

(Kamper et al., 2006; Vollmeister et al., 2012; Matei and Doehlemann, 2016; 

Lanver et al., 2017; Redkar et al., 2017). With the onset of plant tumour 

formation, fungal hyphae are mainly detected intercellularly (Fig 3H) and then 

diploid cells are formed after nuclei fusion and develop aggregates (Fig 3I). 

Finally, hyphae fragment and undergo spore development (Fig 3J).  
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Fig 3. The life cycle of Ustilago maydis (adapted from Lanver et al., 2017). A) Diploid spores 

are released after meiosis from a promycelium. They are dark coloured owing to their high 

melanin content. B) Following mitotic divisions, haploid cells bud off from these compartments. 

C) After detection of a compatible mate, cells develop conjugation. D) Following cell fusion, a 

filamentous cell cycle-arrested dikaryon is produced. Only the growing tip of this filament is filled 

with cytoplasm (orange), whereas older parts are vacuolated (grey) and become sealed off by 

regularly spaced septa. These retraction septa enable filament elongation and the formation of 

an infective structure (appressorium) in extended infectious hyphae. E, F) Hyphal tip cells 

develop appressoria and then penetrate plant cells. G) Then, the cell cycle arrest is released, 

and hyphae start to branch. Clamp-like structures (dark orange) assure correct segregation of 

the two nuclei. Hyphae are completely encased by the host plasma membrane (red). H) When 

tumours are developed, hyphae are displayed mainly intercellularly. I) Subsequently, the two 

nuclei of the dikaryon fuse and hyphae form huge aggregates in apoplastic cavities, embedded 

in a gelatinous polysaccharide matrix (pink). J) Hyphae then fragment and undergo spore 

development.  
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All these stages during U. maydis life cycle require many factors and a 

fine-tune signaling regulation, starting with plant surface perception by the 

signaling mucin Msb2 and the tetraspanin protein Sho1 that regulate the activity 

of a downstream MAP kinase module (Lanver et al., 2010). For its activity, O-

mannosylation of Msb2 by the mannosyltransferase Pmt4 is required 

(Fernandez-Alvarez et al., 2009, 2012). Sexual compatibility is determined by 

two independent loci: locus a, which encodes a pheromone-receptor system; 

and locus b, which encodes a transcription factor formed by the bE/bW 

heterodimer (Gillissen et al., 1992). The a-locus encodes a pheromone/receptor 

system required for cell sensing, initiation of filamentous conjugation tubes, and 

cell fusion. The activation of the pheromone pathway after pheromone (encoded 

by mfa genes) binding to the cognate receptor (encoded by pra genes) triggers 

a signaling cascade via cAMP-dependent protein kinase A (PKA) and MAPK 

signaling (Heimel et al., 2010b). The core players in the MAPK pheromone 

pathway are the three hierarchical kinases Kpp4, Fuz7, and Kpp2. Two 

alternative MAPKs, Crk1 and Kpp6, necessary for full virulence, are also 

present (Perez-Nadales et al., 2014). This MAPK cascade leads to G2 cell cycle 

arrest, conjugation tubes formation and cell fusion via Prf1 (Fig 4A). 

Subsequently, Prf1 leads to induction of the bE and bW genes, and the 

formation of bE/bW-heterodimer, which downregulates the a-pathway and 

induces Rbf1 (Hartmann et al., 1996; Urban et al., 1996). Formation of the 

bE/bW complex triggers development of an infective dikaryon filament (Kamper 

et al., 1995). Appressoria formation and subsequent penetration after rbf1 

induction is controlled by induction via Rbf1 of the transcription factor Biz1 (Flor-

Parra et al., 2006) and the MAP kinase Kpp6; whereas filamentous growth and 

the maintenance of G2 cell cycle arrest are controlled by concerted action of 

Biz1 and Hdp2 (Heimel et al., 2010b) (Fig 4B). Clp1, a protein required for the 

distribution of nuclei during cell division of the dikaryon  (Heimel et al., 2010a), 

interacts with bW or Rbf1 coordinating a- and b-dependent cell cycle control 

ensuring a proper cell cycle release and fungal progression into the host plant. 
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Fig 4.  Key factors of a- and b-dependent development in U. maydis (adapted from Heimel 

at al., 2010b). Signalling cascades before (A) and after (B) plant penetration are shown. See 

details about signalling in the above text. Blue colour for a-dependent protein, orange colour for 

cAMP-dependent and MAPK signalling proteins, green colours for transcription factors and 

rouse colour for additional protein. 

 

4. Glycosylation process in U. maydis. 

Protein glycosylation is a common eukaryotic post-translational 

mechanism required for the correct folding, activity and secretion of many 

proteins. Glycosylation involves the synthesis and addition of different 

polysaccharide cores (sugars) to specific amino acids within a consensus 

sequence. Most glycoproteins are cell wall-associated and secreted proteins, 

which acquire glycosyl groups during their transit through the Endoplasmic 

Reticulum (ER) and Golgi Apparatus (GA) (Helenius and Aebi, 2004; Corfield 

and Berry, 2015). Defects during the synthesis or addition of sugars to target 

proteins affect many biological processes. For instance, impaired human protein 

glycosylation causes more than 100 severe embryonic development disorders 

(Freeze et al., 2015). In pathogenic fungi, glycosylation defects lead to a 

reduction or absence of virulence in plant and animal pathogens (Rouabhia et 

al., 2005; Schirawski et al., 2005; Olson et al., 2007; Fernandez-Alvarez et al., 

2009, 2013).   
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Protein glycosylation is divided into different types based on the structure 

and composition of the oligosaccharide cores and the amino acids to which they 

are attached. N- and O-glycosylation are the most common types in fungi (Fig 

5). Initiation of N-glycosylation is conserved from yeast to mammals (Neubert 

and Strahl, 2016), and it consists of the addition of an oligosaccharide core, 

composed of two N-acetylglucosamines (NAcGlc), nine mannoses (Man) and 

three glucose (Glc) molecules, NAcGlc2Man9Glc3, to the nitrogen chain of an 

asparagine residue in the sequence Asn-x-Ser/Thr, where x can be any amino 

acid except proline (Lehle et al., 2006; Fernandez-Alvarez et al., 2010a; 

Schwarz and Aebi, 2011; Breitling and Aebi, 2013). O-glycosylation is more 

variable than N-glycosylation in terms of the types of sugars added. In fungi, O-

mannosylation is the most common type of O-glycosylation and is characterized 

by the addition of Man residues to target proteins. In contrast to N-glycosylation, 

O-glycosylation involves sequential additions of Man to the oxygen chain of Ser 

or Thr amino acids although no amino acid consensus sequence has been 

identified (Lehle et al., 2006; Fernandez-Alvarez et al., 2010a; Loibl and Strahl, 

2013). N- and O- linked glycans are later processed during their transit across 

the ER and GA, and specific trimming of sugars, which is different among 

families and species, is also essential for the function and secretion of 

glycoproteins (Breitling and Aebi, 2013; Fernandez-Alvarez et al., 2013; Fabre 

et al., 2014; Strasser, 2016; Díaz-Jiménez., 2017).  
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Fig 5. N- and O-glycosylation in U. maydis (adapted from Fernández-Álvarez et al., 2010a). 

A) Representative synthesis pathway of the N-linked core oligosaccharide, its transfer to a 

polypeptide chain and its modification in the Golgi. Synthesis starts on the cytoplasmic side, a 

GlcNAc-1-phosphate is transferred from UDP-GlcNAc to dolichylpyrophosphate, then a second 

GlcNAc is added and five mannose residues complete the structure. This oligosaccharide core 

is translocated into the lumen of the ER where four mannose and three glucose residues are 

added. The finished oligosaccharide is transferred from the lipid-bound precursor to the side 

chain nitrogen of the Asn residue by an N-glycosidic bond to the polypeptide. A glycoprotein 

maturation process eliminates three glucoses and a mannose before of vesicular transport to 

the Golgi, where the core oligosaccharide is extended. B) The U. maydis O-glycosylation 

pathway: The PMT, KRE2/MNT1 and MNN1 O-mannosyltransferases families sequentially add 

mannoses to the Ser/Thr residues via an O-glycosidic bond to the polypeptide. The S. 

cerevisiae genes required at the individual biosynthetic steps are shown in parentheses. 

Putative U. maydis orthologs are indicated according to the MIPS U. maydis genome database. 

 

Crucial components for fungal pathogenesis belonging to N- and O-

glycosylation pathways have been identified in several organisms such as 

Candida albicans, Aspergillus nidulans, Cryptococcus neoformans, 

Magnaporthe oryzae or Ustilago maydis (Oka et al., 2004; Rouabhia et al., 

2005; Schirawski et al., 2005; Olson et al., 2007; Fernandez-Alvarez et al., 
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2009, 2013; Hall and Gow, 2013; Chen et al., 2014). The loss of these proteins 

primarily affects those stages of pathogenic development that require robust 

glycoprotein secretion. The involvement of protein glycosylation in fungal 

virulence has been extensively explored in the corn smut fungus U. maydis 

(Fernandez-Alvarez et al., 2009, 2012, 2013).  

N- and O-glycosylation are both crucial for U. maydis pathogenic 

development. The loss of the O-mannosytransferase Pmt4, which catalyzes the 

addition of the first mannose to target proteins, compromises both appressorium 

formation and plant cuticle penetration. Hence, ∆pmt4 cells are unable to invade 

the plant tissues and tumor induction is fully abolished (Fernandez-Alvarez et 

al., 2009). Glucosidase I and II (Gls1 and Gas1/Gas2) catalyze the trimming of 

glucoses during the N-glycan processing in the ER and play crucial roles during 

the early stages of U. maydis plant colonization (Schirawski et al., 2005; 

Fernandez-Alvarez et al., 2013). Thus, gls1 and gas1 cells are able to 

penetrate the plant but their growth is blocked just after the penetration. Cells 

harboring gas2 deletion can invade host cells, form clamp-like cells and spread 

inside the plant although its growth is abolished after the biotrophic 

establishment (2 days-post infection) and no tumors are developed. 

A reasonable explanation for these drastic virulence defects is that 

deficient glycosylation could greatly alter the location and/or function of 

glycoproteins involved in virulence, and consequently compromise multiple 

stages of U. maydis pathogenic development such as plant cuticle penetration, 

fungal progression inside plant tissues or plant defense responses. Despite the 

importance of Pmt4, Gls1 and Gas1/Gas2 for maize infection, the virulence 

factors glycosylated by these proteins are still poorly described. In this context, 

an in silico search for putative Pmt4 targets identified Msb2 as an O-

glycoprotein, whose deletion causes virulence defects that resemble some of 

those described for the ∆pmt4 mutant. Other proteins previously determined as 

involved in virulence such as UMAG_01235 from cluster 2A (Kamper et al., 

2006), UMAG_03746 and UMAG 03749 from cluster 10A (Kamper et al., 2006), 

and Pit1 (Doehlemann et al., 2011) were also identified in this in silico search 

(Fernandez-Alvarez et al., 2012).  However, a more wide-ranging approach is 

required to find new glycosylated virulence factors.  
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5. Fungal effectors and pathogenesis. 

To stablish a compatible interaction, phytopathogens must overcome 

host immunity to colonize the host, especially in the apoplast, either by avoiding 

the activation of, or directly suppressing, pathogen-triggered immunity (PTI) 

(Uhse and Djamei, 2018). Additionally, they must also interfere or inhibit host 

metabolism. For this purpose, pathogens secrete a huge number of so-called 

effectors (Fig 6). It is considered that an effector is a protein secreted by a 

pathogen with an important role in virulence and which interacts with a plant 

molecule in order to successfully colonize the host. However, there is some 

controversy because some authors are more restrictive and apply the term 

effector only to secreted proteins lower than 300 amino acids or to secreted 

proteins without detectable orthologs (Lo Presti et al., 2015). PTI suppression 

by effectors is called effector-triggered susceptibility (Doehlemann and 

Hemetsberger, 2013).  

 

5.1. Fungal effectors and plant susceptibility. 

Effector-triggered susceptibility can be managed by different mechanism: 

overcoming oxidative burst, inhibiting plant degrading enzymes such as 

proteases, glucanases and chitinases, and masking, sequestering or degrading 

generated PAMPs and DAMPs (Fig 6). 

To counteract against oxidative burst, U. maydis secretes a protein 

essential for penetration (Pep1) to directly suppress the generation of ROS by 

inhibiting plant peroxidase POX12 (Hemetsberger et al., 2012). Pep1 is 

functionally conserved in different monocot and dicot pathosystems, becoming 

a core effector that supress PAMP-triggered oxidative burst (Hemetsberger et 

al., 2015). 

To inhibit or avoid plant degrading enzymes, pathogens secrete 

proteases inhibitors or cystatins, chitinases and glucanases inhibitors (Uhse 

and Djamei, 2018). For instance, the oomycete Phytophthora infestans secretes 

the effector Avrblb2, which prevents the secretion of papain-like cysteine 

protease (PLCP) C14 into the apoplast (Bozkurt et al., 2011). Pit2 effector from 

U. maydis interacts with PLCPs in the apoplast inhibiting their activity, which is 

linked with SA (Doehlemann et al., 2011; Mueller et al., 2013), and 

Cladosporium fulvum secretes the effector Avr2 which acts as a protease 
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inhibitor in tomato and interacts with the cysteine proteases RCR3 and PIP1 

(Rooney et al., 2005; van Esse et al., 2008).  

To overcome chitin-triggered immunity, the effector extracellular protein 6 

(Ecp6) from C. fulvum sequesters fungal chitin oligomers to avoid chitin-

triggered immunity (de Jonge et al., 2010). Similarly, Magnaporthe oryzae 

secretes a LysM-containing effector (Slp1) to compete with the rice chitin-elicitor 

binding protein receptor (OsCEBiP) for chitin binding, suppressing PTI 

activation (Mentlak et al., 2012), and C. fulvum shield the cell wall with the 

chitin-binding protein Avr4 (Ökmen and Doehlemann, 2016).  

U. maydis suppress microbe-associated molecular patterns-triggered 

immunity by induction of plant cell death suppressors like cystatins and Bax-

inhibitor 1, inducing JA-dependent signalling and preventing the transition from 

sink to source leaves (Doehlemann et al., 2008a).  

To overcome SA-triggered immunity, the salicylate hydroxylase activity 

found in U. maydis may be responsible to reset the trigger in a negative 

feedback by reducing the SA-levels below a threshold (Rabe et al., 2013). 

Furthermore, U. maydis secretes the translocated effector Cmu1, which 

reprograms hormone signalling, bypassing SA synthesis toward prephenate 

and thereby contributing to the suppression of SA-associated host defences 

(Djamei et al., 2011). Recently, it has been demonstrated that catalytic activity 

of Cmu1 is blocked by Zea mays kiwellin 1 (ZmKWL1) as a plant defence 

response (Bange and Altegoer, 2019; Han et al., 2019). Similarly, Phytophthora 

sojae PsIsc1 and Verticillium dahlia VdIsc1 prevent formation of SA precursors 

(Asai and Shirasu, 2015).  

Furthermore, pathogens must also overcome plant antimicrobial 

metabolites. Thus, some pathogens such as F. oxysporum f. sp. lycopersici, C. 

fulvum and B. cinerea secrete tomatinases during infection to counteract the 

antimicrobial glycoalkaloid α-tomatine from tomato defence system (Wang and 

Wang, 2018). 

 



Glycoproteins as new virulence factors in U. maydis 

53 

 

 

Fig 6. The role of selected effectors in plant defence suppression (Doehlemann and 

Hemetsberger, 2013). Schematic overview of a hypothetical plant infection by a filamentous 

microbial pathogen. Components of basic plant defence and interfering pathogen effectors are 

depicted. Microbial effectors: Avr2, Avr4, Avrblb2, Ecp6, EPIC1, GIP1, Pep1, Pit2. Plant 

proteases: C14, PIP1, PLCP (papain-like cysteine protease), Rcr3. ROS generating enzymes: 

POX (peroxidase), RBOH (respiratory burst oxidase homolog). BAK1, Arabidopsis bri1-

associated receptor kinase-1; C-genes, compatibility genes; CC9, maize cystatin ‘corn cystatin 

9’; Cf-2, tomato resistance protein Cf-2; JA, jasmonic acid; MAPK, mitogen-activated protein 

kinases; PAMP/DAMP, pathogen/damage-associated molecular patterns; PR genes, genes 

encoding for PR proteins; PRR, pattern recognition receptor; ROS, reactive oxygen species; 

SA, salicylic acid. 

 

Host-pathogen interactions in the plant apoplast may be fine-tuned 

regulated. For example, during the interaction of the oomycete pathogen 

Phytophthora sojae and its host soybean (Glycine max), the pathogen secretes 

an apoplastic xyloglucan-specific endoglucanase that enables infection, but its 

activity can be inhibited by the soybean-derived apoplastic glucanase inhibitor 

GmGIP1. However, the pathogen secretes a paralogous non-functional 

xyloglucan-specific endoglucanase that acts as a decoy binding to the inhibitor 

and freeing the endoglucanase to support the infection. Similarly, the rice blast 

fungus M. oryzae secretes the chitinase 1 (MoChia1) that binds to chitin and 

supress the chitin-triggering immune response in rice. Nevertheless, rice plant 

secretes a tetratricopeptide-repeat protein (OsTRP1) which competes with 
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MoChia1 for chitin, recovering immunity by free chitin-triggered ROS burst 

(Yang et al., 2019). 

Another interesting evolutionary adaptation of pathogenic fungi to their 

lifestyle is the dual function of UmFly1, the fungalysin metalloprotease from U. 

maydis. This protease is involved in cell separation during budding life-cycle, 

where it activates an endogenous fungal chitinase, but is also required for 

cleavage of the maize chitinase ZmChia, removing the carbohydrate binding 

domain from the glycoside domain and suppressing the host chitinase activity 

during infection (Okmen et al., 2018). Similarly, some of the secreted-in-xylem 

(SIX) proteins from F. oxysporum have been shown to have roles in both 

virulence and avirulence (Thatcher et al., 2012). 

 

5.2. Plant cell wall degrading enzymes and successful host 

colonization. 

Initial phases of fungal infection include adhesion to the cuticle, growth of 

germ tubes on the plant surface and differentiation of infective structures 

(appressoria) formed in response to plant topographical cues (stomatal pores), 

plant chemical cues (epicuticular waxes) or physical cues (hydrophobicity). 

Many pathogenic biotrophs use a combination of turgor pressure and plant cell 

wall-degrading enzymes (PCWDEs) to breach the cell wall without affecting 

host cell viability (Horbach et al., 2011; Lo Presti et al., 2015; Wang and Wang, 

2018). These enzymes are particularly important for phytopathogenic fungi that 

do not have specialized penetration structures, although all phytopathogenic 

fungi require these enzymes during late stages of invasion (Kubicek et al., 

2014). For example, rice blast fungus M. oryzae secretes a α-N-

arabinofuranosidase that accumulates in invasive fungal structures during rice 

infection inducing host cell wall digestion, and these digestion products activate 

the rice defence response. In fact, pre-treatment with this arabinofuranosidase 

increases rice resistance to M. oryzae (Wu et al., 2016). To protect themselves 

against fungal infection and cell wall degradation, host plants produced 

PCWDEs inhibitors; i.e., pectinases inhibitors are common in dicots and 

noncommelinoid monocots and xylan-degrading enzymes inhibitors are 

common in crops and grasses (Kubicek et al., 2014).  
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In U. maydis it has been described that PCWDEs are differentially 

regulated during maize infection (Lanver et al., 2014; Lo Presti et al., 2015; 

Lanver et al., 2018). Since plant cell wall is primarily composed of cellulose 

microfibrils embedded in a matrix of pectin, hemicellulose, lignin, and structural 

proteins (Kubicek et al., 2014), the most promising candidates among the 

putative PCWDEs from U. maydis are catalytic enzymes induced during 

biotrophic development and involved in cellulose degradation (exocellulases, 

endo-β-1,4-glucanases and β-glucosidases), hemicellulose degradation (endo-

β-1,4-xylanases, endo-β-1,4-glucanases, β-xylosidases, β-mannases, 

arabinoxylanases and arabinofuranosidases) and pectin degradation 

(polygalacturonases, pectin lyases and pectate lyases). Among these putative 

PCWDEs, there are 32 differentially regulated plant cell wall degrading 

enzymes during maize infection: three cellulases, twenty-four hemicellulases 

and five pectin-degrading enzymes (Lanver et al., 2018). Nevertheless, 

attempts to identify PCWDEs with a virulence function have not yet been 

successful, most likely due to gene redundancy. In fact, single deletions of the 

three genes encoding α-L-arabinofuranosidases afg1, afg2 and afg3 did not 

affect virulence but a triple deletion strain caused a reduced penetration 

efficiency with a significant decrease in virulence capacity (Lanver et al., 2014). 

However, this triple deletion strain was still able to penetrate the maize plant, 

colonize and develop tumors. It has been also described that simultaneous 

deletion of three U. maydis pectinase genes did not impair virulence 

(Doehlemann et al., 2008b). Thus, further analysis should be performed to 

identify more PCWDEs with a virulence function. 

 

5.3. Nutrient acquisition during pathogenesis. 

Once inside the plant, U. maydis cell cycle arrest is released and the 

fungus returns to mitotic growth, which leads to a higher nutrient consumption. 

Actually, RNAseq analysis from maize plants infected with U. maydis revealed 

that fungal genes involved in metabolic and cellular activity were induced at 2 

days-post infection when the biotrophy between fungus and host is stablished 

(Lanver et al., 2018). Genes involved in lipid transport and lipid metabolism as 

well as nitrogen transporters were also increased at the same time point during 

the infection process. To confront this nutrient consumption, biotrophic fungi 



Introduction 

56 

 

have to modify the metabolism of the host to provide themselves with nutrients 

via the extracellular interphase (Djamei and Kahmann, 2012). To obtain the 

required nutrients without eliciting plant immune defences, U. maydis codifies a 

plasma membrane-localized saccharose transporter (Srt1) during its biotrophic 

phase whose deletion strongly affects virulence. Srt1 is an H+-symporter 

specific for sucrose and displays an unusually high substrate affinity, 

guaranteeing an efficient carbon supply (Wahl et al., 2010a). The glucose 

transporter Hxt1 has an additional sensing role during pathogenesis to generate 

a nutrient-dependent signal to link environmental signal to the developmental 

program (Schuler et al., 2015). Similarly, to maintain a lipid homeostasis during 

the initial stage of host colonization, U. maydis phospholipase A2 (Lip2) is 

shown to counteract oxidative damage to lipids caused by host ROS production 

(Lambie et al., 2016).  

 

5.4. A better insight into U. maydis effectors. 

The switch from yeast to pathogenic filament in U. maydis requires an 

upregulation of effector gene expression (Kamper et al., 2006). Secreted 

effectors need to be transported through the ER to plasma membrane by 

vesicles. Thus, long-distance signalling and trafficking in the fungal hyphae 

needs motor-dependent motility of retrograde early endosomes (Bielska et al., 

2014; Higuchi, 2015). U. maydis is predicted to encoded nearly 500 secreted 

proteins, with many of them lacking any known structural or function domains 

(Lanver et al., 2017; Schuster et al., 2017). Many of these putative effector 

genes are grouped in clusters in the genome (Kamper et al., 2006; Schirawski 

et al., 2010; Skibbe et al., 2010) and contribute to virulence (Kamper et al., 

2006; Mueller et al., 2008; Schirawski et al., 2010; Skibbe et al., 2010; Schilling 

et al., 2014; Stirnberg and Djamei, 2016; Lanver et al., 2018). It is well known 

that some U. maydis effectors demonstrate an organ-specific expression, 

showing essential roles in tumorigenesis (Skibbe et al., 2010; Schilling et al., 

2014). These effectors are regulated during the infection process in several 

waves of effector secretion by different transcription factors. From them, Rbf1 is 

the central transcriptional regulator downstream of the bE/bW complex (Heimel 

et al., 2010b) responsible for the induction of Biz1 and Hdp2 transcription 

factors, Biz1 and Hdp2 are the main inducers of early effectors (Flor-Parra et 
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al., 2006; Heimel et al., 2010b; Lanver et al., 2014), and Fox1 (forkhead box 1), 

Ntl1 (no leaf tumors 1) and Ros1 (regulator of sporogenesis 1) are contributors 

but non inducers of the late effectors (Zahiri et al., 2010; Tollot et al., 2016; 

Lanver et al., 2018) (Fig 7). Some effectors contribute to virulence redundantly, 

such as the member of the EFF1 effector gene family (Khrunyk et al., 2010).  

 

 

Fig 7. The regulatory network that controls U. maydis effector gene expression and 

secretion (adapted from Lanver et al., 2018). After pheromone perception by Pra receptors, 

haploid cells develop conjugation tubes and mate, and signal are transmitted via cAMP-

dependent and MAPK pathways activating Prf1 which induces bE/bW heterodimer formation 

and subsequently Rbf1. This signalling together with plant signal perceived by Msb2 and Sho1 

leads to Hdp2, Biz1 and Mzr1 transcription factors induction and then early effector induction. 

After penetration, unknown plant or developmental signals induce the expression of 

transcription factors Ros1 and Fox1, which lead to induction of late effectors and repression of 

early effectors by Ros1. Question marks indicate hypothetical or unknown signalling. Dotted 

lines indicate unknown pathway parts. 

 

However, as far as we know, the molecular function of only five effectors 

has been elucidated. (i) The three previously mentioned secreted effectors 

Cmu1 (Djamei et al., 2011; Bange and Altegoer, 2019; Han et al., 2019),  Pep1 

(Doehlemann et al., 2009; Hemetsberger et al., 2012), and Pit2 (Doehlemann et 



Introduction 

58 

 

al., 2011; Mueller et al., 2013). (ii) Tin2 (tumor inducing 2) is part of the largest 

effector gene cluster in U. maydis, whose entire deletion results in severe 

attenuated virulence (Brefort et al., 2014). Tin2, which has been recently shown 

to be neofunctionalized (Tanaka et al., 2019), binds and protects a ubiquitin-

proteasome degradation motif in maize protein kinase TTK1. This kinase 

regulates the flavonoid pigment anthocyanin biosynthetic pathway, and thus 

Tin2 supports the production of anthocyanin in infected tissue and suppresses 

lignin biosynthesis, impeding the cell wall strengthen (Tanaka et al., 2014). (iii) 

The seedling efficient effector 1 (See1) is a translocated effector required for the 

reactivation of plant DNA synthesis only in leaf cells, which is crucial for tumor 

formation, and interferes with the MAPK-triggered phosphorylation of maize 

SGT1 (Suppressor of G2 allele of skp1), homolog to a factor acting in cell cycle 

progression in Saccharomyces cerevisiae and an important component of plant 

immunity (Redkar et al., 2015a). 

Among the effectors whose molecular function has not been yet 

elucidated, ApB73 is a conserved and important virulence factor that localizes 

to the interface between the pathogen and its host Zea mays (Stirnberg and 

Djamei, 2016); Cce1 (Cysteine-rich core effector 1) is a secreted cysteine-rich 

effector conserved in other smut fungi that is upregulated during biotrophy and 

essential at the onset of infection (Seitner et al., 2018); and Rsp3 is a repeat-

containing secreted effector which decorates the hyphal surface and blocks the 

antifungal activity of both mannose-binding DUF26-domain family secreted 

proteins AFP1 and AFP2 from maize (Ma et al., 2018).  

 

5.5. Effector glycosylation and UPR signalling. 

Biotrophic pathogens suffer endoplasmic reticulum (ER) stress during 

plant colonization because of the activation of the secretory machinery in order 

to supress plant defence response and to redirect nutrient fluxes by secreted 

effectors (Heimel et al., 2013). Secreted effectors should be properly folded 

during their ER-Golgi transition with the aim of being functional and unfolded 

protein response (UPR) plays an essential role to overcome this issue, 

especially during the biotrophic interaction (Heimel et al., 2013). U. maydis 

possess a co-chaperone Dnj1 whose deletion is sensitive to the ER stressor 

tunicamycin and displays a severe virulence defect in maize infections (Lo 
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Presti et al., 2016). Djn1 plays no role in effectors translocation, but is required 

for their secretion, contributing to the establishment of a compatible interaction 

with the host (Lo Presti et al., 2016). In addition, activation of UPR is directly 

connected with the regulatory pathways that control pathogenic development 

(Heimel et al., 2013) and genes involved in UPR are induced during penetration 

of the plant surface (Lanver et al., 2018). Hence, it is also necessary the action 

of chaperones, chaperonines and other folding-assistance proteins such as 

disulfide isomerases and peptidyl-prolyl cis-trans isomerases to maintain 

effectors in their active conformations to ensure a successful fungal 

colonization. Interestingly, some effector genes, including pep1 and pit2, 

contain UPR elements in their promoter regions, and Cib1 promotes their 

expression in an ER stress-dependent manner (Hampel et al., 2016). Moreover, 

Cib1 directly interacts with the bE/bW-induced Clp1 protein, which is necessary 

for clamp formation, thus there is a notable crosstalk between UPR and bE/bW 

regulatory pathways (Scherer et al., 2006; Heimel et al., 2013). This interaction 

stabilizes Clp1 and allow the cell-cycle release (Heimel et al., 2013). Hence, it 

could be thought that plant signals enhance effector gene expression and UPR 

pathway to maintain the ER homeostasis (Lanver et al., 2017). 

Effectors and virulence factors secreted via the conventional 

endoplasmic reticulum (ER)-Golgi apparatus (GA) route are cotranslationally 

inserted into the ER where they can be O- and/or N-glycosylated. Glycosylation 

has not been just demonstrated to be implicated in the pathogenicity of U. 

maydis (Schirawski et al., 2005; Fernandez-Alvarez et al., 2009, 2013), as 

mentioned before, but in M. oryzae where ER-located α-1,3-

mannosyltransferase (Alg3) involved in N-glycosylation is required for virulence 

(Chen et al., 2014). This mutation leads to hyphae growing arrest and massive 

ROS production in rice, probably because the non-glycosylated Slp1 is less 

stable and may not bind to chitin during penetration step. In addition, N-

glycosylation is involved in virulence in M. graminicola (Motteram et al., 2011) 

and O-glycosylation in B. cinerea, since the overexpression of O-glycosylated 

proteins leads to elicitation of plant defences (Gonzalez et al., 2014).  
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5.6. A new approach to identify virulence factors. 

Effectors are often secreted through conventional ER-GA route and thus, 

may contain an N-terminal secretion signal (Lo Presti et al., 2015). Hence, 

bioinformatic tools such as SignalP (Emanuelsson et al., 2007; Nielsen, 2017), 

TargetP (Emanuelsson et al., 2007) or EffectorP (Sperschneider et al., 2016) 

may predict a protein to be secreted and putatively be an effector. 

Unconventionally secreted proteins are excluded from this analysis although 

many examples indicate the implication of such proteins in virulence. For 

instance, effectors Avr-k1 and Avr-a10 from the barley powdery mildew 

(Blumeria graminis f. sp. hordei) have been shown to be unconventionally 

secreted and required for virulence (Ridout et al., 2006). Since effectors are 

often conventionally secreted and most secreted proteins in filamentous fungi 

are predicted to be O-glycosylated (Gonzalez et al., 2012), a screening to 

identify effectors by detecting their glycosylation motives could be performed. 

However, search of O-glycosylation sites in fungi can be overestimated by 

bioinformatic tools such as NetOGlyc in comparison with experimental data 

(Gonzalez et al., 2012).  

As effectors are secreted and thus most of them glycosylated, we 

hypothesize that glycosylation is an important cue to identify fungal virulence 

factors. Moreover, cell wall glycoproteins which form the most external layer of 

the pathogen constituting the first physical interaction zone with the host and 

involved in virulence can be also identified (Uhse and Djamei, 2018). 

Significantly, almost all cell wall and secreted factors are glycosylated (Xie and 

Lipke, 2010; Kruszewska et al., 2008). Thus, we postulated cell wall and 

secreted proteins as the main sources of novel virulence factors.  

In this work we applied a proteomics approach designed to identify N- 

and O-glycoproteins produced when the infection program is activated. Using 

this method, we identify several Gls1 and Pmt4 targets involved in virulence. 

Among these, we further characterize Pdi1, a disulfide isomerase protein whose 

glycosylation we demonstrate to be required for full virulence in maize plants. 

Furthermore, we show that the deletion of Pdi1 affects glycoprotein secretion in 

U. maydis. We speculate about its role during the infection process, which could 

be related to ensuring the effective production and secretion of many virulence 

factors. Moreover, we further characterized the endo-β-1,4-xylanase Xyn1 and 
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the other xylanases found in U. maydis, suggesting that they may play a role 

during plant cell wall modification along the infection and host colonization in a 

co-ordinately manner. Among the Gls1 and Pmt4 targets involved in virulence 

we also found an endo-β-1,6-glucanase, Glu1, which may be involved in fungal 

cell wall remodelling during the yeast-to-filament transition on the plant surface.  
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1. To identify and characterize of O- and N-glycoproteins involved in U. maydis 

virulence. 

 

o To identify of O- and N-glycoproteins from cytoplasmic, secreted and 

cell wall extracts. 

 

o To characterize identified glycoproteins involved in virulence. 

 
a. To characterize the protein disulfide isomerase Pdi1 and its role in 

secreted effector folding.  

b. To characterize the U. maydis endo-β-1,4-xylanases. 

c. To characterize the U. maydis β-1,6-glucanase. 

 

 

2. To analyze the maize plant gene expression response after infection with U. 

maydis O- and N-glycosylation defective mutants. 
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1. Strains used in this work. 

 

Strain Relevant Genotype Reference 

FB1 a1 b1 (Banuett and Herskowitz 1989) 

FB2 a2 b2 (Banuett and Herskowitz 1989) 

FB1 Δpmt4 a1 b1 Δpmt4:hyg 
(Fernandez-Alvarez et al., 

2009) 

FB1 Δgls1 a1 b1 Δgls1:nat 
(Fernandez-Alvarez et al., 

2013) 

FB1 Δpdi1 a1 b1 Δpdi1:cbx This work 

FB2 Δpdi1 a2 b2 Δpdi1:cbx This work 

FB1 Δxyn1 a1 b1 Δxyn1:nat This work 

FB2 Δxyn1 a2 b2 Δxyn1:nat This work 

FB1 Δxyn2 a1 b1 Δxyn2:gen This work 

FB2 Δxyn2 a2 b2 Δxyn2:gen This work 

FB1 Δxyn11A a1 b1 Δxyn11A:hyg This work 

FB2 Δxyn11A a2 b2 Δxyn11A:hyg This work 

FB1 Δxyn3 a1 b1 Δxyn3:cbx This work 

FB2 Δxyn3 a2 b2 Δxyn3:cbx This work 

FB1 Δglu1 a1 b1 Δglu1:nat This work 

FB2 Δglu1 a2 b2 Δglu1:nat This work 

FB1 ΔUMAG_04180 a1 b1 ΔUMAG_04180:nat This work 

FB2 ΔUMAG_04180 a2 b2 ΔUMAG_04180:nat This work 

FB1 ΔUMAG_11098 a1 b1 ΔUMAG_11098:nat This work 

FB2 ΔUMAG_11098 a2 b2 ΔUMAG_11098:nat This work 

FB1 Biz1 a1 b1 Pcrg:Biz1:cbx (Flor-Parra et al., 2006) 

FB1 Biz1 Δpmt4 a1 b1 Pcrg:Biz1 Δpmt4:hyg This work 

FB1 Biz1 Δgls1 a1 b1 Pcrg:Biz1 Δgls1:nat This work 

FB1 Biz1 Δpdi1 a1 b1 Pcrg:Biz1 Δpdi1:hyg This work 

SG200 a1 mfa2 bW2 bE1 (Bolker et al., 1995) 

SG200 Δpmt4 a1 mfa2 bW2 bE1 Δpmt4:hyg 
(Fernandez-Alvarez et al., 

2009) 

SG200 Δgls1 a1 mfa2 bW2 bE1 Δgls1:nat (Fernandez-Alvarez et al., 



Material and Methods 

70 

 

2013) 

SG200 Δgas2 a1 mfa2 bW2 bE1 Δgas2 
(Fernandez-Alvarez et al., 

2013) 

SG200 Δafg1 a1 mfa2 bW2 bE1 Δafg1:cbx This work 

SG200 Δpdi1 a1 mfa2 bW2 bE1 Δpdi1:cbx This work 

SG200 Δxyn1 a1 mfa2 bW2 bE1 Δxyn1:nat This work 

SG200 Δglu1 a1 mfa2 bW2 bE1 Δglu1:nat This work 

SG200 ΔUMAG_00309 a1 mfa2 bW2 bE1 ΔUMAG_00309:nat This work 

SG200 ΔUMAG_01209 a1 mfa2 bW2 bE1 ΔUMAG_01209:nat This work 

SG200 ΔUMAG_02751 a1 mfa2 bW2 bE1 ΔUMAG_02751:nat This work 

SG200 ΔUMAG_03416 a1 mfa2 bW2 bE1 ΔUMAG_03416:nat This work 

SG200 ΔUMAG_04180 a1 mfa2 bW2 bE1 ΔUMAG_04180:nat This work 

SG200 ΔUMAG_04270 a1 mfa2 bW2 bE1 ΔUMAG_04270:gen This work 

SG200 ΔUMAG_04382 a1 mfa2 bW2 bE1 ΔUMAG_04382:gen This work 

SG200 ΔUMAG_04733 a1 mfa2 bW2 bE1 ΔUMAG_04733:nat This work 

SG200 ΔUMAG_11098 a1 mfa2 bW2 bE1 ΔUMAG_11098:nat This work 

SG200 ΔUMAG_11496 a1 mfa2 bW2 bE1 ΔUMAG_11496:gen This work 

SG200 3xGFP a1 mfa2 bW2 bE1 Potef:3xGFP:cbx This work 

SG200 2xRFP Δpdi1 a1 mfa2 bW2 bE1 Potef:2xRFP:cbx Δpdi1:hyg This work 

SG200 Δpdi1 otef:pdi1wt a1 mfa2 bW2 bE1 Δpdi1:hyg Potef:pdi1:cbx This work 

SG200 Δpdi1 otef:pdi1 ΔO-gly a1 mfa2 bW2 bE1 Δpdi1:hyg Potef:pdi1 ΔO-gly:cbx This work 

SG200 Δpdi1 otef:pdi1 ΔN-gly a1 mfa2 bW2 bE1 Δpdi1:hyg Potef:pdi1 ΔN-gly:cbx This work 

SG200 Δpdi1 otefpdi1 ΔN,O-gly 
a1 mfa2 bW2 bE1 Δpdi1:hyg Potef:pdi1 ΔN,O-

gly:cbx 
This work 

SG200 Δpdi1 pdi1wt a1 mfa2 bW2 bE1 Δpdi1:hyg Ppdi1:pdi1:cbx This work 

SG200 Δpdi1 pdi1 ΔO-gly a1 mfa2 bW2 bE1 Δpdi1:hyg Ppdi1:pdi1 ΔO-gly:cbx This work 

SG200 Δpdi1 pdi1 ΔN-gly a1 mfa2 bW2 bE1 Δpdi1:hyg Ppdi1:pdi1 ΔN-gly:cbx This work 

SG200 Δpdi1 pdi1 ΔN,O-gly 
a1 mfa2 bW2 bE1 Δpdi1:hyg Ppdi1:pdi1 ΔN,O-

gly:cbx 
This work 

SG200 pdi1:GFP a1 mfa2 bW2 bE1 Potef:pdi1-GFP:cbx This work 

SG200 Δpdi1 pdi1 ΔN-gly:GFP 
a1 mfa2 bW2 bE1 Δpdi1:hyg Potef:pdi1 ΔN-gly-

GFP:cbx 
This work 

SG200 xyn2:GFP a1 mfa2 bW2 bE1 Potef:xyn2-GFP:cbx This work 
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SG200 xyn11A:GFP a1 mfa2 bW2 bE1 Potef:xyn11A-GFP:cbx This work 

SG200 xyn3:GFP a1 mfa2 bW2 bE1 Potef:xyn3-GFP:cbx This work 

SG200 glu1:GFP a1 mfa2 bW2 bE1 Potef:glu1-GFP:cbx This work 

SG200 mrfp:HDEL a1 mfa2 bW2 bE1 Potef:cals:mrfp-HDEL:cbx (Theisen et al., 2008) 

SG200 Ppit2:xyn1:mcherry-HA a1 mfa2 bW2 bE1 Ppit2:xyn1:mcherry-HA:cbx This work 

SG200 Ppit2:xyn2:mcherry-HA a1 mfa2 bW2 bE1 Ppit2:xyn2:mcherry-HA:cbx This work 

SG200 Ppit2:xyn11A:mcherry-HA a1 mfa2 bW2 bE1 Ppit2:xyn11A:mcherry-HA:cbx This work 

CL13 a1 bE1 bW2 (Bolker et al., 1995) 

CL13 Δcmu1 a1 bE1 bW2 Δcmu1:cbx (Djamei et al., 2011) 

CL13 Δsuc2 a1 bE1 bW2 Δsuc2:cbx This work 

CL13 Δafg1 a1 bE1 bW2 Δafg1:cbx This work 

CL13 Δpdi1 a1 bE1 bW2 Δpdi1:cbx This work 

CL13 Δxyn1 a1 bE1 bW2 Δxyn1:nat This work 

CL13 Δxyn2 a1 bE1 bW2 Δxyn2:gen This work 

CL13 Δxyn1Δxyn2 a1 bE1 bW2 Δxyn1:nat Δxyn2:gen This work 

CL13 Δxyn11A a1 bE1 bW2 Δxyn11A:hyg This work 

CL13 Δxyn1Δxyn2Δxyn11A a1 bE1 bW2 Δxyn1:nat Δxyn2:gen Δxyn11A:hyg This work 

CL13 Δxyn3 a1 bE1 bW2 Δxyn3:cbx This work 

CL13 Δglu1 a1 bE1 bW2 Δglu1:nat This work 

CL13 ΔUMAG_00027 a1 bE1 bW2 ΔUMAG_00027:nat This work 

CL13 ΔUMAG_00309 a1 bE1 bW2 ΔUMAG_00309:nat This work 

CL13 ΔUMAG_00695 a1 bE1 bW2 ΔUMAG_00695:nat This work 

CL13 ΔUMAG_01213 a1 bE1 bW2 ΔUMAG_01213:nat This work 

CL13 ΔUMAG_01690 a1 bE1 bW2 ΔUMAG_01690:nat This work 

CL13 ΔUMAG_01886 a1 bE1 bW2 ΔUMAG_01886:gen This work 

CL13 ΔUMAG_02751 a1 bE1 bW2 ΔUMAG_02751:nat This work 

CL13 ΔUMAG_03246 a1 bE1 bW2 ΔUMAG_03246:gen This work 

CL13 ΔUMAG_03416 a1 bE1 bW2 ΔUMAG_03416:nat This work 

CL13 ΔUMAG_04180 a1 bE1 bW2 ΔUMAG_04180:nat This work 

CL13 ΔUMAG_04503 a1 bE1 bW2 ΔUMAG_04503:nat This work 

CL13 ΔUMAG_04733 a1 bE1 bW2 ΔUMAG_04733:nat This work 

CL13 ΔUMAG_05988 a1 bE1 bW2 ΔUMAG_05988:gen This work 

CL13 ΔUMAG_06158 a1 bE1 bW2 ΔUMAG_06158:gen This work 
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CL13 ΔUMAG_10681 a1 bE1 bW2 ΔUMAG_10681:gen This work 

CL13 ΔUMAG_10750 a1 bE1 bW2 ΔUMAG_10750:gen This work 

CL13 ΔUMAG_10774 a1 bE1 bW2 ΔUMAG_10774:gen This work 

CL13 ΔUMAG_11098 a1 bE1 bW2 ΔUMAG_11098:nat This work 

CL13 ΔUMAG_11400 a1 bE1 bW2 ΔUMAG_11400:cbx This work 

CL13 ΔUMAG_11496 a1 bE1 bW2 ΔUMAG_11496:gen This work 

CL13 ΔUMAG_11749 a1 bE1 bW2 ΔUMAG_11749:nat This work 

CL13 CFP a1 bE1 bW2 Potef:CFP:cbx This work 

CL13 2xRFP Δxyn1 a1 bE1 bW2 Potef:2xRFP:cbx Δxyn1:nat This work 

CL13 2xRFP Δxyn2 a1 bE1 bW2 Potef:2xRFP:cbx Δxyn2:gen This work 

CL13 2xRFP Δglu1 a1 bE1 bW2 Potef:2xRFP:cbx Δglu1:nat This work 

 

Table 1. List of strains used in this thesis. 

 

2. Media and growth conditions. 

All media was prepared with Milli-Q water. For solid media, 2% of agar 

was used unless a different concentration is specifically described. All carbon 

source was added to the liquid media after sterilization by autoclave using a 

concentration of 1%, except when a specific concentration is needed and cited. 

 

2.1. Media and solution for U. maydis culture. 

YEPSL (rich medium): 1% yeast extract (Difco), 0.4% bactopeptone 

(Difco) and 0.4% saccharose as the carbon source. 

YPDU (rich medium): 1% yeast extract (Difco), 2% bactopeptone 

(Difco), and 2% agar (Difco). 1% D-glucose as carbon source is added after 

autoclavation. 

CM (complete medium): 0.25% casaminoacids (Difco), 0.1% yeast 

extract (Difco), 1% vitamin solution, 6.25% “Holliday’74” salts, 0.05% degraded 

DNA (Sigma-Aldrich), 0.15% NH4NO3, pH 7.0 adjusted, 0.2% carbon source 

(CMD: D-glucose as carbon source; CMA: D-arabinose as carbon source). 

PD-Charcoal: 2.4% potato dextrose broth (Difco), 1% charcoal (Sigma-

Aldrich), 2% agar (Difco). 

Regeneration agar: 1% yeast extract (Difco), 2% bactopeptone (Difco), 

2% saccharose, 1 M sorbitol (Sigma-Aldrich) and 1.5% agar. 
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“Holliday’74” salts solution: 16% KH2PO4, 4% Na2SO4, 8% KCl, 

4.09% MgSO4 x 7H2O, 1.32% CaCl2 x2H2O and 8% trace elements. 

Trace elements: 0.06% H3BO3, 0.14% MnCl x 4H2O, 0.4% ZnCl2, 0.4% 

Na2MoO4 x 2H2O, 0.1% FeCl3 x 6H2O and 0.03% CuSO4. 

Vitamin solution: 0.1% thiamine (Sigma-Aldrich), 0.05% riboflavin 

(Sigma-Aldrich), 0.05% pyridoxine (Sigma-Aldrich), 0.2% calcium pantothenic 

acid (Sigma-Aldrich), 0.05% aminobenzoic acid (Sigma-Aldrich), 0.2% nicotinic 

acid (Sigma-Aldrich), 0.2% choline chloride (Sigma-Aldrich) and 1% myo-

inositol (Sigma-Aldrich). 

 

2.2. Growth conditions of U. maydis. 

General conditions: As it has been previously described (Gillissen et 

al., 1992), U. maydis pre-cultures and cultures were performed unless 

otherwise specified in YEPSL. Cells in liquid and solid media were grown at 

28ºC, except for charcoal containing plates that were incubated at 25ºC. Liquid 

cultures were incubated in constant stirring (280 rpm) and good aeration 

conditions (1/5 of total flask volume). 

 

Growth rate analysis: For growth assay in liquid culture, U. maydis cells 

were grown to exponential phase in YEPSL and diluted to 0.04 OD600 in 

YEPSL. Cell growth at 28 ºC with continuous shaking was analysed over 24 h 

using a Spark 10M (Tecan) fluorescence microplate reader. 

 

Stress assays: ER stress assays were carried out with cultures grown at 

28 ºC to exponential phase in CMD and spotted at 0.4 OD600 onto CM plates 

supplemented with 4 mM DTT (iNtRON Biotechnology). Plates were incubated 

for 48 h at 28 ºC. For ER stress assay in liquid culture, U. maydis cells were 

grown to exponential phase in YEPSL and diluted to 0.1 OD600 in YEPSL with 

10 mM DTT. Cell growth at 28 ºC with continuous shaking was analysed over 

24 h using a Spark 10M (Tecan) fluorescence microplate reader. 

Cell wall integrity and oxidative stress assays were carried out with 

cultures grown at 28 ºC to exponential phase in CMD and spotted at 0.4 OD600 

in CM plates supplemented with calcofluor white 10 µg/ml  or 40 µg/ml (Sigma-

Aldrich), Congo Red 10 µg/ml or 50 µg/ml (Sigma-Aldrich), Tunicamycin 1 µg/ml 
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(Sigma-Aldrich), Sorbitol 1M (Sigma-Aldrich), 2% DMSO (Sigma-Aldrich), H2O2 

1.5 mM (Sigma-Aldrich), NaCl 1M (Sigma-Aldrich) and 0.005% SDS (Sigma 

Aldrich). Plates were incubated for 48 h at 28 ºC. 

 

Infective process activation by biz1 overexpression: To induce the 

overexpression of transcription factor biz1 (Flor-Parra et al., 2006), FB1Biz1crg 

and its derivative mutants (FB1Biz1crgpmt4, FB1Biz1crggls1 and 

FB1Biz1crgpdi1) cells were grown at 28ºC in complete medium (CM) 

supplemented with D-glucose 25% (CMD), washed twice with water and grown 

in CM supplemented with arabinose 25% (CMA) at 28ºC for 8 hours.  

 

Conjugation tube formation induction by synthetic pheromone: For 

conjugation tube formation assay, FB1 and FB1 harboring single deletions cells 

were grown to exponential phase in liquid CMD. Then, cells were diluted to 0.5 

OD600 in 1 mL and were incubated in a wheel at room temperature during 5 h 

with 1 µL (2.5 mg/mL) of pheromone a2. As a control, cells were also incubated 

with 1 µL of DMSO since the pheromone is diluted in this organic solvent. 

 

2.3. Media and growth conditions for E. coli. 

E. coli cells were grown in LB (0.5% yeast extract, 1% bactopeptone and 

1% NaCl) supplemented with ampicillin (0.1 mg/mL). These cultures were 

incubated at 37ºC. 

 

3. Genetics methods. 

3.1. Plasmid construction. 

Escherichia coli DH5α and pGEM-T easy (Promega) and pJET1.2/blunt 

(ThermoFisher Scientific) were used for cloning purposes. For plasmid DNA 

purification, DNA digestion with restriction enzymes, electrophoresis, fragment 

ligation and competent cells transformation to obtain recombinant plasmids, 

protocols described in (Sambrook et al., 1989) were followed.  

 

3.2. PCR amplification reactions. 

For DNA amplification by PCR, 500 or 1000 nM of each primer, 10 mM of 

each dNTP, 1 unit of polymerase and a variable quantity of mould DNA were 
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used. Elongation time and annealing temperature was adjusted for each PCR. 

According to experimental needs, a different DNA polymerase was employed: 

MyTaq (Bioline), Phusion (New England Biolabs) or Q5 (New England Biolabs).  

 

3.3. Genomic DNA purification from U. maydis. 

For genomic DNA extraction from U. maydis, 2 mL of each culture at late 

exponential phase was centrifuged 1 min at 13000 rpm and resuspended in 200 

µL of Ustilago lysis buffer (2% Triton X-100, 1% SDS, 100 mM NaCl, 1 mM 

EDTA, 10 mM Tris-HCl pH 8.0). A volume equivalent to 100 µL of glass beads 

was added. DNA extraction was performed with phenol/chloroform using 100 µL 

of phenol and 100 µL of chloroform/isoamyllic acid in 24:1 proportion, and 

samples were vortex for 5 min and centrifuged 5 min at 13000 rpm. Supernatant 

was transferred to a new 1.5 mL tube and DNA precipitated with 1 mL of 

ethanol 100%. Both solutions were mixed by gently inversion and were 

centrifuged 3 min at 13000 rpm. DNA pellet was washed with 1 mL of ethanol 

70% and centrifuged 1 min at 13000 rpm. Supernatant was removed and pellet 

was incubated 5 min at 37ºC to dry the pellet. DNA was then resuspended in 50 

µL of water containing 1 µL of RNAse (10mg/mL) and incubated other 5 min at 

37ºC.  

 

3.4. Genes deletion in U. maydis. 

To generate deletion mutants, 1 kb fragments of the 5’ and 3’ flanks of 

the gene of interest (goi) ORF were generated by PCR using Phusion High 

Fidelity DNA polymerase (New England Biolabs) or Q5 High-Fidelity DNA 

polymerase (New England Biolabs) and U. maydis FB1 genomic DNA, using 

the primers goiKO5-1 and goiKO5-2 (containing a SfiI restriction site) to amplify 

the 5’ flank and goiKO3-1 (containing a SfiI restriction site) and goiKO3-2 to 

amplify the 3’ flank (Annex 1). These pair of primers with SfiI restriction sites 

different for each antibiotic (carboxin, nourseothricin, geneticin or hygromycin), 

allowed to ligate each pair of 5’ and 3’ flanks to a specific antibiotic. These 

flanks were cleaned with MEGAquick-spin™ Plus Total Fragment DNA 

Purification Kit (iNtRON Biotechnology), following the manufacturer’s 

instructions, and digested with SfiI. Fragments were purified again with 

MEGAquick-spin™ Plus Total Fragment DNA Purification Kit (iNtRON 
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Biotechnology) and ligated with the 1.9-kb SfiI carboxin, 1.4-kb SfiI 

nourseothricin (ClonNAT), 2-kb SfiI geneticin or 1.9-kb SfiI hygromycin 

resistance cassettes (Brachmann et al., 2004) using T4 DNA ligase (Roche). 

Carboxin, nourseothricin, geneticin and hygromycin cassettes were previously 

digested from their plasmid through SfI digestion and purified from the gel with 

Monarch DNA Gel Extraction kit (New England Biolabs). Constructs were 

cloned into pGEM-T easy (Promega) or pJET1.2/blunt (ThermoFisher Scientific) 

plasmids and amplified by PCR using the primers goiKO5-1/goiKO3-2, prior to 

their transformation in U. maydis. 

To perform the double and triple xylanases mutants, xyn1:nat construct 

from pJETxyn1:nat was amplified by PCR with Q5 DNA polymerase (New 

England Biolabs) using primers xyn1KO5-1/xyn1KO3-2 and integrated into 

CL13xyn2 generating CL13xyn1xyn2 strain. Then, xyn11A:hyg construct 

from pJETxyn11A:hyg was amplified by PCR with Q5 DNA polymerase (New 

England Biolabs) using primers xyn11AKO5-1/xyn11AKO3-2 and integrated into 

CL13xyn1xyn2 generating CL13xyn1xyn2xyn11A strain. 

 

3.5. Constitutive expression and overexpression of U. maydis 

genes. 

Constitutive gene expression under the control of otef promoter was 

employed to complement gene deletion and to express GFP fused proteins. For 

this purpose, p123 plasmid (Wedlich-Soldner et al., 2000) was utilized. This 

plasmid contains GFP gene under the control of the constitutive otef promoter, 

ampicillin resistance gene for its selection in E. coli and carboxin resistance 

gene for selection in U. maydis.  

To perform pdi1 deletion complementation assays, we generated the 

SG200pdi1Potefpdi1 strain.  To this end, the eGFP fragment in p123 was 

substituted with the pdi1 ORF.  The pdi1 ORF was amplified by PCR using 

Phusion HF DNA polymerase (New England Biolabs) with primers 

pdi1StartXmaI and pdi1StopNotI, containing XmaI and NotI restriction sites, 

respectively. The PCR product was digested with XmaI and NotI, purified and 

cloned into the p123 plasmid digested with both restriction enzymes, creating 
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p123-pdi1. Finally, p123-pdi1 was linearized with SspI and integrated into the 

SG200pdi1 ip locus by homologous recombination. 

 

3.6. Transformation of U. maydis. 

U. maydis transformation was performed in protoplasts obtained by the 

following protocol: 50 mL culture at exponential phase grown in YEPSL was 

centrifuged 5 min at 4500 rpm and cells were washed with SCS buffer. Cell wall 

was removed through incubation at 28ºC during 5 min in 5 mL SCS containing 

0.02 g/mL of Lallzyme or until the 80% of the cells were rounded cells. Then, 10 

mL of chilled SCS was added to the cells and were centrifuged 10 min at 2000 

rpm. After two washes with SCS and one wash with chilled STC buffer, 

protoplasts were resuspended in 500 µL of STC and aliquot in 50 µL to their 

storage at -80ºC. 

For protoplasts transformation, a mix of the DNA to be transformed with 

and 1 µL of heparin (10 mg/mL, Sigma-Aldrich) was added to thawed 

protoplasts, mixed carefully and incubated 25 min on ice. During this incubation, 

2 plates of regeneration agar supplemented with antibiotic were prepared and 1 

plate without the antibiotic was used as a protoplast growth control. For this 

purpose, 12 µL of carboxin (from stock 5 mg/mL), 11.25 µL of Clon-NAT (from 

stock 200 mg/mL), 120 µL of geneticin (from stock 50 mg/mL) or 120 µL of 

hygromycin (from stock 50 mg/mL) were added to 15 mL of melted regeneration 

agar and spread out in a petri dish. Once this part was solidified, other 15 mL of 

melted agar regeneration media was added. The aim of the two-layers plates 

was to ensure a proper protoplasts cell wall regeneration while the antibiotic 

diffused to the whole media. Following the incubation, 500 µL of STC/40% 

polyethylene glycol was put in the protoplasts, mixed and incubated 15 min on 

ice. Then, 200 µL of transformed cells were spread onto each selection plate 

using glass beads and the remaining volume was plated in the control plate. 

Transformant colonies were isolated in YPDU supplemented with antibiotic 

required to select the transformant cells and inoculated in YEPSL. Once the 

culture achieved late exponential phase, normally 1 day, DNA was purified 

according to the protocol described in 5.3. To corroborate gene deletion, three 

PCRs were performed: (1) using a forward primer flanking 5’ end of the region 

to recombine and a reverse primer for the resistance, (2)  a forward primer of 
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the resistance and a primer flanking 3’ end of the region to recombine, and (3) a 

pair of primers from the ORF of the gene. The first and second PCRs would 

show a band in the electrophoresis corroboration whereas the third PCR would 

only amplify the product whether the gene deletion did not occur. On the other 

hand, verification of gene integration into ip locus was performed by two PCRs: 

(1) a primer of the 5’ end of sdh2 gene and a primer of the carboxin resistance 

cassette from p123 plasmid, and (2) a primer of the 3’ end of sdh2 gene and 

other primer of carboxin resistance cassette from p123.  

 

3.7. Construction of Pdi1 glycosylation mutants. 

To create an O-glycosylation deficient pdi1 mutant, serine or threonine 

sites predicted by NetOgly 4.0 tool were replaced by site-direct mutagenesis 

using GenScript (Piscataway, USA), generating the plasmid pUC57-pdi1mutO-

gly, with Sma1 and NotI restriction sites. The pdi1mutO-gly construct was 

reintroduced into p123 as described above, creating the p123-pdi1mutO-gly 

vector. This plasmid was linearized with SspI and integrated into the 

SG200pdi1 ip locus by homologous recombination, generating the 

SG200Δpdi1pdiO-gly strain.  

To generate an N-glycosylation mutant version of pdi1, asparagine 36 

and 484 were replaced by glutamine in N-glycosylation sites through PCR using 

the Gibson Assembly® Cloning Kit (New England BioLabs, Frankfurt, Germany) 

with primers PDI1Asn36mut-1 and PDI1Asn36mut-2 for the mutation N36Q and 

primers PDI1Asn484mut-1 and PDI1Asn484mut-2 for the mutation N484Q, 

using p123-pdi1 as template, generating the plasmid p123-pdi1mutN-gly. This 

construction was integrated into the SG200pdi1 ip locus (as described above), 

leading to SG200Δpdi1pdiN-gly strain. 

To generate the O- and N-glycosylation pdi1 mutant, N36 and N484 was 

replaced by glutamine using PCR and the Gibson Assembly Cloning Kit, with 

primers PDI1Asn36mut-1/PDI1Asn36mut-2 for the N36Q mutation and 

PDI1Asn484mutThr486mut-1/PDI1Asn484mutThr486mut-2 for the N484Q 

mutation, and the plasmid p123-pdi1mutO-gly as template, reintroduced into 

p123 to generate p123-pdi1mutN,O-gly. This construct was linearized with SspI 

and reintegrated into the SG200pdi1 ip locus. 
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All pdi1 mutants for N- and/or O-glycosylation were confirmed by 

sequencing, using primers PDI1SeqI and PDI1SeqII. 

To generate plasmids containing the different pdi1 versions under the 

control of the pdi1 promoter, plasmids p123-pdi1, p123-pdi1mutN-gly, p123-

pdi1mutO-gly and p123-pdi1mutN,O-gly were digested with PvuII and SmaI 

restriction enzymes to eliminate the otef promoter and purified. The pdi1 

promoter was then amplified by PCR using Q5 DNA polymerase with primers 

pPdi1-F-NEB and pPdi1-R-NEB containing a p123 plasmid overlapping 

sequence of 20 bp and cloned into the different p123 derivative plasmids with 

NEBuilder HiFi DNA Assembly (New England Biolabs), according to the 

manufacturer’s protocol.   

 

3.8. GFP tagging. 

For GFP tagging of pdi1, we generated plasmid pDL51-pdi1. This 

plasmid is a p123 derivative (Fernandez-Alvarez et al., 2012) where pdi1 ORFs 

were PCR amplified using Phusion HF DNA polymerase with primers 

pdi1ORF5/pdi1ORF3, was cloned in frame with the GFP present in the plasmid, 

under the control of the constitutive expressed otef promotor. To achieve this, 

pDL51 was linearized with SfiI digestion and ligated with the pdi1 ORF digested 

with SfiI. For GFP tagging of the N-glycosylation mutant version of PDI1, 

pdi1mutN-gly was amplified by PCR with primers pdi1StartXmaI and 

pdi1StopNcoI containing XmaI and NcoI restriction sites, respectively. The PCR 

product was digested with XmaI and NcoI, purified and cloned into the 

p123GFP plasmid digested with both restriction enzymes, to generate an in 

frame C-terminal pdi1mutN-gly GFP fusion. Finally, p123-pdi1mutN-glyGFP 

was linearized with SspI and integrated into the SG200pdi1 ip locus by 

homologous recombination. 

Similarly, glu1 was C-terminally GFP tagged by PCR amplification using 

Q5 DNA polymerase (New England Biolabs) and primers with XmaI at the 5’ 

end of forward primer and NcoI at the 5’ end of reverse primer. Gene ORF was 

purified with MEGAquick-spin™ Plus Total Fragment DNA Purification Kit 

(iNtRON Biotechnology) and cloned in frame into p123GFP plasmid previously 

digested with XmaI and NcoI and purified from agarose gel with MEGAquick-

spin™ Plus Total Fragment DNA Purification Kit (iNtRON Biotechnology). T4 
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DNA ligase was employed to ligated both fragments and ligation was 

transformed into E. coli competent cells. p123-glu1:GFP derivative plasmid was 

SspI digested and transformed into U. maydis SG200 wild-type protoplasts. 

For GFP tagging of xyn2, xyn11A and xyn3, gene ORF was amplified by 

PCR using Q5 DNA polymerase (New England Biolabs) and primers with 

BamHI restriction site in 5’ end of forward primer and NcoI restriction site in 5’ 

end of reverse primer, where stop codon is removed. After double BamHI and 

NcoI digestion, ORF was purified with MEGAquick-spin™ Plus Total Fragment 

DNA Purification Kit (iNtRON Biotechnology) and cloned in frame into p123GFP 

plasmid previously digested with BamHI and NcoI and purified from agarose gel 

with MEGAquick-spin™ Plus Total Fragment DNA Purification Kit (iNtRON 

Biotechnology). T4 DNA ligase was employed to ligated both fragments and 

ligation was transformed into E. coli competent cells. Every p123 derivative 

plasmid was SspI digested and transformed into U. maydis SG200 wild-type 

protoplasts. 

 

3.9. Strains for filament and appressoria quantification. 

To generate SG200 2xRFPΔpdi1 used for filament quantification into the 

maize plant, pGEM-TΔpdi1:cbx plasmid was digested with SfiI to excise the 

carboxin resistance cassette and ligated to a hygromicin resistance cassette 

isolated from pMF1h (Brachmann et al., 2004) with SfiI/BsaI double digestion, 

leading to pGEM-TΔpdi1:hyg. This construct was amplified by PCR with 

Phusion HF DNA polymerase using primers pdi1KO5-1/pdi1KO3-2 and 

integrated into the SG200 2xRFP strain (Fuchs et al., 2006).   

To obtain CL13 2xRFPxyn1 and CL13 2xRFPglu1, p123 2xRFP 

plasmid was SspI digested, purified with MEGAquick-spin™ Plus Total 

Fragment DNA Purification Kit (iNtRON Biotechnology) and integrated into the 

ip-locus of CL13xyn1 and CL13glu1 protoplasts, respectively. 

For the CL13 2xRFPxyn2 strain, deletion construction was PCR 

amplified using Q5 DNA polymerase (New England Biolabs) and primers 

xyn2KO5-1/xyn2KO3-2. PCR product was purified with MEGAquick-spin™ Plus 

Total Fragment DNA Purification Kit (iNtRON Biotechnology) and transformed 

into CL13 2xRFP protoplasts. 
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For the SG200 3xGFP strain used for filament quantification in planta, 

the pOG plasmid (Fuchs et al., 2006), containing 3xGFP under the control of 

the otef promotor and a hygromicin resistance cassette, was digested with PsiI 

and integrated into the SG200 strain.  

 

3.10. mCherry-HA tagging for isolation from maize apoplast. 

For the Xyn2 and Xyn11A mCherry-HA fused proteins used to check 

their secretion into the maize apoplast, gene ORF was PCR amplified using Q5 

DNA polymerase (New England Biolabs) or Phusion HF DNA polymerase (New 

England Biolabs) and primers with SacII restriction site at 5’ end of forward 

primer and NcoI restriction site and RSIATA sequence at 5’ end of reverse 

primer, removing stop codon. PCRs products were purified with NucleoSpin Gel 

and PCR clean-up kit (Marcherey-Nagel), digested with both SacII and NcoI 

restriction enzymes and purified again with the same kit following 

manufacturer’s instructions. p123 derivative plasmid harboring mCherry-HA 

under the control of pit2 promoter (Doehlemann et al., 2011) was digested with 

SacII and NcoI and purified from agarose gel with NucleoSpin Gel and PCR 

clean-up kit (Marcherey-Nagel). Both digested and purified p123-Ppit2-

mCherry-HA and gene ORF were ligated in a 1:5 vector:fragment proportion 

with T4 DNA ligase and transformed in E. coli competent cells. Subsequent U. 

maydis transformation after SspI plasmid digestion was performed into ip-locus 

of SG200 protoplasts. 

Since xyn1 ORF contain a NcoI restriction site inside its sequence, 

clonation into p123-Ppit2-mCherry-HA was performed following the same 

strategy described above nevertheless using XbaI restriction enzyme instead of 

NcoI for both gene ORF and plasmid. 

 

4. Gene expression analysis. 

4.1. Total RNA purification from U. maydis axenic culture. 

For gene expression analysis, 50 mL of FB1 axenic culture was grown to 

exponential phase in YEPSL, centrifuged and washed with bidistilled water. 

Pellet containing U. maydis cells was resuspended in 0.5 mL of water and 

transferred to a 1.5mL tube, and then centrifuged. Supernatant was removed 

and the tube was frozen in liquid nitrogen. Frozen cells were ground in liquid 
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nitrogen using a pestle and mortar and RNA was purified using TRIzol reagent 

(Thermo Fisher Scientific) and the Direct-zol™ RNA Miniprep Plus kit (Zymo 

Research), following the manufacturer’s instructions. cDNA was synthetized 

using RevertAid H Minus First Strand cDNA Synthesis kit (Thermo Fisher 

Scientific) following the manufacturer’s instructions.  

 

4.2. Total RNA purification from infected maize plants. 

For gene expression analysis during infection, leaves from maize plants 

infected with FB1 and FB2 were recovered at 1, 3, 5 and 9 dpi, and ground in 

liquid nitrogen using a pestle and mortar. RNA was then purified using TRIzol 

reagent (Thermo Fisher Scientific) and the Direct-zol™ RNA Miniprep Plus kit 

(Zymo Research), following the manufacturer’s instructions. cDNA was 

synthetized using RevertAid H Minus First Strand cDNA Synthesis kit (Thermo 

Fisher Scientific) following the manufacturer’s instructions.  

 

4.3. Gene expression analysis by quantitative real time PCR (qRT-

PCR). 

Gene expression levels were quantified by qRT-PCR using a Real-Time 

CFX Connect (Biorad) and SYBR® Premix Ex Taq™ II (Tli RNase H Plus) 

(Takara) according to the manufacturer’s protocol, measuring gene of interest 

expression and ppi1 as a constitutively-expressed control. 

 

4.4. Gene expression analysis by RNA-seq. 

To analyse maize and U. maydis gene expression during the infection 

process in the wild-type and defective glycosylation strains gls1 and gas2 

(Fernandez-Alvarez et al., 2013), 7-days old maize seedlings were infected and 

total RNA was purified after infected 1 and 3 dpi leaves grinding in a mortar with 

liquid nitrogen. RNA was purified using TRIzol reagent (Thermo Fisher 

Scientific) following the next protocol. Samples were vortex after 1 mL TRIzol 

addition and incubated 5 min at room temperature (RT); 200 µL chloroform was 

added, samples were mixed by inversion, incubated 3 min and centrifuged at 

12000 g for 15 min at 4ºC. Upper phase of the supernatant was transferred into 

a new 1.5 mL tube, 500 µL of isopropanol was added, samples were incubated 

10 min at RT and centrifuged at 12000 g for 10 min at 4ºC. Nucleic acids pellet 
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was washed with 1 mL of 70% ethanol and centrifuged at 7500 g for 10 min at 

4ºC. Pellet was dried 10 min at RT and resuspended in 50 µL RNA-free water. 

DNA was digested with TURBO DNA-free kit and cDNA was synthetized using 

RevertAid H Minus First Strand cDNA Synthesis kit (Thermo Fisher Scientific) 

following the manufacturer’s instructions.  

RNA samples were submitted to Cologne Center for Genomics (CCG, 

Cologne University, Germany) in a 50-200 ng/µL concentration with a total RNA 

quantity of 2 µg and quality parameters of OD260/280 = 1.8 – 2.1 and OD260/230 > 

1.5. CCG prepared all libraries and performed the two paired-end sequencing of 

the samples. 

RNAseq analysis was performed using Galaxy platform were sequences 

obtained were mapped with Bowtie for Illumina to Z. mays AGPv3.31 genome 

and U. maydis 521 genome. SAM files obtained were transformed to BAM files 

and then RNA analysed by HTSeq-count and pairwise comparisons were made 

with DESeq2 considering an FDR < 0.05. BAM files were also transformed into 

BigWig files to analyse genome coverage in IGV software. Up-regulated and 

down-regulated genes maize genes were considered when fold change was 

higher than 1 and lower than -1, respectively. Subsequent Gene Ontology 

enrichment analysis was performed with these up- and down-regulated genes.  

Considering the low number of counts for U. maydis genome, DESeq2 and GO 

term enrichment analysis were only performed for deregulated maize genes. 

Maize genes with FC > 1 or < -1 are presented in Annex 2. 

 

4.5. Gene ontology term enrichment analysis. 

GO term enrichment analysis for biological process was performed in 

PANTHER14.0 Classification System (Mi et al., 2019a, 2019b), using Fisher’s 

Exact test and corrected by False Discovery Rate (FDR) < 0.05. 

 

4.6. Sequences alignment and phylogenetic analysis. 

Sequence alignment was carried out using T-Coffee Server (Notredame 

et al., 2000; Di Tommaso et al., 2011), hosted by the Centre of Genomics 

Regulation (CRG) of Barcelona and BoxShade Server for .  

Xylanases phylogenetic analysis was inferred by using the Maximum 

Likelihood method based on the JTT matrix-based model (Jones et al., 1992). 
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Initial tree(s) for the heuristic search were obtained automatically by applying 

Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated 

using a JTT model, and then selecting the topology with superior log likelihood 

value. The tree was drawn to scale, with branch lengths measured in the 

number of substitutions per site. All positions containing gaps and missing data 

were eliminated. Evolutionary analyses were conducted in MEGA X (Kumar et 

al., 2018). 

Distance tree of protein sequences aligned with UMAG_05223 was 

performed with Fast Minimum Evolution Algorithm (Desper and Gascuel, 2003). 

Smut fungi are presented in light-green dots or arrowheads and basidiomycetes 

in burlywood. Target protein is shown in a yellow highlighted cladogram. 

 

5. Maize plant infection analysis. 

Pathogenicity assays were performed as described in (Kamper et al., 

2006). U. maydis cultures were grown at 28ºC to exponential phase in liquid 

YEPSL and concentrated to an OD600 of 3, washed twice in water and injected 

into 7 days old maize (Zea mays) seedlings (Early Golden Bantam). Disease 

symptoms were quantified 14 dpi. Statistical analyses were performed in 

GraphPad Prism 6 software. 

 

6. Infection stages studies. 

6.1. Mating and filamentation analysis. 

For mating and filamentation assays, cells were grown in liquid YEPSL 

until exponential phase, washed twice with sterile bidistilled water, spotted onto 

PD-charcoal plates and grown for 24-48 hours at 25-28ºC. 

 

6.2. Appessoria quantification. 

For appessoria quantification, wild-type cells harboring cytoplasmic GFP 

or CFP and mutant cells harboring cytoplasmic RFP were grown in liquid 

YEPSL until exponential phase, washed twice with bidistilled water and 

concentrated to an OD600 of 3. Cells from wild-type and mutant were mixed in 

an equal proportion, centrifuged and concentrated to an OD600 of 3. Maize 

seedlings were infected and leaves were recovered after 18-20h post infection. 
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Infected leaves were stained with calcofluor white (Sigma-Aldriche) to visualize 

U. maydis filaments and appressoria in a fluorescence microscope. 

 

6.3. Fungal relative biomass quantification in infected maize 

leaves. 

For fungal relative biomass quantification, maize seedlings were infected 

with U. maydis and 3- and 5-days post infection leaves were ground in liquid 

nitrogen. Total DNA was isolated with DNeasy Plant Mini kit (Qiagen) according 

to manufacturer’s instructions. Fungal biomass was then quantified by Real-

Time PCR with an ABIPRISM 7000 Sequence Detection System (Applied 

Biosystems) using the Power SYBR Green PCR Master Mix (ThermoFisher 

Scientific) according to the manufacturer’s protocol, measuring the 

constitutively-expressed fungal ppi1 gene, using primers RT-PPI1-5/RT-PPI1-3, 

and constitutively-expressed plant gapdh, using primers Gapdh-F/Gapdh-R for 

normalization purposes. 100 ng of total DNA was used a template for each 

reaction.  

 

6.4. Plant colonization studies. 

U. maydis cultures were grown at 28ºC to exponential phase in liquid 

YEPSL and concentrated to an OD600 of 3, washed twice in water and injected 

into 7 days old maize seedlings. After 3 and 5 days post infection, leaves were 

distained with ethanol during at least 24h, treated 4h at 60 ºC with 10% KOH, 

washed four times in phosphate buffer and then stained with propidium iodide 

(PI) to visualize plant tissues in red and wheat germ agglutinin (WGA)-AF488 to 

visualize the fungus in green during 30 min in a vacuum pump with 5 min 

vacuum and 5 min rest cycles. 

 

7. Proteomic assays. 

7.1. Glycoprotein purification and enrichment. 

7.1.1. Glycoproteins from cytosolic fraction. 

To detect pathogenesis-related changes to the cytosolic proteome 

caused by the loss of pmt4, we isolated O-glycosylated proteins from 

FB1Biz1crg and FB1Biz1crgpmt4 strains.  FB1 and FB1pmt4 strains were used 

as controls. Cells from each strain were grown in 1 L of CMD to an OD600=0.5-
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0.8, washed twice with sterile bidistilled water and grown for 8 hours in 1 L of 

CMA. After filamentation induction, samples were harvested by centrifugation, 

washed twice in ice-cold 20 mM Tris-HCl buffer (pH 8.8) and frozen at −80 ºC. 

Cells were then resuspended in lysis buffer (20 mM Tris-HCl, 0.5 M NaCl, pH 

7.4) containing protease inhibitor cocktail (cOmplete Tablets, EDTA-free, 

Roche) after which cell lysis was performed using glass beads (Sigma) in a 

FastPrep®-24 homogeniser (MP Biomedicals), with power set to 6.0 using 3 x 

45” pulses at maximum speed with 5 min rest between cycles. After cell lysis, 

tubes were drilled with a needle and put into a new tube and samples were 

recovered by centrifugation at 4000 rpm for 1 min. Subsequently, samples were 

centrifuged at 14000 rpm for 30 min at 4ºC and the supernatant was collected. 

One volume of 2x binding buffer  (20 mM Tris-HCl, 0.5 M NaCl, 2 mM MnCl2, 2 

mM CaCl2, pH 7.4) was added and concentrated using Amicon Ultra-15 3 kDa 

centricon (Merk Millipore) and O-glycosylated proteins isolated by affinity 

chromatography using Concavaline A columns (HiTrap Con A 4B, GE 

Healthcare) in AKTA FPLC (GE Healthcare), and eluted with a buffer containing 

20 mM Tris-HCl, 0.5 M NaCl and 0.5 M methyl-α-D-manopyranoside (pH 7.4).  

To detect pathogenesis-related changes to the cytosolic proteome 

caused by the loss of gls1, FB1Biz1crg and FB1Biz1crggls1 cells were grown in 

1 L of CMD to an OD600=0.5-0.8, washed twice with sterile distilled water and 

grown for 8 hours in 1 L of CMA. FB1 and FB1gls1, used as controls, were 

grown in 2 L of CMD to an OD600=0.5-0.8, washed twice with sterile distilled 

water and grown during 8 hours in 2 L of CMA. Samples were harvested by 

centrifugation, washed twice in ice-cold 20 mM Tris-HCl buffer (pH 8.8) and 

frozen by dropping samples in liquid nitrogen. Cells were lysed with 3-4 cycles 

in 6870 Freezer/Mill (SPEX, SamplePrep) according to the manufacturer’s 

instructions. Samples were resuspended in binding buffer (20 mM Tris-HCl, 0.5 

M NaCl, 2 mM MnCl2, 2 mM CaCl2, pH 7.4) containing protease inhibitor 

cocktail (cOmplete Tablets, EDTA-free, Roche) and centrifuged at 14000 rpm 

for 30 min at 4ºC. Supernatant was filtered and N-glycosylated proteins isolated 

by affinity chromatography using Concavaline A columns (HiTrap Con A 4B, GE 

Healthcare) in AKTA FPLC (GE Healthcare), and eluted with a buffer containing 

20 mM Tris-HCl, 0.5 M NaCl and 0.5 M methyl-α-O-glucopyranoside (pH 7.4).  
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7.1.2. Glycoproteins from secreted fraction. 

For differential analysis of secreted O- or N-glycoproteins in pmt4 or 

gls1 mutants, FB1Biz1crg and FB1Biz1crgpmt4 or FB1Biz1crggls1 cells were 

grown in 1 L of CMD to an OD600=0.5-0.8, washed twice with sterile bidistilled 

water and grown for 8 hours in 1 L of CMA. After filamentation induction, cells 

were centrifuged, the supernatant filtered and secreted glycosylated proteins 

precipitated with deoxycholate acid and TCA.  

To analyse the common target between Gls1 and Pdi1, secreted proteins 

from FB1Biz1crg and FB1Biz1crggls1 or FB1Biz1crgpdi1 were precipitated with 

deoxycholate acid and TCA following the protocol described above for secreted 

O- and N-glycoproteins. 

 

7.1.3. Glycoproteins from cell wall fraction. 

Cell wall O- or N-glycoproteins in pmt4 or gls1 mutants were purified 

following the protocol described in (Pitarch et al., 2002), with some 

modifications. FB1Biz1crg and FB1Biz1crgpmt4 or FB1Biz1crggls1 cells were 

grown in 1 L of CMD to an OD600=0.5-0.8, washed twice with sterile bidistilled 

water and grown for 8 hours in 1 L of CMA. After filamentation induction, 

samples were harvested by centrifugation, washed four times in ice-cold 10 mM 

Tris-HCl buffer (pH 7.4) and frozen at −80 ºC. Cells were then resuspended in 

10 mM Tris-HCl buffer (pH 7.4) containing protease inhibitor cocktail (cOmplete 

Tablets, EDTA-free, Roche) after which cell lysis was performed with glass 

beads (Sigma) in a FastPrep®-24 homogeniser (MP Biomedicals), with power 

set to 6.5 using 6 x 60” pulses at maximum speed with 3 minutes rest between 

cycles. Samples were recovered by centrifugation at 3000 x g for 10 min at 4ºC, 

after drilling the bottom of the tube with a needle and placing into a new tube. 

The pellet (cell wall) was collected and washed sequentially with ice-cold sterile 

bidistilled water, 5% NaCl with protease inhibitor, 2% NaCl with protease 

inhibitor and 1% NaCl with protease inhibitor. Washing steps were repeated 

three more times and cell wall proteins (CWPs) purified after 10 min at 100 ºC 

in extraction buffer (50 mM Tris-HCl pH 8.0, 100 mM EDTA, 2% SDS, 10 mM 

DTT) followed by 15 min centrifugation at 35000 x g. CWPs were then collected 

from the supernatant. 
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7.2. 2D-Differential in Gel Analysis (DIGE). 

Isolated proteins for each fraction and genotype were then precipitated 

with 2D Clean-Up kit (GE Healthcare), and dissolved in TS buffer (7M urea, 2M 

thiourea, and 4% CHAPS) containing 30 mM Tris-HCl (pH 9.5). Protein 

concentration was determined using RC DC Protein Assay (Bio-Rad). 

Fifty micrograms of protein extract from each sample were labelled with 

Cy3- or Cy5 Dye (GE Healthcare). Labelling was performed reciprocally so that 

each sample was separately labelled with Cy3 and Cy5 to account for any 

preferential protein labelling by the CyDyes. Twenty-five micrograms of each 

sample were labelled with Cy2-Dye and pooled together as an internal 

standard. Labelling was performed according to the manufacturer’s instructions. 

Different IEF procedures were performed. For cytosolic O-glycoproteins and 

CWPs, IEF was performed in 24 cm 4–7 NL Immobiline DryStrip (GE 

Healthcare) in an IPGphor unit (GE Healthcare) at 20 ºC as follows: rehydration 

for 12 h, 500 V for 1 h, linear gradient from 500 to 1000 V for 1 h, linear gradient 

from 1000 to 8000 V for 3 h and 8000 V to 60000 total Vhr for 5.5 h. The same 

IEF procedure using 24 cm 3-10 NL DryStrips was performed for secreted 

proteins. For cytosolic N-glycoproteins, IEF was performed using 24 cm 3–7 NL 

Immobiline DryStrip (GE Healthcare) in an IPGphor unit (GE Healthcare) at 20 

ºC as follows: rehydration for 12 h, 500 V for 1.5 h, linear gradient from 500 to 

1000 V for 7 h, linear gradient from 1000 to 8000 V for 8 h and 8000 V to 60000 

total Vhr for 5.5 h. After IEF, strips were incubated for 15 min at room 

temperature in a shaker in equilibration buffer (50 mM Tris-HCl [pH 8.5], 

glycerol 30% v/v, 6M urea, 2% w/v SDS) with 10 mg/mL DTT, followed by 

another 15 min incubation in equilibration buffer with 25 mg/mL iodoacetamide 

and loaded onto 10% acrylamide gels. Second dimension separation was 

performed using an EttanDalt Six Electrophoresis Unit (GE Healthcare). 

After electrophoresis, gels were imaged using a Typhoon-9400 scanner 

(GE Healthcare) with a 100 µm resolution using appropriate emission and 

excitation wavelengths, photomultiplier sensitivity and filters for each of the Cy2, 

Cy3, and Cy5 dyes.  

Relative protein spot quantification across experimental conditions was 

performed using DeCyder v7.0 software and multivariate statistical module EDA 

v7.0 (Extended Data Analysis, GE Healthcare) as follows. First, the Batch 
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Processor module detected spots across the three gel images (two 

experimental samples and an internal standard) and generates differential in-gel 

analysis images with information about spot abundance in each image with 

values expressed as ratios. After spot detection, the biological variation analysis 

module utilizes differential in-gel analysis images to match protein spots across 

all gels, using the internal standard for gel-to-gel matching. Statistical analysis 

was then carried out to determine protein expression changes. Spot changes 

with a p-value lower than 0.01 calculated using Student’s t-test with the multiple 

testing assessed using the false discovery rate were considered significant. 

Multivariate analysis was performed by principal component analysis using the 

algorithm included in the EDA module of the DeCyder v7.0 software based on 

spots matched across all gels. 

 

7.3. Protein identification by mass spectrometry (MS). 

Protein identification was performed at the Proteomics Unit of the Pablo 

de Olavide University (Seville, Spain) and at the Proteomics service of Parque 

Científico de Madrid (Madrid, Spain). Spots were excised from the gels 

manually and transferred to 1.5 mL tubes. Sample digestion and MALDI-MS 

and MS/MS database searches were done by the Proteomics Units mentioned 

above.  

 

7.4. Total proteome purification by MS. 

To identify glycoproteins putatively involved in virulence from the total U. 

maydis proteome, FB1 and FB1Biz1crg cells were grown in 1 L of CMD to an 

OD600=0.5-0.8, washed twice with sterile distilled water and grown during 8 

hours in 1 L of CMA to induce filamentation through biz1 activation. Cells were 

recovered by centrifugation 4 min at 4500 rpm 4 ºC, washed twice in ice-cold 20 

mM Tris-HCl buffer (pH 8.8), centrifuged 7 min at 4500 rpm 4ºC, resuspended 

in 5 mL of 20 mM Tris-HCl buffer pH 8.8 and frozen by dropping the sample into 

a 50 mL tube liquid nitrogen. Frozen cells were lysed with 4 cycles of 1 min with 

1 min-rest in 6870 Freezer/Mill (SPEX, SamplePrep) and resuspended in 1.5 

volumes of binding buffer (20 mM Tris-HCl, 0.5 M NaCl, 1 mM MnCl2, 1 mM 

CaCl2, pH 7.4) containing 25x protease inhibitor cocktail (cOmplete Tablets, 

EDTA-free, Roche). Samples were aliquoted in 1.5 mL tubes and centrifuged at 
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14000 rpm for 30 min at 4ºC. The supernatant was filtered with 0.45 µm filter 

using a syringe and glycosylated proteins were isolated through affinity 

chromatography with Concavaline A columns (HiTrap Con A 4B, GE 

Healthcare) in AKTA FPLC (GE Healthcare) and precipitated with TCA/acetone. 

Subsequent protein identification by LC-MS/MS was carried out in the CBMSO 

Protein Chemistry Facility (CSIC-Madrid). 

 

7.5. Western Blot. 

For Western Blot analyses, cells were grown in YEPSL to an OD600=0.6-

0.8 and were then collected by centrifugation at 4500 rpm for 5 min, washed 

twice with 20 mM Tris-HCl pH 8.8 and pellets were resuspended in lysis buffer 

(20 mM Tris-HCl, 0.5 M NaCL, pH 7.4) with protease inhibitor cocktail 

(cOmplete Tablets, EDTA-free, Roche). Samples lysis was performed with 

glass beads (Sigma) in a FastPrep®-24 homogeniser (MP Biomedicals), with 

power set to 6.5 using 6 x 60” pulses at maximum speed with 4 minutes rest 

between cycles. After cell lysis, tubes were drilled with a needle and put into a 

new tube and samples were recovered by centrifugation at 4000 rpm for 1 min. 

Subsequently, samples were centrifuged at 14000 rpm for 30 min at 4ºC and 

the supernatant was collected.  

Protein concentration was measured using the RC DC Protein Assay kit 

(Bio-Rad). 60 μg of protein extract for each strain analyzed was loaded into a 

10% TGX Stain-Free™ FastCast™ Acrylamide gel (Bio-Rad). Separated 

proteins were transferred onto a nitrocellulose membrane using the Trans-Blot® 

Turbo™ transfer system (Bio-Rad). The membrane was incubated with mouse 

polyclonal anti-GFP antibody (Roche) (1:1000). As secondary antibody, anti-

mouse IgG-horseradish peroxidase conjugated antibody (1:5000; Sigma 

Aldrich) was used. Immunoreactive bands were developed by SuperSignal™ 

West Femto Maximum Sensitivity substrate (ThermoFisher Scientific). Image 

gel and membrane acquisition was carried out with ChemiDoc XRS (Bio-Rad). 

 

7.6. Colony secretion assay. 

For colony secretion assay, cells were grown in YEPSL to an OD600=0.6-

0.8 and were then spotted onto a nitrocellulose filter sited onto a rich media 

plate. After drop drying, plates were sealed with parafilm and incubated face up 
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during 16h at 28ºC. Cells grown onto the nitrocellulose membrane were washed 

with distilled water, using a roller to eliminate all cells, and the membrane was 

incubated with mouse polyclonal anti-GFP antibody (Roche) (1:1000). As 

secondary antibody, anti-mouse IgG-horseradish peroxidase conjugated 

antibody (1:5000; Sigma Aldrich) was used. Immunoreactive dots were 

developed by SuperSignal™ West Femto Maximum Sensitivity substrate 

(ThermoFisher Scientific). Image gel and membrane acquisition was carried out 

with ChemiDoc XRS (Bio-Rad). 

 

7.7. Secreted protein isolation from maize apoplasts. 

To determine whether xylanases were secreted to the maize apoplasts, 

cells harboring xylanases tagged with mCherry under the control of pit2 

promoter (Doehlemann et al., 2011) were grown in liquid YEPSL until 

exponential phase, washed twice in water and concentrated to an OD600 of 3. 

Around 200 maize seedlings for each strain were infected and 3 dpi leaves 

were recovered to isolate apoplastic fluid by vacuum infiltration. For that 

purpose, 8 cm of leaves from 1 cm below the infection site were cut and coated 

with bidistilled water in big beaker with a steel sieve on top. Three cycles of 15 

min vacuum at 60 mbar and 2.5 min atm pause was applied in a vacuum 

chamber while water was continuously stirred to removed air bubbles with a 

magnetic stir bar. Then, leaves were carefully dry with paper towels, put in 

syringes inside 50 mL tubes and centrifuged at 3000 rpm for 15 min at 4ºC. 

Apoplastic fluid was pooled and stored at -80ºC or directly precipitated with 

chilled acetone and mCherry blotted using mouse polyclonal anti-mCherry 

antibody (Roche) (1:1000). As secondary antibody, anti-mouse IgG-horseradish 

peroxidase conjugated antibody (1:5000; Sigma Aldrich) was used. 

Immunoreactive bands were developed by SuperSignal™ West Femto 

Maximum Sensitivity substrate (ThermoFisher Scientific). Image gel and 

membrane acquisition was carried out with ChemiDoc XRS (Bio-Rad). 

 

8. Microscopy. 

Samples were examined using three different fluorescence microscopes: 

(1) a DeltaVision microscopy system comprising an Olympus IX71 microscope 

and CoolSnap HQ camera; (2) a spinning-disk confocal microscope (IX-81, 
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Olympus; CoolSNAP HQ2 camera, Plan Apochromat 100×, 1.4 NA objective, 

Roper Scientific); and (3) a Leica SPE (DM2500) confocal microscope. Image 

processing was carried out using Adobe Photoshop CS5 and ImageJ. 

 

8.1. Cellular morphology visualization. 

For DNA content and cellular morphology visualization, cells were 

stained with DAPI and observed by Differential Interference Contrast (DIC) and 

fluorescence microscopy using a DeltaVision microscopy system comprising an 

Olympus IX71 microscope and CoolSnap HQ camera. 

 

8.2. Endoplasmic reticulum (ER) co-localization assay. 

To corroborate ER Pdi1 localization, experimental SG200pdi1:gfp and 

ER localization control SG200cals:mrfp:HDEL cells (Theisen et al., 2008) were 

visualized using a spinning-disk confocal microscope (IX-81, Olympus; 

CoolSNAP HQ2 camera, Plan Apochromat 100×, 1.4 NA objective, Roper 

Scientific).  

 

8.3. GFP subcellular visualization. 

To analyse Pdi1:GFP, Pdi1N-gly:GFP and Glu1:GFP localization in axenic 

culture, cells were grown in liquid YEPSL until exponential phase and visualized 

in a DeltaVision microscopy system comprising an Olympus IX71 microscope 

and CoolSnap HQ camera. 

 

8.4. Appressoria and filament staining on plant surface. 

For in planta quantification of filament and appressoria formation in co-

infection experiments with U. maydis GFP or CFP and RFP labelled strains, 20 

dpi leaf samples were stained with calcofluor white (Sigma-Aldrich) to visualize 

fungal material and then checked for GFP, CFP or RFP fluorescence in a 

DeltaVision microscopy system comprising an Olympus IX71 microscope and 

CoolSnap HQ camera. 

 

8.5. Visualization of U. maydis inside the maize plant. 

To analyse the U. maydis progression inside the maize plant, leaf 

samples from 3 and 5 dpi infected plants were distained with ethanol, treated 4h 
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at 60 ºC with 10% KOH, washed four times in phosphate buffer and then 

stained with propidium iodide (PI) to visualize plant tissues in red and wheat 

germ agglutinin (WGA)-AF488 to visualize the fungus in green. Samples were 

examined using a Leica SPE (DM2500) confocal microscope. 
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1. Background: set up of a glycoproteomic screening for Pmt4 and 

Gls1 substrates.  

Previous work from our laboratory have shown that the U. maydis 

proteome contains a high number of putative proteins O-glycosylated by the O-

mannosyltransferase Pmt4 (Fernandez-Alvarez et al., 2012). An in silico 

screening for proteins harboring Ser/Thr-rich regions, where Pmt4 attaches 

mannoses, revealed that around 65% of U. maydis proteins are potential O-

glycosylation targets (Fernandez-Alvarez et al., 2012). If proteins containing N-

glycosylation sites are included, this number rises to over 70% of the proteome 

(Pérez-Pulido, personal communication), suggesting a potential role for protein 

glycosylation in the activity of a high proportion of U. maydis proteins. In order 

to identify virulence-related glycosylation targets, we designed a selective 

glycoproteomic screening based on the hypothesis that glycoproteins whose 

expression is modified upon virulence program induction are likely to have a 

role in the pathogenic phase of the U. maydis life cycle.  

During her PhD, Dra. Marín-Menguiano tuned up a proteomics assay 

using two-dimensional differential gel electrophoresis (2D-DIGE) to detect 

glycoproteins whose spot area or intensity were altered by the loss of Pmt4 or 

Gls1. To isolate glycoproteins and avoid interference with other non-

glycosylated proteins, total protein extracts were enriched for mannose-

containing proteins by Fast-Performance Liquid Chromatography (FPLC) using 

concanavalin A columns (Fig 8). Entry into the virulence phase was controlled 

by expressing Biz1, a b-dependent zinc-finger protein whose induction activates 

pathogenic filamentous growth, under the control of the carbon source-

regulated Pcrg promoter that is induced by arabinose (biz ON) and repressed by 

glucose (biz OFF) (Bottin et al., 1996; Flor-Parra et al., 2006). The loss of biz1 

leads to severe defects in appressoria development and penetration (Flor-Parra 

et al., 2006), which are reminiscent of the phenotypes observed in pmt4 

(Fernandez-Alvarez et al., 2009) and gls1 (Fernandez-Alvarez et al., 2013) 

maize infections. Hence, we hypothesized that some proteins controlled by Biz1 

might require glycosylation mediated by Pmt4 and/or Gls1. Thus, FB1 wild-type 

(wt), ∆pmt4 and ∆gls1 cells harboring Pcrg controlled-biz1 were collected under 

inducing and repressing conditions and protein samples compared, using three 

replicas of each, to identify the differentially migrating proteins (Fig 8). 
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Fig 8. Proteomic approach to identify glycoproteins involved in virulence. Biz1 

overexpression is used to induce the pathogenic pathway and cytosolic proteins are then 

collected from wild-type U. maydis and from a mutant deficient in either O- or N- glycosylation. 

O- or N-glycoproteins are purified through a Concanavalin A FPLC column using O- or N-

glycoprotein specific eluents. Finally, glycoproteins are tagged with fluorophores and separated 

by 2D electrophoresis. 

 

By applying the approach described above, Dra. Marín-Menguiano 

detected protein spots whose areas showed altered electrophoretic mobility 

compared to wt in a Biz1-dependent manner in both ∆pmt4 and ∆gls1 cells, 

presumably corresponding to O- and N-glycoproteins, respectively. Using 

MALDI–MS, four proteins were identified in the cytosolic extract with altered 

mobility in both mutants that probably correspond to both O- and N-glycosylated 
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proteins: the chorismate mutase Cmu1, the α-L-arabinofuranosidase Afg1, the 

invertase Suc2 and UMAG_10156, a putative disulfide-isomerase (Fig 9). In 

addition, we identified 24 N-glycoproteins from the cytosolic extract that were 

characterized during my PhD (Table 2). 

 

Fig 9. 2D-DIGE expression analysis of Pmt4- and Gls1-dependent cytoplasmic 

glycoproteins. (A) Cells growing in inducing conditions develop hyphae. Images of DIGE gels 

containing an internal standard loaded with equal amounts of each sample, showing protein 

changes between biz1 and pmt4-mutants (B) or biz1 and gls1-mutants (C). Protein expression 

profile changes between wild-type biz1crg vs pmt4 mutants (D) or gls1 mutants (E) showed by 

the DeCyder software analysis. The edge of the indicated protein is displayed in the DIGE gel in 

pink and in a specific zoom in yellow.  
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2. Systematic identification of glycoproteins involved in virulence. 

In order to systematically identify glycoproteins involved in virulence, cell 

extracts corresponding to secreted and cell wall proteins were analyzed by 2D-

DIGE after virulence program activation by Biz1 induction. Due to the high 

proportion of glycoproteins in cell wall and secreted extracts, FPLC enrichment 

was not applied to these preparations. Prior to 2D-DIGE of secreted proteins, 

we set up the optimal conditions for the purification of secreted proteins after 

virulence program activation. Thus, we collected and filtered the supernatant of 

FB1 and FB1 Pcrg:biz1 cells after 8h of induction in liquid media supplemented 

with arabinose as carbon source. Secreted proteins were then purified by 

trichloroacetic acid and acetone precipitation and separated in a 2D-

electrophoresis (Fig 10). 

 

 

Fig 10. 2D-gels of secreted proteins purified by TCA/acetone precipitation. Secreted 

proteins were purified with TCA/acetone from filtered supernatant of liquid cultures for FB1 (A) 

and FB1 Pcrg:biz1 (B). 2D electrophoresis was performed with 24 cm 3-10 NL DryStrips 

following a specific IEF procedure (see Methods) and second dimension was carried out in an 

EttanDalt Six Electrophoresis Unit. 2D-gels were stained with EZ-Blue and images were 

acquired by scanning. 

 

 These results demonstrated a suitable purification protocol of secreted 

proteins for being applied to 2D-DIGE analysis. After 2D-DIGE analysis of 

Pmt4- and Gls1-dependent secreted glycoproteins, we identified 11 O- or N-

glycoproteins from the secreted extract showing electrophoretic mobility 

changes (Fig 11, Table 2). Of the proteins identified only Cmu1, Afg1 and 

UMAG_04309 (Afg3) have been previously characterized. Cmu1 is a secreted 
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virulence factor that controls the metabolic status of plant cells during fungal 

colonization and its catalytic activity can be suppressed by Z. mays kiwelin 1; 

deletion of cmu1 reduces U. maydis virulence in the solopathogenic strain CL13 

(Djamei et al., 2011; Bange and Altegoer, 2019; Han et al., 2019). The CL13 

strain harbors genes encoding a compatible bE1/bW2 heterodimer allowing it to 

complete full pathogenic development (Bolker et al., 1995). Afg1 and Afg3 are 

arabinofuranosidases that participate in the degradation of arabinoxylan, a plant 

cell wall component. While the loss of afg1 or afg3 is dispensable for virulence, 

the triple deletion of afg1, afg2 and afg3 compromises full pathogenic 

development (Lanver et al., 2014). The involvement of the other identified 

proteins in pathogenesis remains to be determined. 

 

 

Fig 11. 2D-DIGE expression analysis of Pmt4- and Gls1-dependent secreted 

glycoproteins. Images of the DIGE gels containing an internal standard loaded with equal 

amounts of each samples, showing protein changes between wild-type biz1crg and pmt4-mutant 

(left part) or wild-type biz1crg and gls1-mutant (right part). 

 

 Since the fungal-plant biotrophic interaction involves physical and 

chemical interactions of proteins from the cell wall, we wonder which fungal cell 

wall glycoproteins are involved in U. maydis virulence. Prior to 2D-DIGE 

analysis, we set up the experimental conditions to purify cell wall glycoproteins 

of U. maydis after assaying several cell wall protein purification methods. 

Finally, we modified the protocol stablished by Pitarch et al. (2002) (see 

Methods) and compared proteins purified from total and cell wall extracts of FB1 
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and FB1 Pcrg:biz1 by 2D-electrophoresis using 7 cm 3-10 NL and 4-7 NL 

DryStrips and polyacrylamide gels (Fig 12). 

 

Fig 12. 2D-gels of proteins purified from total and cell wall extracts. Proteins were purified 

from FB1 (A) and FB1 Pcrg:biz1 (B) cells after virulence program activation. 2D electrophoresis 

was performed with 7 cm 3-10 NL (A) and 4-7 NL (B) DryStrips following a specific IEF 

procedure (see Methods). 2D-gels were silver-stained, and images were acquired by scanning. 

 

 2D-gels comparison demonstrated significant differences of proteins 

purified from total and cell wall extracts in both induced (FB1 Pcrg:biz1) and non-

induced (FB1) conditions. However, 3-10 pI range used for first dimension 

separation of FB1 purified proteins (Fig 12A) was no useful for a proper 

identification of glycoproteins with electrophoretic mobility changes due to the 

high protein concentration. On the contrary, 4-7 pI range (Fig 12B) allowed a 

better proteins separation within the gel. Thus, proteins purified after the 

virulence program activation from both total and cell wall extracts were 

compared again by 2D-electrophoresis using 24 cm 4-7 NL DryStrip (Fig 13) 

and demonstrated only a 4% of similarity between both extracts.  
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Fig 13. 2D-gels of proteins purified from FB1 Pcrg:biz1 total and cell wall extracts. Proteins 

were purified from FB1 Pcrg:biz1 cells after virulence program activation. 2D electrophoresis was 

performed with 24 cm 4-7 NL DryStrips following a specific IEF procedure (see Methods). 2D-

gels were silver-stained, and images were acquired by scanning. 

 

 Therefore, we proceed to analyse the electrophoretic mobility changes of 

Pmt4- and Gls1-dependent cell wall glycoproteins by 2D-DIGE (Fig 14). 

Following this approach, we could identify 6 N- or O-glycoproteins from the 

secreted extract showing electrophoretic mobility changes (Fig 14, Table 2). Of 

the proteins identified only Afg1 has been previously characterized. 

 

 

Fig 14. 2D-DIGE expression analysis of Pmt4 and Gls1- dependent cell wall 

glycoproteins. Images of the DIGE gels containing an internal standard loaded with equal 

amounts of each samples, showing protein changes between wild-type biz1crg and pmt4-mutant 

(left part) or wild-type biz1crg and gls1-mutant (right part). 
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Protein 
O 

cyt 
N 

cyt 
O 

secr 
N 

secr 
O 

cw 
N 

cw 
Apoplastic 

protein1 

Deffect in 
virulence 
 in CL13 

Deffect in 
virulence  
in SG200 

Deffect in 
virulence 

 in FB1 x FB2 

UMAG_00027   x   x     P/L ns nt3 nt 

UMAG_00309   x         P **** ** nt 

UMAG_00695           x   ns nt nt 

UMAG_01209           x   Unable2 ns nt 

UMAG_01213     x       P ns nt nt 

UMAG_01366   x         L Unable Unable Unable 

UMAG_01690   x   x     L ns nt nt 

UMAG_01829 - Afg1  x x   x   x P/L * ns nt 

UMAG_01886   x           ns nt nt 

UMAG_01945 - Suc2 x x       x P/L ** nt nt 

UMAG_02751   x           **** ns nt 

UMAG_03246   x   x     P ns nt nt 

UMAG_03416   x         P/L ** ns nt 

UMAG_04180     x         **** ** ns 

UMAG_04270   x           Unable ns Unable 

UMAG_04309 - Afg3       x     P/L Charact.4 Charact.4 Charact.4 

UMAG_04382   x           Unable ns nt 

UMAG_04422 – Xyn1       x     P/L **** *** ns 

UMAG_04503   x   x     P/L ns nt nt 

UMAG_04641   x           Unable Unable Unable 

UMAG_04733   x           **** ns nt 

UMAG_04926 – Pep4   x         L Charact.5 Charact.5 Charact.5 

UMAG_05223 – Glu1   x         L **** **** ** 

UMAG_05731 - Cmu1 x x   x     L Charact.6 Charact.6 Charac.6 

UMAG_05988   x           ns nt nt 

UMAG_06158       x     L ns nt nt 

UMAG_06235   x           Unable Unable Unable 

UMAG_10156 - Pdi1 x x         L *** **** **** 

UMAG_10434   x         L Unable Unable Unable 

UMAG_10681   x     x     ns nt nt 

UMAG_10750   x           ns nt nt 

UMAG_10774   x           ns nt nt 

UMAG_11098  x      **** *** ns 

UMAG_11400   x           * nt nt 

UMAG_11496   x           ** ns nt 

UMAG_11749         x     ns nt nt 

 

Table 2. Glycoproteins identified by 2D-DIGE. Glycoproteins identified through the three 

different extracts are listed indicating the extract where they were identified (cyt for cytoplasmic, 

secr for secreted and cw for cell wall), their apoplastic secretion prediction and their gene 

deletion phenotypes after maize plant infection. (1) Data obtained from prediction by ApoplastP 

(P) and/or experimentally located (L) (Djamei personal communication). (2) Unable to achieve 

U. maydis deletion. (3) Not tested. (4) Previously characterized virulence factor (Lanver et al., 

2014). (5) Previously characterized virulence factor (Sobenares-Gutierrez et al., 2015). (6) 

Previously characterized virulence factor (Djamei et al., 2011). The Mann-Whitney statistical test 

was performed for each mutant versus the corresponding wild-type strain (ns: not statistically 

significant; * for p-value < 0.05; ** for p-value < 0.01; *** for p-value < 0.005; **** for p-value < 

0.001). 
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3. Total glycoproteome of U. maydis after pathogenic program 

activation. 

In order to rise the number of glycoproteins candidates involved in 

virulence and corroborate that our 2D-DIGE analysis is a suitable and 

successful assay to identify new candidates related to pathogenesis, we 

performed a mass spectrometry analysis of the whole glycoproteome from total 

cell extracts after the activation of the pathogenic pathway. For this purpose, we 

overexpressed biz1 transcription factor and then total protein extracts were 

enriched for mannose-containing proteins by Fast-Performance Liquid 

Chromatography (FPLC) using concanavalin A columns, similarly to the 2D-

DIGE approach. Wild-type cells and cells harboring biz1 under the control of the 

carbon source-regulated Pcrg promoter were grown in rich media with glucose 

as the carbon source and then changed to arabinose containing rich media to 

induce filamentous growth by biz1 activation. Thus, cells harboring Pcrg 

controlled-biz1 got into pathogenic pathway (biz ON) and wild-type cells 

maintained a yeast-like growth (biz OFF). The main differences with the 

previous analysis are that (1) here we only analyzed glycoproteins from wild-

type cells without comparing with ∆pmt4 and ∆gls1 cells, and (2) glycoprotein 

concanavalin A enriched samples were precipitated with trichloroacetic acid 

(TCA) and acetone and later subjected directly to protein identification by liquid 

chromatography coupled to mass spectrometry (LC-MS/MS) instead of analyze 

their electrophoretic mobility in 2D-gels. 

We could identify 616 putative glycoproteins at repressible conditions (biz 

OFF) and 683 glycoproteins when filamentous growth was activated by biz1 

induction (biz ON). Abundance comparison between both conditions revealed 

that 102 glycoproteins presented at least 4 peptides more after virulence 

genetic program activation (Table 3).  
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Accession 
number 

Gene code 
biz ON-biz OFF 

peptides 
Accession 

number 
Gene code 

biz ON-biz OFF 
peptides 

A0A0D1E2V9 
UMAG_05223 - 

Glu1 
19 A0A0D1E4W3 UMAG_01886 5 

A0A0D1E3H5 
UMAG_01829 - 

Afg1 
16 A0A0D1CJR1 UMAG_04967 5 

A0A0D1DQ45 UMAG_05528 14 A0A0D1E735 UMAG_00157 5 

A0A0D1BUJ2 UMAG_06158 13 Q4PBF2 UMAG_02561 5 

A0A0D1DW37 UMAG_03551 12 A0A0D1DNX2 UMAG_11021 5 

A0A0D1DRZ0 UMAG_04708 12 P32420 UMAG_00844 5 

A0A0D1CDW6 UMAG_01172 11 A0A0D1DV64 UMAG_10503 5 

A0A0D1E701 UMAG_10030 11 A0A0D1DTQ6 UMAG_04173 5 

A0A0D1DWQ2 
UMAG_05731 - 

Cmu1 
10 A0A0D1CFN7 UMAG_06226 5 

A0A0D1CTN3 UMAG_02376 10 A0A0D1CE12 UMAG_01212 5 

A0A0D1DYD5 UMAG_04629 9 A0A0D1CD38 UMAG_00945 5 

Q4PC85 UMAG_11400 8 A0A0D1E9W9 UMAG_11281 5 

A0A0D1DPU1 UMAG_06098 8 A0A0D1DXX6 UMAG_15005 5 

A0A0D1E5G5 UMAG_10055 8 A0A0D1E8K1 UMAG_00557 5 

A0A0D1CW10 UMAG_01711 8 Q4PEM9 UMAG_01434 5 

A0A0D1C9U8 UMAG_05160 8 A0A0D1E191 
UMAG_10156 - 

Pdi1 
4 

A0A0D1E557 UMAG_01005 7 A0A0D1C5H5 UMAG_11498 4 

A0A0D1DU41 UMAG_05831 7 P18694 UMAG_03791 4 

P49601 UMAG_11181 7 Q4P6E2 UMAG_11749 4 

A0A0D1E2B8 UMAG_10840 7 A0A0D1CV30 UMAG_01463 4 

A0A0D1DSD8 UMAG_04848 7 A0A0D1DMW3 UMAG_06235 4 

A0A0D1E6R1 UMAG_00027 7 A0A0D1CP85 UMAG_11098 4 

A0A0D1C4H8 UMAG_03624 7 A0A0D1CD96 UMAG_15034 4 

Q4P6G4 UMAG_04299 7 A0A0D1CQN9 UMAG_11496 4 

A0A0D1E913 UMAG_00304 7 A0A0D1DPN9 UMAG_06055 4 

A0A0D1C5Q1 UMAG_10334 6 A0A0D1C9N3 UMAG_10176 4 

A0A0D1CLQ4 UMAG_04152 6 Q4P914 UMAG_11067 4 

A0A0D1CW71 UMAG_01788 6 A0A0D1CIW9 UMAG_10735 4 

A0A0D1DNT5 UMAG_06421 6 A0A0D1CPX0 UMAG_03239 4 

A0A0D1DVH0 UMAG_03850 6 A0A0D1E4A2 
UMAG_00837 - 

Afg2 
4 

A0A0D1DXU9 UMAG_04442 6 A0A0D1CFD1 UMAG_01248 4 

A0A0D1DY84 UMAG_04592 6 A0A0D1CD28 UMAG_0934 4 

Q4PE39 UMAG_01624 6 A0A0D1E575 UMAG_11265 4 

A0A0D1C8U4 UMAG_02375 6 A0A0D1E3Y9 UMAG_01962 4 

A0A0D1C704 UMAG_02693 6 A0A0D1DQC4 UMAG_11800 4 

A0A0D1E3H1 UMAG_01530 6 A0A0D1EAV0 UMAG_11327 4 

A0A0D1BUS7 UMAG_10975 6 A0A0D1CHG5 UMAG_05405 4 

A0A0D1E6E7 UMAG_11271 6 A0A0D1DX00 UMAG_10837 4 

A0A0D1DTC4 UMAG_15028 6 A0A0D1CIG6 UMAG_10699 4 

A0A0D1E5V4 UMAG_01284 6 A0A0D1D180 UMAG_00547 4 

A0A0D1E0N4 UMAG_02291 6 Q4P2E8 UMAG_05715 4 

A0A0D1DQ59 UMAG_05827 6 Q4PB95 UMAG_02618 4 

A0A0D1E532 UMAG_01957 6 A0A0D1BY48 UMAG_04872 4 

A0A0D1DTR4 UMAG_06075 6 A0A0D1D044 UMAG_00311 4 

A0A0D1CA59 UMAG_06314 6 A0A0D1CTW8 UMAG_02442 4 

A0A0D1C3H6 UMAG_03858 6 A0A0D1CQ00 UMAG_03280 4 

A0A0D1DYL0 UMAG_06505 6 A0A0D1C1C8 UMAG_04156 4 

A0A0D1DXG4 UMAG_05066 6 A0A0D1E8X1 UMAG_15016 4 

A0A0D1CLV6 UMAG_04218 6 A0A0D1DXD6 UMAG_02843 4 

Q4PA50 UMAG_03013 6 A0A0D1EA70 UMAG_00579 4 

A0A0D1E1M0 UMAG_12236 5 A0A0D1DPV0 UMAG_06103 4 

 

Table 3. Identified glycoproteins overexpressed after virulence activation. List of 

glycoproteins identified by LC-MS/MS with at least 4 peptides more in biz ON vs biz OFF 

samples. Glycoproteins previously identified by 2D-DIGE are shown in bold. 
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Remarkably, 10 from the 28 cytoplasmic glycoproteins identified by 2D-

DIGE showed at least 4 peptides more after virulence activation, including 

previously characterized effectors such as Afg1, Afg2 and Cmu1 (Lanver et al., 

2014; Djamei et al., 2011).  

This approach allowed us to identify a subset of glycoproteins with a 

putative role in virulence different from those glycoproteins identified by 2D-

DIGE, suggesting that both approaches are complementary. Nevertheless, it 

should be considered that mass spectrometry of total glycoproteome would only 

lead to identify proteins with abundancy changes between two conditions while 

2D-DIGE analysis allows to detect changes in electrophoretic mobility. Hence, 

glycosylation modifications that provoke conformational or size changes within a 

protein which could affect its biological function can not be detected uniquely by 

LC-MS/MS. On the contrary, these protein modifications can be observed by 

2D-DIGE since they generate electrophoretic mobility changes. 
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4. Characterization of glycoproteins putatively involved in virulence. 

To determine the involvement in pathogenesis of the proteins identified in 

our 2D-DIGE screening, we performed a Gene Ontology (GO) analysis using 

PANTHER14.0 (Fig 15). The resulting over-represented GO terms showed that 

these glycoproteins might be involved in molecular function related to catalytic, 

hydrolase and peptidase activities, and ribosome binding. These molecular 

functions include PCWDEs and peptidases with catalytic and hydrolase 

activities required for plant penetration and fungal proliferation.  

 

 

Fig 15. Molecular functions of glycoproteins identified in our screening. Bar chart of the 

molecular function over-represented for the whole 36 N- or O-glycoproteins identified by 2D-

DIGE. Over-represented analysis was performed in PANTHER14.0 for GO-Slim molecular 

function. GO terms represented here performed a p-value lower than 0.05 for Fisher’s Exact 

statistical test.   

 

We next performed total gene deletion in CL13 background for 27 out of 

36 of the identified proteins and compared the virulence capability of CL13 wild-

type and deletant strains. Analysis of disease symptoms after infection revealed 

strong virulence defects in ∆afg1, UMAG_00309, UMAG_02751, 

UMAG_03416, UMAG_04180, UMAG_04422, UMAG_04733, 

UMAG_05223, ∆UMAG_10156, and UMAG_11496 infections (Fig 16 and 

Table 2).  
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Fig 16. Infection assay of pathogenic pathway glycoprotein candidates. Deletions and 

infections were carried out in the CL13 strain. Total number of plants infected is indicated above 

each column. The Mann-Whitney statistical test was performed for each mutant versus the 

corresponding wild-type strain (ns: not statistically significant; * for p-value < 0.05; ** for p-value 

< 0.01; *** for p-value < 0.005; **** for p-value < 0.001).  

 

Growth assay in liquid rich media for those candidates analyzed showed 

that UMAG_03416 and UMAG_11496 had a strong and minor growth defect 

with a doubling time of 270 min and 190 min, respectively, while the CL13 wild-

type and the rest of the assayed candidates doubling time was ~150 min (Fig 

17). Thus, we did not continue characterizing UMAG_03416 since the 

observed strong growth defect may be the reason for its virulence reduction. 
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Fig 17. Doubling time of pathogenic pathway glycoprotein candidates. Doubling time was 

calculated from growth curve performed by triplicate. T-test statistical analysis was performed 

(** for p-value < 0.01, **** for p-value < 0.001).  

 

Gene Ontology (GO) analysis of the 13 glycoproteins more involved in 

virulence (Fig 16) demonstrated that these glycoproteins might be related to 

catalytic, hydrolase and glucosidase activities (Fig 18). These GO terms 

suggest they could be PCWDEs and hydrolases required for plant penetration 

and fungal proliferation inside the maize plant, and glucosidases and 

hydrolases involved in fungal cell wall modification to develop the dikaryotic 

filament, appressoria and/or infectious hyphae. 
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Fig 18. Molecular functions of glycoproteins involved in virulence. Bar chart of the 

molecular function over-represented for the 13 N- or O-glycoproteins involved in virulence, i.e. 

higher reduction in number and size of tumors observed (see Fig. 16). Over-represented 

analysis was performed in PANTHER14.0 for GO-Slim molecular function. GO terms 

represented here performed a p-value lower than 0.05 for Fisher’s Exact statistical test.   

 

Candidate genes for a role in virulence were then tested for maize 

virulence in other genetic backgrounds; SG200, another solopathogenic strains 

which carries the mfa2 gene that encodes the compatible mating type 

pheromone (Bolker et al., 1995) and confers stronger virulence than CL13, and 

the wild type FB1 and FB2 strains (Banuett and Herskowitz, 1989), which have  

even a higher infection capacity (Fig 19). Based on the virulence assays for all 

deletant mutants generated in these backgrounds we identified UMAG_10156, 

UMAG_04422 and UMAG_05223 as having the most significant role in plant 

infection (Figs 16, 19A and 19B). Thus, these three proteins are the most 

promising candidates to further characterize. Moreover, these three proteins are 

also interesting according to their predicted function. UMAG_10156 may be 

involved in protein folding, i. e. secreted effectors, during infection; 

UMAG_04422 may degrade xylan of the plant cell wall, facilitating the fungal 

penetration; and UMAG_05223 may be important for fungal cell wall remodeling 

necessary for yeast-to-filament transition and appressoria development. 
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Fig 19. Infection assay of pathogenic pathway glycoprotein candidates in SG200 and 

FB1xFB2. Deletions showing a statistically significant reduction in virulence in CL13 were then 

assayed in SG200 (A) and subsequently in FB1 and FB2 compatible strains (B). Total number 

of plants infected is indicated above each column. The Mann-Whitney statistical test was 

performed for each mutant versus the corresponding wild-type strain (ns: not statistically 

significant; * for p-value < 0.05; ** for p-value < 0.01; *** for p-value < 0.005; **** for p-value < 

0.001).   



 

 

 

 

 

 

 

 

 

 

The role of the disulfide isomerase Pdi1 

in fungal virulence 
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4.1. The disulfide isomerase Pdi1 is a substrate of Pmt4 and Gls1, 

and is required for plant pathogenesis. 

4.1.1. UMAG_10156 codifies for a protein disulfide isomerase. 

 

Blast analysis for UMAG_10156 revealed 36% identity to S. cerevisiae 

Pdi1 protein with 48% and 43% identity in the two thioredoxin domains (Fig 20). 

Thus, we will now refer to UMAG_10156 as Pdi1. S. cerevisiae Pdi1 is a 

disulfide-isomerase protein, member of the thioredoxin superfamily of redox 

proteins whose canonical role is to support the folding of newly synthesized 

proteins in the ER via the addition of disulfide bonds (Ali Khan and Mutus, 

2014).  

 

 

Fig 20. UMAG_10156 shares homology to Saccharomyces cerevisiae Pdi1. (A) Alignment 

of Pdi1 sequence from S. cerevisiae and UMAG_10156 from U. maydis using T-Coffee Server 

and BoxShade Server. Thioredoxin domains are indicated by red lines. (B) Schematic 

representation of ScPdi1 and UMAG_10156 showing signal peptides (SP), thioredoxin domains, 

WCGHCK active sites, and HDEL/HEEL ER localization sites. Thioredoxin domain and whole 

protein identity percentages obtained by BLASTp are indicated. 

 

Previous studies in budding yeast have shown that Pdi1 function is 

critical under ER stress conditions, where a large number of misfolded proteins 

are produced (Wilkinson and Gilbert, 2004; Breitenbach et al., 2015). To 

confirm that this function of Pdi1 is conserved in U. maydis, we explored Pdi1 

localization and studied the ability of ∆pdi1 cells to grow under reductive ER 

stress induced by DTT. Microscopy co-localization analysis of Pdi1:GFP and 
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the ER marker mRFP:HDEL confirmed the localization of Pdi1 to this organelle 

(Fig 21), where it has been shown to work in conjunction with Calnexin and 

Calreticulin in the refolding of glycosylated proteins (Banerjee et al., 2007). 

Moreover, ∆pdi1 cells showed a hypersensitivity response to DTT in both solid 

and liquid media, thus confirming the canonical role of Pdi1 in U. maydis (Fig 

22).    

 

 

Fig 21. Pdi1 localizes to the ER. Pdi1:GFP co-localizes with the ER marker mRFP:HDEL. Both 

fused proteins were expressed under otef promoter in SG200 strain. Scale bar represents 5 µm. 
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Fig 22. Pdi1 deletion results in sensitivity to ER stress inducing treatments. (A) ER stress 

assay was performed on solid complete media (CM) plates supplemented with 2% D-glucose 

and 4 mM DTT. (B) ER stress assay performed with rich liquid media (YEPSL) supplemented 

with 10 mM DTT.  

 

 

4.1.2. The loss of Pdi1 compromises fungal expansion inside 

plant tissues. 

 

 To identify the causes behind the failure of ∆pdi1 cells during plant 

infections we first analyzed if the pdi1 deletion causes growth alterations under 

axenic conditions. We found no differences in generation time (Fig 17) or cell 

morphology (Fig 23) between wt and ∆pdi1 cells.  
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Fig 23. Loss of pdi1 has no effect on the yeast form growth. SG200 and pdi1 cells 

observed by DIC microscopy do not show any defect in size and morphology. Scale bar 

represents 20 µm. 

 

In order to determine the role for Pdi1 in other stresses resistance or 

sensitivity, pdi1 cells were assayed for osmotic, oxidative and cell wall integrity 

stresses by treatment with sorbitol and NaCl, H2O2, and calcofluor white (CFW) 

and Congo Red, respectively. Lack of pdi1 did not produce any defects in either 

osmotic and oxidative stress resistance or cell wall integrity (Fig 24). 

Interestingly, tunicamycin did not impair pdi1 cells ER stress resistance 

although a DTT sensitivity was previously demonstrated. This could indicate the 

role of Pdi1 in a specific ER stress resistance pathway activated only by DTT.  

 

 

Fig 24. Pdi1 deletion does not affect osmotic stress, oxidative stress nor cell wall 

integrity. Osmotic (1) and oxidative (2) stress, cell wall integrity (3) and ER stress (4) assays 

were performed in complete media (CM) plates supplemented with 2% D-glucose and Sorbitol 

1M, NaCl 1M,  H2O2 1.5 mM, calcofluor white (CFW) 40 µg/ml, Congo Red 50 µg/ml, 

Tunicamycin 1 µg/ml and  2% DMSO as Tunicamycin solvent control. 
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Next, we examined if the mating capability between sexually compatible 

cells depends on Pdi1. This can be tested by analyzing dikaryon filament 

formation on charcoal plates, which is recognizable by the formation of white 

fuzzy colonies. We observed similar mating efficiency in FB1∆pdi1 and 

FB2∆pdi1 crosses compared to the wt strains (Fig 25).  

 

 

Fig 25. Mating efficiency is not impaired by the loss of pdi1. Mating capability between 

compatible U. maydis FB1, FB2, FB1 pdi1 and FB2 pdi1 strains was tested on PD-charcoal 

(PD-Ch) plates. 

 

Therefore, the pathogenic defects affecting ∆pdi1 infections are not likely 

caused by failures in cellular growth or mating stages. Hence, the plant infection 

defects observed in pdi1 mutant cells probably appear during their interaction 

with the host. In fact, we have observed an increase in both pdi1 transcription 

during the infection process, with a peak at three days post infection and Pdi1 

protein levels upon biz1 activation (Fig 26), in agreement with a high-throughput 

transcriptomic analysis of pathogenesis recently published (Lanver et al., 2018). 

These observations suggest that Pdi1 function during the plant infection 

process may be to ensure the correct folding of the increased quantity of 

glycosylated and secreted proteins that must be expressed for a successful 

infection.   
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Fig 26. Pdi1 mRNA and protein expression profiles. (A) pdi1 expression levels relative to 

ppi1 during maize plant infection calculated by qRT-PCR from RNA isolated from plants infected 

with FB1 x FB2 at 1, 3, 5 and 9 days post infection and RNA from axenic culture. (B) Pdi1 

protein expression profile before and after biz1 activation obtained by DiGE analysis. 

 

To determine which step of U. maydis pathogenic development is 

affected by the loss of Pdi1, we analyzed the behavior of ∆pdi1 cells during 

plant cuticle pre-penetration stages. A physicochemical plant signal is 

recognized by the fungal cell, triggering filamentous growth and appressoria 

formation (Mendoza-Mendoza et al., 2009). In order to quantify both 

phenotypes, we generated the pdi1 deletion in SG200 cells carrying RFP under 

the control of the constitutive otef promoter and co-inoculated maize plants with 

an equal mixture of SG200 Potef:GFP and SG200 Potef:RFP ∆pdi1 cells. The 

number of filaments and appressoria in wt and ∆pdi1 cells was quantified using 

fluorescence microscopy ~20 hours after infection. We found that the absence 

of Pdi1 did not alter filament formation capability (Fig 27A). Moreover, ∆pdi1 

filaments developed appressoria normally (Fig 27B). Thus, plant penetration 

stages do not require Pdi1, which suggests that deficient fungal expansion 

inside plant tissues might be behind the ∆pdi1 infection defects.  
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Fig 27. Pdi1 is dispensable for fungal filamentation on the surface of the maize plant and 

for appressoria development. Maize seedlings were co-infected with SG200 GFP and SG200 

Δpdi1 RFP strains. After 20h, filament (A) and appressoria (B) formation were measured by 

scoring for GFP or RFP fluorescent cells. Total number of plants infected is indicated above 

each column. Scale bar represents 5 µm.  

 

To address the fungal colonization inside plant tissues we stained 

infected maize leaves 3 and 5 days after inoculation using WGA-Alexa and 

propidium iodide to visualize fungal hyphae and plant cells, respectively (see 

Methods). Following this approach, we observed a defective proliferation of 

∆pdi1 hyphae inside the plant (Fig 28A). To confirm these observations, we 

quantified fungal biomass in plant samples. We used the expression level of the 

U. maydis ppi1 gene as a fungal marker relative to the constitutively-expressed 

maize plant marker gapdh gene (Brefort et al., 2014). We found that the amount 

of fungal biomass at 3 days post-infection decreased two-fold during ∆pdi1 

infection versus infection with a wt strain (Fig 28B). Thus, Pdi1 plays a key role 

in U. maydis colonization after plant penetration. Interestingly, this phenotype is 

reminiscent of defects caused by N-glycosylation defective cells (Fernandez-

Alvarez et al., 2013) suggesting that altered Pdi1 function might be partly 

responsible for the defects associated with the loss of N-glycosylation.  
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Fig 28. Pdi1 is essential for fungal growth within the maize plant. (A) Maize leaves from 3 

and 5 dpi plants infected with SG200 and SG200pdi1 were stained with propidium iodide (red) 

and U. maydis hyphae with WGA-AF-488 (green), and visualized by fluorescence microscopy, 

showing a decrease in the growth and branching capability of the pdi1 mutant. Scale bar 

represents 50 µm. (B) Quantification of fungal biomass in planta at 3 dpi was performed by 

qPCR, measuring the constitutively expressed ppi1 U. maydis gene normalized to the 

constitutively-expressed plant gapdh gene, confirming its defective proliferation. T-test statistical 

analysis was performed (* for p-value < 0.05). 

 

4.1.3. Loss of Pdi1 N-glycosylation mimics ∆pdi1 virulence 

defects.  

To decipher the importance of glycosylation for Pdi1 function, putative O- 

and N-glycosylation sites predicted by NetOglyc 4.0 and NetNGlyc 1.0 tools 

were substituted with alanine (S4A, S24A, S340A, S344A, S346A, S350A, 

S477A and T486A) and glutamine (N36Q and N484Q) residues, respectively 

(Fig 29A). We introduced the resulting Pdi1 alleles harboring substitutions at O-

glycosylation sites (Pdi1∆O-gly), N-glycosylation sites (Pdi1∆N-gly), O- and N-

glycosylation sites (Pdi1∆N,O-gly) or the wild type allele in the exogenous ip locus 

of Δpdi1 cells under the control of the otef promoter. Since DTT sensitivity has 

been previously associated with a Pdi1 lack of function (Mares and Ramos, 

2018), the resistance of generated Pdi1 alleles to ER stressor DTT were tested 

(Fig 29B). When other stresses were analyzed, we found that as occurred for 

∆pdi1, cells harboring Pdi1∆N-gly allele were more sensitive to DTT but was 

neither affected by osmotic stress, oxidative stress or cell wall integrity (Fig 30).  
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Fig 29. N-glycosylation motives alteration of the protein disulfide isomerase Pdi1 

resemble pdi1 cells ER stress susceptibility. (A) Pdi1 has two putative N-glycosylation sites 

and eight putative O-glycosylation sites. The main amino acids where the glycosylation tree is 

anchored, serine/threonine in O-glycosylation and asparagine in N-glycosylation, have been 

replaced by similar amino acids alanine and glutamine for O- and N-glycosylation, 

respectively. (B) Indicated strains were spotted onto complete media (CM) plates supplemented 

with 2% D-glucose and 4 mM DTT.  

 

 

Fig 30. Pdi1 N-glycosylation motives alteration does not affect osmotic or oxidative 

stress nor cell wall integrity. Osmotic (1) and oxidative (2) stress, cell wall integrity (3) and ER 

stress (4) assays were performed in complete media (CM) plates supplemented with 2% D-

glucose and Sorbitol 1M, NaCl 1M,  H2O2 1.5 mM, calcofluor white (CFW) 40 µg/ml, Congo Red 

50 µg/ml, Tunicamycin 1 µg/ml and  2% DMSO as Tunicamycin solvent control. 
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Next, the ability to infect maize plants for strains expressing Pdi1∆O-gly, 

Pdi1∆N-gly, Pdi1∆N,O-gly or the wild type Pdi1 alleles under the control of the native 

pdi1 promoter were tested. We found that while Pdi1∆O-gly restored the virulence 

defects observed in ∆pdi1 cells during infection as the wt allele did, the Pdi1∆N-

gly form failed to complement the lack of Pdi1 (Fig 31) and the Pdi1∆N,O-gly form 

partially complemented the loss of Pdi1. Similar results were obtained when the 

different Pdi1 alleles were expressed under the control of the otef promoter (Fig 

32A). This strongly suggests that only the N-glycosylation of Pdi1 is relevant for 

its role in virulence. Similar to ∆pdi1 cells, the virulence defects observed in 

Pdi1∆N-gly, are due to a failure in the fungal expansion inside the plant tissues 

(Fig 32B).  

 

Fig 31. N-glycosylation of the protein disulfide isomerase Pdi1 ensures U. maydis full 

virulence. The percentage of symptoms in maize plants infected with the indicated strains at 14 

dpi. The total number of infected plants is indicated above each column. Mann-Whitney 

statistical test was performed (ns: not statistically significant; * for p-value < 0.05; **** for p-value 

< 0.001). Representative disease symptoms are shown in left.  
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Fig 32. Pdi1N-gly allele under the control of otef promoter has defects in fungal expansion 

inside the maize plant. (A) The percentage of symptoms in maize plants infected with the 

indicated strains at 14 dpi. The total number of infected plants is indicated above each column. 

Mann-Whitney statistical test was performed (ns: not statistically significant; *** for p-value < 

0.005). (B) Quantification of fungal biomass in plant at 5 dpi was performed by qPCR, 

measuring the constitutively expressed ppi1 U. maydis gene normalized to the constitutively-

expressed plant gapdh gene. T-test statistical analysis was performed (ns for not statistically 

significant, * for p-value < 0.05, ** for p-value < 0.01).  

 

Remarkably, Pdi1∆N-gly could be detected by western blot discarding a 

possible degradation of Pdi1 in the absence of proper N-glycosylation (Fig 33A). 

In order to confirm these observations under in vivo conditions, we studied the 

cellular localization of Pdi1∆N-gly:GFP demonstrating that the absence of N-

glycosylation does not compromise normal subcellular Pdi1 accumulation in the 

ER (Fig 33B), suggesting that the lack of glycosylation does not lead to an 

unstable version of the protein. 
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Fig 33. Lack of N-glycosylation of the protein disulfide isomerase Pdi1 does not impair 

protein stability or ER localization. (A) Western blot showing Pdi1:GFP in SG200 and Pdi1∆N-

gly :GFP in SG200 pdi1, with the image of the stain-free gel activation as a loading control. (B) 

ER location for Pdi1:GFP and Pdi1∆N-gly:GFP. Scale bar represents 10 µm.  

 

4.1.4. pdi1 and ∆gls1 show similar secreted protein defects. 

According to our results and the established functions of Pdi1 in other 

model organisms, we hypothesize that glycosylation of Pdi1, mediated by Gls1, 

is required for correct folding and subsequent secretion of proteins induced by 

the virulence program.  To address this issue, we compared the secreted 

extracts of wt and ∆pdi1 cells upon biz1 induction and 6 secreted proteins 

showed differential electrophoretic mobility: a putative glutaminase A 

(UMAG_06158), Afg1, an α-N-acetylgalactosaminidase (UMAG_04503), and 

three uncharacterized proteins (UMAG_01213, UMAG_00027 and 

UMAG_11462) (Fig 34). From this pool of proteins dependent on Pdi1, 4 

proteins (UMAG_06158, Afg1, UMAG_04503 and UMAG_00027) also showed 

differential electrophoretic mobility when secreted extracts from wild-type and 

gls1 strains were compared. This result suggests that the effects caused by 

gls1 deletion might be explained by deficient Pdi1 function. The number of 

glycoproteins altered by the loss of gls1 is higher than the number of proteins 

altered by the lack of pdi1, and this is consistent with the fact that ∆gls1 causes 

more severe virulence defects than ∆pdi1. Thus, we propose a model whereby 

a subset of secreted proteins glycosylated by Gls1 requires Pdi1 for their proper 

folding and secretion (Fig 35).  
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Fig 34. 2D-DIGE expression analysis of Gls1- or Pdi1- dependent secreted glycoproteins. 

DIGE gel images showing protein changes between wild-type biz1crg (tagged with Cy3 – green) 

and gls1 (tagged with Cy5 – red) mutants (A) or between wild-type biz1crg (tagged with Cy3 – 

green) and pdi1 (tagged with Cy5 – red) mutants (B).  Four glycoproteins depending on both 

Gls1 and Pdi1 are indicated by dotted rectangles; two additional glycoproteins depending only 

on Pdi1 are indicated by solid line rectangles. 

 

 

 

Fig 35. Model of Pdi1 function during infection. Pdi1 assists a subset glycoprotein in folding 

and disulfide bonds formation during effector secretion in the apoplast of maize plant during U. 

maydis infection. 
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4.2. Ustilago maydis xylanases are required for full virulence. 

UMAG_04422 is predicted to be an endo-1,4-β-xylanase, which would 

hydrolyse the β-(1,4)-xylosidic linkages between two xylose residues shattering 

the linear backbone of xylan (Pollet et al., 2010). Thus, this protein may play a 

role in the plant cell wall degradation during the fungus penetration since xylan 

is the main hemicellulose component of the plant cell wall (García et al., 2017). 

BlastP search in U. maydis genome revealed other three putative xylanases: 

UMAG_03411, UMAG_06350 and UMAG_04897.  

Most xylanases are classified in the glycoside hydrolase (GH) families 10 

and 11 (Gilbert, 2010), while arabinofuranosidases, responsible for the removal 

of the xylan groups from the arabinoxylan, are found in GH families 3, 43, 51, 

54 and 62 (Kuge et al., 2017). Among these four putative xylanases, we found 

two members of the GH10 family, UMAG_04422 and UMAG_03411, now called 

Xyn1 and Xyn2, respectively. These two proteins own a signal peptide in their 

N-terminal sequence of 20 amino acids approximately and a GH10 domain of 

300 amino acids (Fig 36).  

 

 

Fig 36. Schematic representation of the four xylanases identified in U. maydis. Different 

Glycoside Hydrolase (GH) domains of each xylanase are indicated and signal peptide in the N-

terminal region is represented as SP. 
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We also found one member of the GH11 family, UMAG_06350, which 

was previously identified and functionally characterized as an endo-1,4-β-

xylanase named Xyn11A and capable of convert xylan to xylotriose (Geiser et 

al., 2013). Finally, we found one member of the GH43 famlily, UMAG_04897, 

which is from now on called Xyn3 (Fig 36). Xyn11A contain a GH11 domain and 

a signal peptide in its N-terminal end whereas Xyn3 do not present a signal 

peptide and have a GH43 domain as it is expected for being part of the GH43 

family. These finding suggests that Xyn3 is an arabinoxylanase involved in the 

arabinofuranosyl residues release from the modified arabinoxylan usually found 

in monocots as maize plant.  

The phylogenetic tree of fungal xylanases performed with 44 xylanase 

sequences from different fungi showed that Xyn2 is more related to 15 GH10 

xylanases from other fungi than Xyn1 (Fig 37). It is also interesting that on the 

contrary to the wide range of xylanases from M. oryzae or Aspergillus spp., 

smut fungi harbour only 3 or 4 xylanases belonging to the three GH10, GH11 

and GH43 families.   
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Fig 37. Phylogenetic tree of xylanases in fungi. The phylogenetic tree of xylanases from U. 

maydis, U. hordei, Sporisorium reilianum, Aspergillus niger, A. nidulans, Magnaporthe oryzae, 

Trichoderma reesei, Fusarium oxysporum, and Botrytis cinerea was obtained automatically by 

applying Neighbor-Join algorithm and Jukes-Cantor genetic distance model to the 44 selected 

xylanase sequences previously aligned by Geneious alignment (Geneious Prime 2019.2.1). 

Branches were transformed according to cladograms. Xylanases from U. maydis Xyn1, Xyn2, 

Xyn11A and Xyn3 are indicated in bold and pointed with an arrowhead. Glycoside Hydrolase 

domains (GH) are colour-coded: green for GH10, red for GH11 and blue for GH43. 
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4.2.1. Xylanases are required for full pathogenesis. 

In order to get further insight in the possible role of xylanases during the 

infection process, xylanases gene expression was measured by qRT-PCR after 

maize plant infection at different time points corresponding to the filamentation 

of the fungus on the plant surface and penetration (1 dpi), establishment of the 

biotrophy (3 dpi), tumor formation (5 dpi) and tumor fragmentation and spores 

formation (9 dpi) (Fig 38). 

Regarding these results, which are in agreement with a high-throughput 

transcriptomic analysis of pathogenesis (Lanver et al., 2018), xyn11A is highly 

induced at 1 dpi (Fig 38C), whereas xyn1 is induced at 3 dpi and their 

expression in decreasing slowly throughout the infection process (Fig 38A), and 

xyn2 induced at 9 dpi (Fig 38B). Unexpectedly, xyn3 is repressed during first 

days of infection and then the expression increased at 5 dpi, although the 

higher expression level was reached in axenic culture (Fig 38D). Hence, 

xylanases with a GH10 or a GH11 domain may be acting in a coordinated 

manner during the pathogenic process in order to ensure a proper fungal 

penetration and spreading into the maize plant.  

 

Fig 38. Xyn1, Xyn2 y Xyn11A gene expression is induced during maize plant infection. 

xyn1 (A), xyn2 (B), xyn11A (C) and xyn3 (D) expression levels relative to fungal ppi1 during 

maize plant infection calculated by qRT-PCR from RNA isolated from plants infected with FB1 x 

FB2 wt strains at 1, 3, 5 and 9 days post infection and RNA from axenic culture.  
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To determine the involvement of xylanases in pathogenesis, we analyzed 

the virulence capability of CL13 strain mutants harboring gene deletions. 

Analysis of disease symptoms after infection revealed virulence defects for the 

four xylanases, mainly for xyn1, the one originally identified in the glycoprotein 

screening (Fig 39). Pathogenesis assay of the double mutant of the two GH10 

xylanases, xyn1xyn2, and the mutant in which GH10 and GH11 xylanases 

were deleted, xyn1xyn2xyn11A, showed similar symptoms than single xyn1 

or xyn2 deletions suggesting that these xylanases are epistatic. This result 

indicates that Xyn1, Xyn2 and Xyn11A might act in a linear manner in the same 

pathogenesis pathway. The quadruple mutant xyn1xyn2xyn11Axyn3 was 

not evaluated because we could not delete xyn3 in the triple mutant after 

several traits, indicating that the loss of the four xylanases may be lethal. 

 

Fig 39. Xylanases are required for full pathogenesis. Gene deletions and infections were 

carried out in the CL13 strain. Total number of plants infected is indicated above each column. 

Mann-Whitney statistical test was performed for each mutant versus the corresponding wild-

type strain (ns: not statistically significant; * for p-value < 0.05; *** for p-value < 0.005; **** for p-

value < 0.001).   
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 Single gene deletions were then tested for maize virulence in the wild 

type FB1 and FB2 strains (Banuett and Herskowitz, 1989), which have a higher 

infection capacity (Fig 40). Interestingly, the four xylanases mutants showed a 

statistically significant decrease of tumor formation, demonstrating their role in 

fungal pathogenesis. 

 

 

Fig 40. Xylanases are important for full pathogenesis in FB1 x FB2 strains. Gene deletions 

and infections were carried out in the FB1 and FB2 strains. Total number of plants infected is 

indicated above each column. Mann-Whitney statistical test was performed (* for p-value < 0.05, 

** for p-value < 0.01, *** for p-value < 0.005). 

 

To identify the causes behind the failure of xylanases deleted mutants 

during plant infections we first analyzed if the gene deletion causes growth 

alterations under axenic conditions. We found no differences in cell morphology, 

chromosome segregation or cell division (Fig 41) between wt and ∆xyn2, 

xyn11A or xyn3 cells. Cells harboring xyn1 deletion are longer than wt cells 

(Fig 42).  
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Fig 41. Loss of xyn2, xyn11A and xyn3 had no effect in cellular morphology. The nuclei of 

cells in exponential phase were stained with DAPI and cells were visualized by fluorescence 

and differential in contrast (DIC) microscopy. Scale bar represent 10 µm. 

 

 

Fig 42. xyn1 cells are longer than wt cells. Length of CL13 wild-type, xyn1, xyn2, 

xyn11A and xyn3 strains in rich media cultures at exponential phase. Quantification of 25 

cells. T-test statistical analysis was performed (**** for p-value < 0.001).  

 

Then, we analyze ER, osmotic and oxidative stress resistance and cell 

wall integrity. Only xyn1 showed a minor defect in all conditions tested, except 

for Tunicamycin (Fig 43). This stress susceptibility and reduced cell wall 

integrity may be related to the increased length in cells harboring xyn1 deletion. 

However, xyn1 cells showed a wild-type generation time (Fig 17), suggesting 

that the attenuated virulence observed for this strain might not be related to 

cellular growth or stress resistance defects. Together, these results indicated 

that Xyn1 may also have a role in U. maydis during non-pathogenic growth. 
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Fig 43. xyn1 deletion slightly affects stress resistance and cell wall integrity. ER stress 

(1), osmotic stress (2), oxidative stress (3) and cell wall integrity (4) assays were performed in 

rich media supplemented with 2% D-glucose (CMD) and DTT 4mM, Tunicamycin 1 µg/ml, 2% 

DMSO as tunicamycin solvent control, NaCl 1M, Sorbitol 1M, 0.005% SDS, H2O2 1.5 mM, 

calcofluor white (CFW) 10 and 40 µg/ml, and Congo Red 10 and 50 µg/ml. 

 

4.2.2. Xyn1, Xyn2 and Xyn11A are essential for fungal growth 

within the maize plant. 

Next, we examined if the mating capability between sexually compatible 

cells depends on xylanases. We observed similar mating efficiency in all 

xylanases deleted mutant crosses compared to the wt strains (Fig 44A). In 

addition, the formation of conjugation tubes when pheromone for the opposite 

mating type was added, was not affected in these mutants (Fig 44B and C). 

Therefore, the pathogenic defects affecting xylanases mutant infections are 

probably not caused by failures in mating stage.  
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Fig 44. Xylanases are not affected in conjugation tube formation or mating capability. (A) 

Mating assay between compatible U. maydis strains, FB1 and FB2 xyn1, xyn2, xyn11A and 

xyn3 strains were tested on PD-charcoal (PD-Ch) plates. (B) Conjugation tubes formation was 

quantified (C) after 5 h incubation with a2 pheromone in axenic FB1 wild-type or xylanase 

deleted mutants. Scale bar represents 20 µm. Total number of cells quantified is indicated 

above each column. T-test statistical analysis was performed (ns for not statistically significant). 

 

According to the obtained results, the plant infection defects observed in 

xyn1, xyn2, xyn11A and xyn3 mutant cells probably appear during interaction 

with the host. Considering that xyn3 expression is downregulated during first 

stages of plant infection in comparison with axenic culture, it suggests a latter 

contribution for Xyn3 to U. maydis virulence, and thus we will focus on xyn1, 

xyn2 and xyn11A for the next assays. 

To determine which step of pathogenic development is affected by the 

loss of xylanases, we analyzed the behavior of ∆xyn1, ∆xyn2 and ∆xyn11A cells 

during plant cuticle pre-penetration stages. In order to quantify filamentous 

growth and appressoria formation (Mendoza-Mendoza et al., 2009), we 

generated the xyn1, xyn2 and xyn11A deletions in CL13 cells carrying 2xRFP 

under the control of the constitutive otef promoter and co-inoculated maize 

plants with an equal mixture of CL13 PotefCFP and CL13 Potef2xRFP harboring 

xyn1 or xyn2 deletion. Unfortunately, we could not achieve CL13 Potef2xRFP 

xyn11A strain and, thus, appressoria formation in the absence of xyn11A 
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remain to be determined. The number of filaments and appressoria in wt and 

mutant cells was quantified using fluorescence microscopy ~18 hours after 

infection. We found that either the absence of xyn1 or xyn2 did not alter 

appressoria formation capability (Fig 45A and C), producing a similar number of 

appressoria per filament (Fig 45B and D). However, xyn1 and xyn2 

developed less filaments on planta than the wild-type strain (Fig 45B and D). 

Thus, plant penetration does not require xylanases, but filament formation is 

impaired in the absence of at least one of the two GH10 xylanases.  

 

 

Fig 45. Filamentation but not appressoria formation is impaired in the absence of xyn1 

and xyn2. Maize seedlings were co-infected with CL13 CFP and CL13 2xRFP harboring xyn1 

(A, B) or ∆xyn2 (C, D) deletion. After 18h, infected leaves were stained with calcofluor white and 

then, filament and appressoria formation were measured by scoring fluorescence. 

Representative images of normally developed appressoria are shown in (A) and (C). Filament 

and appressoria efficiency are quantified in (B) and (D). White arrows indicate appressoria. 

Scale bar represents 10 µm.  

 

To address whether fungal colonization inside plant tissue is impaired, 

we visualized infected maize leaves 3 days post-inoculation by microscopy. 

Following this approach, we observed a defective proliferation of ∆xyn1, ∆xyn2 

and ∆xyn11A hypha inside the plant (Fig 46A). To confirm these observations, 
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we quantified fungal biomass in plant samples. We found that the amount of 

fungal biomass 3 days post-infection decreased two-fold during ∆xyn2 and 

∆xyn11A infections in comparison with wild-type infections (Fig 46B). Thus, 

Xyn2 and Xyn11A could play a key role in U. maydis colonization after plant 

penetration. Interestingly, the amount of fungal biomass at 3 dpi in ∆xyn1 

infection was similar to the amount observed in wt infection, despite we have 

always observed a defective growth of ∆xyn1 inside the maize plant in all 

infected leaves analyzed by fluorescence microscopy. Nevertheless, this 

reduced fungal proliferation inside the plant may also be the consequence of 

filamentation defects observed in xyn1 and xyn2 cells. 

 

 

Fig 46. Xyn2 and Xyn11A are essential for fungal growth within the maize plant. (A) Maize 

leaves from 3 dpi plants infected with CL13, CL13xyn1, CL13xyn2 and CL13xyn11A were 

stained with propidium iodide (red) and U. maydis hyphae with WGA-AF-488 (green), and 

visualized by fluorescence microscopy. Scale bar represents 50 µm. (B) Quantification of fungal 

biomass in plant at 3 dpi was performed by qPCR, measuring the constitutively-expressed ppi1 

U. maydis gene normalized to the constitutively-expressed plant gapdh gene. T-test statistical 

analysis was performed (* for p-value < 0.05). 

 

All these data suggest that deficient fungal filamentation and expansion 

inside plant tissues might be behind the ∆xyn1, xyn2 and probably xyn11A 

infection defects.  
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4.2.3. Xyn11A is secreted into the maize apoplast. 

As Xyn1, Xyn2 and Xyn11A are predicted to be secreted by SignalP 

(Nielsen, 2017) and TargetP (Emanuelsson et al., 2007), we analyzed their 

secretion capability in an in vitro colony secretion assay using the 

corresponding version of C-terminally GFP tagged proteins. Pdi1 was included 

as a positive control (Fig 47). Xyn1 was unsuccessfully fused to GFP at the C-

terminal and N-terminal end after several attempts. As it was expected by the 

absence of N-terminal signal peptide, Xyn3:GFP was no secreted to the 

nitrocellulose filter and was further used as a negative control. Xyn2:GFP and 

Xyn11:GFP were secreted, confirming their conventionally signal peptide 

dependent secretion (Fig 47A).   

 

 

Fig 47. Xyn2 and Xyn11A are secreted in axenic culture. (A) Secretion of Xyn2 and Xyn11A 

(tagged with GFP) was assayed in a colony secretion assay after 16 h. Secreted proteins were 

detected using a mouse anti-GFP antibody. Wild-type SG200 strain was used as a control for a 

proper colony washing, SG200 cells expressing cytoplasmic GFP under control of the 

constitutive otef promoter served as cell lysis control, SG200 Pdi1:GFP was utilized as a 

positive control of protein secretion and SG200 Xyn3:GFP as a negative control. (B) Cell lysates 

(60 µg of total protein) of axenic cultures from SG200, SG200 Xyn2:GFP, SG200 Xyn11A:GFP 

and SG200 Xyn3:GFP cells were analysed by anti-GFP western blot. Short (B, left panel) and 

long (B, right panel) exposures are both presented in order to detect the presence of Xyn2:GFP. 

Stain-free gel activation is shown as a loading control. 
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Fusion proteins stability was assayed in total cell extracts by western blot 

using anti-GFP antibody, revealing that Xyn2:GFP and Xyn3:GFP are not 

processed (Fig 47B). These results suggest that Xyn2 is mainly secreted to the 

culture media when U. maydis is grown in rich media.  Nevertheless, GFP tag is 

separated from Xyn11:GFP fusion protein (Fig 47B).  

Considering that Xyn1, Xyn2 and Xyn11A are predicted to be secreted to 

the apoplast by ApoplastP tool (Sperschneider et al., 2018) and Xyn1 has been 

experimentally located to the maize apoplast (Djamei, personal 

communication), we examined xylanases secretion in vivo during maize plant 

infection. For that purpose, we isolated apoplastic fluid 3 dpi from plants 

infected with SG200 strain harboring Xyn1-, Xyn2- or Xyn11A-mCherry-HA 

fusion proteins under the control of pit2 promotor, since pit2 is one of the U. 

maydis genes with the strongest in planta transcription (Doehlemann et al., 

2011; Mueller et al., 2013) and it has been successfully used to overexpress 

see1 effector (Redkar et al., 2015b). Preliminary results obtained by anti-

mCherry western blot detection showed a 51 KDa band corresponding to 

Xyn11A:mCherry-HA and a second band of 28.8 KDa equivalent to released 

mCherry (Fig 48). Thus, it may be concluded that Xyn11A is secreted to the 

maize apoplast, notwithstanding being processed by plant proteases or during 

the protein purification protocol. Nevertheless, Xyn1 and Xyn2 fusion proteins 

did not effectively run along the acrylamide gel during protein electrophoresis, 

resulting in bands upper than expected (Fig 48). Thus, it can not be stated 

whether Xyn1 and Xyn2 are positively secreted or not to the maize apoplast 

during U. maydis infection.  
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Fig 48. Xyn11A is secreted to the maize apoplast. Apoplastic fluid was isolated 3 days post 

inoculation from maize leaves infected with SG200 strains harboring Xyn1:mCherry-HA, 

Xyn2:mCherry-HA or Xyn11A:mCherry-HA under the control of the pit2 promoter. Cytoplasmic 

mCherry under the control of pit2 promoter in SG200 background was used as a control for cell 

lysis. The whole isolated apoplastic fluid for each sample was precipitated with acetone, 

resuspended in loading buffer and blotted with α-mCherry antibody. Black arrow indicates a 

28.8 KDa band corresponding to free mCherry. 
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4.3. Ustilago maydis β-1,6-glucanase is required for full virulence. 

The third most promising candidate identified in the glycoproteomic 

approach was UMAG_05523, a putative β-1,6-glucanse. This protein was also 

identified in the total glycoproteome analysis by LC-MS/MS as the protein with a 

higher number of peptides purified after the infection process induction (Table 

3). A blast search revealed that UMAG_05223 aligned with other precursors of 

β-1,6-glucanases and glycoside hydrolases (GH) from GH30 family from smut 

fungi and Basidiomycetes such as Ustilago hordei, Sporisorium reilianum, S. 

scitamineum or Moesziomyces antarcticus (Fig 49A). In fact, UMAG_05223 is 

syntenic with sr13131 from S. reilianum. As their conserved homologs, 

UMAG_05223 now called Glu1 presented a GH30 domain and a signal peptide 

in its N-terminal end (Fig 49B), suggesting that could be conventionally 

secreted. Glycoside hydrolase family 30 includes the mammalian 

glucosylceramidases. In humans, over 50 different mutations in the gene of acid 

β-glycosidase or β-glucocerebrosidase (GBA1), which cleaves glucosylceramide 

in glucose and ceramide, have been found to impair the hydrolytic activity of this 

enzyme producing variants of Gaucher disease, the most prevalent lysosomal 

storage disease (Dinur et al., 1986). In fungi, most of the cell wall glycoproteins 

are retained in the cell wall through a phosphodiester linkage between a 

remnant of their glycosylphosphatidylinositol anchor and the β-1,6-glucan 

polymer (Boisramé and Gaillardin, 2009). Thus, a β-1,6-glucanase may be 

needed in order to release them ensuring proper cell wall remodelling during the 

morphological changes that take place during the corn smut fungus life cycle. 
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Fig 49. UMAG_05223 (Glu1) is a putative β-1,6-glucanase belonging to Glycoside 

Hydrolase (GH) 30 family conserved among Basidiomycetes and smut fungi. (A) Distance 

tree of protein sequences aligned with UMAG_05223 performed with Fast Minimum Evolution 

Algorithm (Desper and Gascuel, 2003). Smut fungi are presented in light-green dots or 

arrowheads and basidiomycetes in burlywood. Target protein is shown in a yellow highlighted 

cladogram. (B) Schematic representation of Glu1 showing GH30 domain and signal peptide in 

the N-terminal end as SP. 

 

Human native glucocerebrosidase is synthesised on endoplasmic 

reticulum (ER)-bound ribosomes and translocated to the ER and Golgi for 

correct folding before being transported to the lysosome (Smith et al., 2017). 

Glu1 was found in the cytoplasmic fraction after the activation of the pathogenic 

pathway by biz1 overexpression, being a Gls1 substrate (Table 2). However, 

Glu1 presents a signal peptide that may be processed after its secretion or 

translocation from the ER to the lysosome. In fact, Glu1:GFP fusion protein is 

located in membranous cell structures in an axenic culture (Fig 50A), although 

the lysosomal or ER localization has to be verified through co-localization with a 
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lysosomal or ER marker. Interestingly, Glu1 can be also secreted to a 

nitrocellulose filter in a colony secretion assay (Fig 50B). In mutualistic 

interaction of Poa ampla and the endophyte Neotyphodium spp, a fungal β-1,6-

glucanase is secreted to the apoplast of infected host grass (Moy et al., 2002). 

Thus, it is still not known whether the U. maydis Glu1 would play a role during 

maize plant infection as an effector secreted to the apoplast, a translocated 

effector, a hydrolytic enzyme in the lysosomes or a fungal cell wall remodelling 

enzyme during the different morphological changes that U. maydis undergoes 

throughout the infection process. 

 

Fig 50. Glu1 localizes to the membranous cell structures and it is secreted. (A) Glu1:GFP 

expressed localizes in the membranous cell structures in axenic culture. Scale bar represents 

10 µm. (B) Secretion of Glu1 (tagged with GFP) was assayed in a colony secretion assay after 

growing SG200 Glu1:GFP on a nitrocellulose membrane sited on a rich media plate for 16 h. 

Secreted proteins were detected using a mouse anti-GFP antibody. Wild-type SG200 strain was 

used as a control for a proper colony washing, SG200 expressing cytoplasmic GFP under 

control of the constitutive otef promoter served as cell lysis control, SG200 Pdi1:GFP was 

utilized as a positive control of protein secretion and SG200 Xyn3:GFP as a negative control. 
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To determine the role of Glu1 during the infection process, we measure 

glu1 gene expression by qRT-PCR after maize plant infection at different time 

points (Fig 51). This result clearly indicate that glu1 is induce during the 

biotrophic development with a peak of expression at 3 dpi, which is in 

accordance to a high-throughput transcriptomic analysis of pathogenesis 

recently published (Lanver et al., 2018).  

 

 

Fig 51. U. maydis β-1,6-glucanase is upregulated during pathogenesis.  glu1 expression 

levels relative to fungal ppi1 during maize plant infection calculated by qRT-PCR from RNA 

isolated from plants infected with FB1 x FB2 at 1, 3, 5 and 9 days post infection and RNA from 

axenic culture.  

 

Then we tested glu1 virulence in the wild type CL13 and FB1 and FB2 

strains (Banuett and Herskowitz, 1989), which have a higher infection capacity 

(Fig 52). Interestingly, the loss of glu1 led to a statistically significant decrease 

of dead plants and tumor formation, demonstrating its role in fungal 

pathogenesis. 
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Fig 52. Glu1 is required for full pathogenesis. Plant infection symptoms quantified 14 days 

after infection with CL13 (A) and compatible FB1 and FB2 (B) wild-types and glu1 strains. 

Total number of plants infected is indicated above each column. The Mann-Whitney statistical 

test was performed for glu1 mutant versus the corresponding wild-type strain (** for p-value < 

0.01; **** for p-value < 0.001). 

 

Before analysing the stage of infection in which glu1 deleted cells are 

affected, we visualized the cells at the microscope to discard any growth or 

morphology defects during yeast-like form (Fig 53A). We observed a small but 

statistically significant difference between wild-type and glu1 cell length (Fig 

53). Despite this cell length, cells harbouring glu1 deletion displayed a 

generation time similar than wild-type cells (Fig 17).  
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Fig 53. Loss of glu1 increases cell size. (A) The nuclei of cells in exponential phase were 

stained with DAPI and cells were visualized by fluorescence and differential in contrast (DIC) 

microscopy. Scale bar represent 10 µm. (B) Length of CL13 wild-type and glu1 strains in rich 

media cultures at exponential phase. Quantification of 25 cells. T-test statistical analysis was 

performed (**** for p-value < 0.001). 

 

To get further insight in the role of Glu1 during the infection process, we 

first analysed the mating capability and dikaryotic filament formation using 

compatible wild-type strains FB1 and FB2 (Fig 54). After the fusion of the two 

compatible haploid cells FB1glu1 and FB2glu1, large filaments were 

produced resulting in a fuzzy colony on a PD-charcoal plate, indicating that glu1 

deletion did not affect sexual mating (Fig 54A). Furthermore, glu1 was not 

impair in conjugation tubes formation induced by a2 pheromone (Fig 54B and 

C). Thus, glu1 virulence defects observed in CL13 and in FB1 x FB2 (Fig 52) 

were not caused by mating alterations and, by the contrary, may be a result of 

appressorium development or hyphae branching failures.  
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Fig 54. Deletion of glu1 did not affect conjugation tube formation or mating capability. 

Mating assay between compatible U. maydis strains, FB1 and FB2 glu1 strains were tested on 

PD-charcoal (PD-Ch) plates (A). Conjugation tubes formation (B) were quantified (C) after 5 h 

incubation with a2 pheromone in axenic FB1 wild-type or glu1 deleted mutants. Scale bar 

represents 20 µm. Total number of cells quantified is indicated above each column. T-test 

statistical analysis was performed (ns for not statistically significant).  

 

To address whether appressorium formation is impaired in glu1 cells, 

we co-infected maize seedlings with a CL13 wild-type strain expressing 

cytoplasmic CFP under the control of the constitutive otef promoter and CL13 

glu1 harbouring cytoplasmic 2xRFP under the same promoter, and measured 

the percentage of filamentation and quantify appressoria formation (Fig 55). 

According to these preliminary results, we realized that appressoria are 

normally developed in the absence of glu1 (Fig 55A and B), although a 

reduction in the filamentation process is observed since the proportion of 

filamented cells in glu1 mutant was lower than in the wild-type (Fig 55B). 
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Fig 55. Filamentation but not appressoria formation is impaired in the absence of glu1. 

Maize seedlings were co-infected with CL13 CFP and CL13 2xRFP harboring glu1 deletion. 

After 18h, infected leaves were stained with calcofluor white and then, filament and appressoria 

formation were measured by scoring fluorescence. Representative images of normally 

developed appressoria are shown in (A). Filament and appressoria efficiency is quantified in 

(B). White arrows indicate appressoria. Scale bar represents 10 µm.  

 

To find out whether the infection defects observed in glu1 are caused 

by a failure during the fungal proliferation inside the maize plant, we visualized 

infected leaves at 3 days post inoculation by microscopy. glu1 infected leaves 

showed a decreased fungal invasion (Fig 56A), indicating an impair of fungal 

spreading inside the plant. Indeed, fungal relative biomass quantification by 

qPCR revealed that infection with glu1 also produced a reduced fungal cells 

accumulation (Fig 56B), although the comparison with the wild-type did not 

result in a statistically significant variation. On the other hand, this decrease in 

fungal biomass may be the consequence of a reduced filamentation on the leaf 

surface. 
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Fig 56. Glu1 is not essential for fungal growth within the maize plant. (A) Maize leaves 

from 3 dpi plants infected with CL13 and CL13glu1 were stained with propidium iodide (red) 

and U. maydis hyphae with WGA-AF-488 (green), and visualized by fluorescence microscopy. 

Scale bar represents 50 µm. (B) Quantification of fungal biomass in planta at 3 dpi was 

performed by qPCR, measuring the constitutively-expressed ppi1 U. maydis gene normalized to 

the constitutively-expressed plant gapdh gene, confirming its defective proliferation. T-test 

statistical analysis was performed (ns for not-statistically significant). 

 

 All our results presented here suggest that β-1,6-glucanase is important 

to ensure a proper filamentation on the surface of the maize plant and probably 

to guarantee a correct hypha growing and spreading inside the plant.  
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5. Analysis of maize plant gene expression response after infection 

with U. maydis O- and N-glycosylation defective mutants. 

It has been described that O- and N-glycosylation are essential pathways 

for pathogenesis in several organisms such as Candida albicans, Aspergillus 

nidulans, Cryptococcus neoformans, Magnaporthe oryzae or Ustilago maydis 

(Fernandez-Alvarez et al., 2009; Olson et al., 2007; Rouabhia et al., 2005; Hall 

and Gow, 2013; Oka et al., 2004; Chen et al., 2014; Schirawski et al., 2005). 

The loss of glycosylation or an incorrect glycosylation status would affect 

glycoprotein secretion to the cell wall or to the host tissues, i.e. of fungal 

effectors. We have extensively explored the involvement of protein glycosylation 

in fungal virulence in the corn smut fungus U. maydis (Fernandez-Alvarez et al., 

2012, 2009, 2013). However, we just focussed in one part of the plant-fungal 

interaction, the fungus, but plant-microbe interactions imply complex 

transcriptomic regulation in hosts to counteract against the pathogen. Thus, we 

analysed the transcriptional modifications of maize genes after U. maydis 

infection and compared them with the changes generated by fungal 

glycosylation defective mutants to decipher whether glycosylation impairs 

increased plant resistance or plant susceptibility.  

We infected maize plants with SG200 wild-type and mutants gls1 and 

gas2 strains, defective for glucosidase I and glucosidase II β-subunit, 

respectively (Fernandez-Alvarez et al., 2013). Then, we collected total RNA 

from plants infected with wt, gls1, gas2 and mock at 1 dpi and wt, gas2 and 

mock at 3 dpi, since gls1 cells can penetrate the maize plant but it is not able 

to progress inside it. Finally, we analysed the fungus and maize transcriptomes 

by RNAseq.  

As a control, part of the RNA samples was treated with DNAse and 

cDNA was synthetized. Then, expression of different maize genes was 

analysed by qRT-PCR in order to check the RNA purification level. We checked 

the expression level for the chitinase and pathogenesis-related gene 1 (PR1), 

wall associated kinase (WAK), cystatin CC9 and cyclin 3 (CYC3) (Fig 57). It is 

known that PR1 is a chitinase induced after a microbial infection (Maschietto et 

al., 2016; Miranda et al., 2017), thus it should sense an effective U. maydis 

infection. WAK gene may be induced under plant-fungus interaction since plant 
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WAKs serves as pectin receptors for short oligogalacturonic acid fragments 

generated during pathogen exposure and are induced by pathogen infections 

(Kohorn and Kohorn, 2012). Maize cystatin 9 gene, CC9, is also induced during 

the infection and localizes in the maize apoplast where it inhibits apoplastic 

papain-like cysteine proteases (van der Linde et al., 2012a, 2012b). Finally, 

CYC3 gene expression was studied as a maize constitutive gene as gapdh. 

However, we observed that cyc3 was differentially expressed in the RNA 

samples analysed. 

 

 

Fig 57. All isolated samples contained purified RNA from maize plant. Maize PR1, WAK, 

CC9 and CYC3 gene expression relative to the constitutive plant gapdh gene analysed by qRT-

PCR to check RNA stability from maize plant at 1 and 3 dpi.  

 

All maize plants infected with the different U. maydis strains produced an 

induction of pathogenesis related genes (PR1, WAK and CC9) in comparison 

with mock infection (Fig 57). Wild-type infected maize plants usually displayed a 

higher or similar expression than gls1 or gas2 infected plants.  
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5.1. Loss of glucosidase I implies a higher maize gene expression 

deregulation during the infection process. 

We next sent RNA samples to the Cologne Center for Genomics (CCG) 

in Cologne, Germany, to perform library preparation and RNA sequencing by 

RNAseq. Obtained counts were then mapped to Zea mays AGPv3.31 genome 

and U. maydis 521 genome, analysed by HTSeq-count and pairwise 

comparisons were made with DESeq2 considering an FDR < 0.05. 

After 1-day post infection, we did not find deregulated maize genes with a 

fold-change (FC) higher than 1 (up-regulated) or smaller than -1 (down-

regulated) when mock treatment is compared with wild-type or gas2 infections, 

indicating that none of these strains provoked a high maize plant response. 

However, gls1 infection showed 265 two-fold deregulated genes when 

compared with mock treatment: 44 down-regulated and 221 up-regulated genes 

(Fig 58A). Down-regulated genes did not result in gene ontology (GO) terms 

overrepresented with a false discovery rate (FDR) < 0.05, while up-regulated 

genes overrepresented GO-Slim molecular function related to catalytic activity 

(57%), oxidoreductase activity (19%), transporter activity (14%), ATPase activity 

(6%) and binding (4%) (Fig 58B). As we expected, since either wild-type or 

gas2 infection did not reveal deregulated genes with a two-fold change in 

comparison with mock treatment, comparison between wild-type and gas2 

infections did not show deregulated genes. Unexpectedly, gas2 versus gls1 

neither showed deregulated genes with a FC < -1 or > 1. By the contrary, gls1 

infection in comparison with the wild-type revealed 188 deregulated genes (Fig 

58A): 46 down-regulated and 142 up-regulated genes, although no GO terms 

were overrepresented for molecular function with FDR < 0.05. Similarly, 

common up-regulated genes between mock vs gls1 and wt vs gls1 

comparisons (50) and common down-regulated genes (14) (Fig 58A) did not 

showed any statistically significant overrepresented GO term for molecular 

function. 
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Fig 58. Deregulated maize genes after 1 dpi with gls1 strain in comparison with mock 

and wild-type infections. (A) Venn diagram of deregulated maize genes in the indicated 

conditions. Up-regulated genes are represented in the left panel and down-regulated genes in 

the right panel. (B) PANTHER GO-Slim molecular functions overrepresented for the 171 up-

regulated genes in mock vs gls1 comparison. 

 

At 3 days post infection, we found 263 two-fold deregulated genes in 

wild-type infected maize plants in comparison with mock: 62 down-regulated 

and 201 up-regulated genes (Fig 59A). Only 5 down-regulated genes resulted in 

overrepresented GO-Slim molecular functions, i.e. related to disaccharide 

metabolic process. Up-regulated genes showed overrepresented GO-Slim 

molecular function related to catalytic activity (56%), hydrolase activity (22%), 

and oxidoreductase activity (22%) (Fig 59B, left panel). gas2 infection in 

comparison with mock infected plants demonstrated 130 deregulated genes 

(Fig 58A): 24 down-regulated and 106 up-regulated genes, displaying 

overrepresented GO-Slim molecular function related to catalytic activity (52%), 

hydrolase activity (20.5%), oxidoreductase activity (17.5%), ATPase activity 

(5%) and O-glycosyl hydrolase activity (5%) (Fig 59B, right panel).  
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Fig 58. Deregulated maize genes after 3 dpi with wild-type and gas2 strains in 

comparison with mock inoculation. (A) Venn diagram of deregulated maize genes in the 

indicated conditions. Up-regulated genes are represented in the left panel and down-regulated 

genes in the right panel. (B) PANTHER GO-Slim molecular functions overrepresented for the 

up-regulated genes in mock vs wt and mock vs gas2 comparison.  

 

As we expected from the similar GO terms overrepresented for both 

mock vs wt and mock vs gas2 comparison, wt vs gas2 comparison did not 

show deregulated genes with a FC < -1 or > 1. Common up-regulated genes 

between mock vs wt and mock vs gas2 comparisons (59, Fig 58A) and 

common down-regulated genes (9, Fig 58A) did not show any statistically 

significant overrepresented GO term for molecular function except for 

oxidoreductase activity for common up-regulated genes.  

To decipher whether upregulated maize genes at 3 dpi are the same as 

upregulated genes at 1 dpi, we compared the upregulated genes after 1 dpi with 

gls1 strain with upregulated genes after 3 dpi with wild-type and gas2 strains 

(Fig 59). We found 10 genes in common between both mock vs gls1 and mock 

vs wt comparisons, 16 genes in common between both mock vs gls1 and 

mock vs gas2 comparisons, and 10 genes in common among the three 

comparisons. Nevertheless, neither of these groups of upregulated genes 

displayed overrepresented GO terms. 
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Fig 59. Venn diagram of upregulated maize genes after 1 dpi with gls1 strain and 3 dpi 

with wild-type and gas2 strains in comparison with mock inoculation. Venn diagram of 

deregulated maize genes in the indicated conditions. 

  

 All these results together suggest that U. maydis infection produces a 

deregulation in maize genes mainly related to catalytic, oxidoreductase, and 

hydrolase activity. Moreover, the loss of fungal glycosylation by gls1 deletion 

resulted in a higher or sooner maize gene deregulation.  

 

5.2. Pathogenic clusters and characterized effectors are 

overexpressed during the infection with U. maydis 

glycosylated mutants. 

In the transcriptomic analysis performed by RNAseq, we also sequenced 

U. maydis genes in order to identify genes which codify for glycoproteins related 

to virulence that are differentially deregulated in a gls1 or gas2 infection 

compared to the wild-type.   

Prior to RNA samples sequence, expression of different fungal genes 

was analysed by qRT-PCR in order to check the level of purification for the RNA 

obtained. We investigated the expression of protein effectors See1 (Redkar et 

al., 2015b) and Pit2 (Doehlemann et al., 2011; Mueller et al., 2013), which are 

transcriptionally induced after U. maydis infection (Fig 60). 
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Fig 60. All isolated samples contained stable RNA from U. maydis. Fungal see1 and pit2 

gene expression relative to the constitutive fungal ppi1 gene was analysed by qRT-PCR to 

check U. maydis RNA stability at 1 and 3 dpi. 

 

Interestingly, infection with gls1 strain demonstrated a higher see1 and 

pit2 gene expression in comparison with infections with wild-type or gas2 

strains, suggesting that the lack of glucosidase I may result in a higher effector 

expression in order to settle this defective glycosylation or to counteract the 

early plant response. 

The number of counts for fungal RNA was lower than expected, specially 

at 1-day post infection. Thus, an exhaustive gene expression analysis could not 

be performed. Nevertheless, at 3-days post infection, it was possible to analyse 

the gene expression in the genome coverage of mapped counts obtained after 

sequencing. Hence, we analysed the gene expression of several gene clusters 

related to pathogenesis such as cluster 5B, 6A, 10A and 19A  (Kamper et al., 

2006). Considering the small number of counts obtained, a sequence with more 

than 10 counts could be considered as an up-regulated region of the genome. 

Thus, these four pathogenic clusters were upregulated in both wild-type and 

gas2 infections in a similar level (Fig 61), indicating that the loss of gas2 did 

not affect effector expression during infection. 
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Fig 61. U. maydis pathogenesis related clusters are upregulated during infection. 

Schematic representation of gene clusters related to pathogenesis cluster 5B, 6A, 10A and 19A, 

and their sequenced peaks during both wild-type and gas2 infections at 3 dpi performed in IGV 

software. 

 

On one hand, these results corroborated that collected RNA samples 

came from successfully infected maize leaves since wild-type infection lead to 

upregulation of gene cluster related to pathogenesis and previously 

characterized effectors. On the other hand, although gas2 mutant cells are not 

able to develop tumors (Fernandez-Alvarez et al., 2013), also produced 

upregulation of both effectors and cluster related to pathogenesis.  
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In this work, we have demonstrated that the use of glycosylation mutants 

pmt4 (Fernandez-Alvarez et al., 2009) and gls1 (Fernandez-Alvarez et al., 

2013) in a virulence program-specific 2D-DIGE protein analysis is a suitable 

and effective approach for identifying Ustilago maydis glycoproteins involved in 

plant infection. We identified 36 glycoproteins, and showed that 16 out of the 29 

(~55%) assayed proteins are involved in virulence, when single deletion 

mutants for them were analyzed. Of these mutants, loss of the protein disulfide 

isomerase Pdi1 had the strongest effect on virulence, most likely due to target 

protein folding defects and changes in functionality and/or secretion of proteins 

required for plant infection. Furthermore, we also characterized endo-β-1,4-

xylanase Xyn1 and endo-β-1,6-glucanase Glu1 as the other two most promising 

virulence factors identified, which may be involved in plant cell wall degradation 

and fungal cell wall remodeling, respectively. 

  

1. An effective method for identifying new glycosylated virulence 

factors. 

It is well established that protein glycosylation is essential for fungal 

infection. Mutants for specific glycosyltransferases or glycosidades are affected 

at different stages of the infection process in Ustilago maydis (Fernandez-

Alvarez et al., 2009, 2013), other plant pathogens such as Penicilium digitatum 

(Harries et al., 2015), Margnaporthe oryzae (Chen et al., 2014; Guo et al., 2016) 

and Botrytis cinerea (Gonzalez et al., 2013) as well as in animal pathogens 

such as Candida albicans (Wagener et al., 2012; Hall and Gow, 2013) and 

Cryptococcus neoformans (Olson et al., 2007; Willger et al., 2009; Leach and 

Brown, 2012). Thus, our interest focused on determining which of the 

glycosylated proteins produced during the infection process were responsible 

for those defects. We postulated secreted proteins as the main source of novel 

virulence factors since they have well established roles as effector proteins 

(Uhse and Djamei, 2018). U. maydis putatively secretes 467 effectors that 

contribute to the establishment of biotrophy with maize during the infection 

process (Kamper et al., 2006; Lanver et al., 2017). Cell wall proteins form the 

pathogen’s most external layer and, thus, constitute the first interacting zone 

within the host (Uhse and Djamei, 2018). Therefore, we included cell wall 

proteins as other source of novel virulence factors. Significantly, almost all cell 
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wall and secreted factors are glycosylated (Kruszewska et al., 2008; Xie and 

Lipke, 2010). In-silico tools such as SignalP (Nielsen, 2017), ApoplastP 

(Sperschneider et al., 2018) or EffectorP (Sperschneider et al., 2016) can 

predict which proteins are secreted and could be putative effectors. Although 

useful as guides, such bioinformatic tools are not completely reliable since it 

has also been demonstrated that some fungal effectors are not secreted 

through the canonical secretion pathway involving N-terminal signal peptide 

degradation prior to translocation to the ER (Paper et al., 2007; Koepke et al., 

2011; Stock et al., 2012; Burggraaf et al., 2016; Aschenbroich et al., 2018). 

Different strategies such as RNA-seq and microarray, have been employed in 

U. maydis in order to identify effectors whose transcription is induced during 

infection (Lanver et al., 2010; Skibbe et al., 2010; Wahl et al., 2010b; Tollot et 

al., 2016; Lanver et al., 2018). Such studies highlight the huge changes in gene 

expression that occur during different stages of the infection process. 

Nevertheless, none of these approaches took into consideration the relevance 

of protein modifications, which are especially important for secreted proteins. 

For this reason, a proteomics approach can be an attractive alternative to 

identify proteins with important roles in the plant infection process.  

Hence, in this work we established a new method to identify glycosylated 

effectors based on their electrophoretic mobility. Alterations to the glycosylation 

of a protein in O- or N-glycosylation mutant strains, pmt4 or gls1 respectively, 

can be detected by bidimensional gel electrophoresis. This strategy allowed us 

to identify 28 glycoproteins from the cytosolic extract, 11 from the secreted 

protein extract and 6 from the cell wall extract, with some detected in multiple 

extracts. It is important to highlight that this approach identified previously 

characterized proteins involved in virulence as well as known effectors such as 

Afg1 and Afg3 (Lanver et al., 2014), Pep4 (Soberanes-Gutierrez et al., 2015) 

and Cmu1 (Djamei et al., 2011). Among the 36 proteins identified, 4 are cell wall 

proteins that could be related to plant interaction during infection and 18 are 

located (Djamei, personal communication) and/or predicted to be located at the 

apoplastic region (Table 2), which is consistent with effector protein function. 

Total disruption of the whole glycosylation process in U. maydis leads to 

avirulent phenotypes because of its inability to develop functional appressoria 

(pmt4) or due to failure to spread inside the maize plant (gls1) (Fernandez-
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Alvarez et al., 2009, 2010b, 2013), however we did not find a single factor which 

resembles these phenotypes. The reason why this single factor was not 

identified might be because U. maydis instead uses a pool of glycosylated 

effectors that work cooperatively to perform the different steps involved in plant 

invasion and colonization.  

Similar proteomic strategies based on glycosylation changes after the 

activation of virulence programs have been used to identify new fungal effectors 

in other pathogenic fungi. For example, the controlled induction of Mst12, a 

Magnaporthe oryzae MAP kinase essential for appressoria formation and plant 

infection (Zhou et al., 2011) has been assayed in O-glycosylation mutants such 

as MoPmt2 (Guo et al., 2016) and MoPmt4 (Pan et al., 2018), as well as in 

N-glycosylation mutants such as alg3 (Chen et al., 2014) and Mogls2 (Li et 

al., 2016). However, the method applied by Zhou et al. (2011) could only 

identified proteins that physically interact with Mst12, reducing the number of 

putative virulence factors to nine candidates. Here we describe an approach 

which allows to identify glycoproteins produced after Biz1 transcription factor 

activation according to electrophoretic mobility shifts, independently of the 

physical interaction. Thus, the use of our method leads to the identification of a 

wider range of putative virulence factors.  

  

2. Protein disulfide isomerase is a key factor supporting U. maydis 

pathogenic development. 

Of all the virulence-related glycoproteins identified here, we chose to 

further characterize Pdi1 as its deletion led to the strongest reduction in 

virulence. As we expected, Pdi1 which codify for a putative protein disulfide 

isomerase localized to the ER and its deletion led to growth defects in axenic 

culture when an ER stress-inducing drug such as DTT was added to either solid 

or liquid media (Figs 21 and 22). These results support the idea that Pdi1 might 

assist the folding of newly synthetized proteins in the ER via the addition of 

disulfide bonds, which is critical during ER stress conditions (Breitenbach et al., 

2015). Hence, the loss of Pdi1 could potentially affect the function of other 

proteins leading to general defects in different processes such as cell viability, 

growth, metabolism or cell signaling, among others. Although pdi1 deletion did 

not impair cell viability or growth under normal conditions (Fig 23), we cannot 
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rule out the possibility that such indirect effects could influence pathogenic 

progression. Many U. maydis effector proteins harbor cysteine-rich regions 

suitable for the formation of disulfide bonds, which may be necessary for their 

acquisition of active conformations (Win et al., 2012; Lanver et al., 2017; Seitner 

et al., 2018). Thus, Pdi1 role in establishing disulfide bonds in proteins involved 

in plant infection could be a major part of how the pdi1 mutation affects 

virulence. Moreover, both calreticulin and calnexin, which bind glycosylated N-

glycans in the ER, have a Pro-rich arm that may bind a protein disulfide 

isomerase (Banerjee et al., 2007), such as Pdi1. N-glycans may also play an 

important role in ER-associated degradation (ERAD) of proteins (Banerjee et 

al., 2007). Consequently, Pdi1 may be directly or indirectly involved in the 

selection of misfolded glycoproteins for degradation by proteasomes, i.e., 

through N-glycans and mannosidase 1 (Mns1) and a second set of proteins 

called MnlI (mannosidase-like), Htm1 (homologous to mannosidase), or ER 

degradation-enhancing α-mannosidase-like protein (EDEM) (Trombetta and 

Parodi, 2003; Helenius and Aebi, 2004; Moremen and Molinari, 2006; Banerjee 

et al., 2007). Additionally, it has been shown that Pdi1 from Botrytis cinerea is 

also related to NADPH oxidase signaling (Marschall and Tudzynski, 2017) and 

thus Pdi1 could be also involved in ROS production to counteract plant 

oxidative burst responses. 

Modification of the two putative N-glycosylation motifs identified in Pdi1 

protein affected its ability to recover the infective capacity and ER stress 

sensitivity of a pdi1 mutant. These results suggest that N-glycosylation of Pdi1 

may be required for its in vivo function. Consistent with this idea, the 

modification of the putative N-glycosylation motifs affected Pdi1 electrophoretic 

mobility, without affecting Pdi1 cellular location or stability, making it unlikely 

that the N-glycosylation sites point mutations have grossly affected Pdi1 

synthesis or conformation. Moreover, similar alanine substitutions within all nine 

putative O-glycosylation motifs had no effect on the ability of Pdi1 to rescue the 

DTT-induced growth defect. Thus, while it remains possible that the two N-

glycosylation sites point mutations have an effect on Pdi1 activity unrelated to 

N-glycosylation, the most likely explanation of our evidence is that N-

glycosylation is specifically required for Pdi1 activity. Interestingly, while the 

double Pdi1∆N,O-gly mutant shows similar defects in Pdi1 activity as the Pdi1N-gly 
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mutant, it actually complements the lack of Pdi1 slightly better than the Pdi1N-gly 

one. In summary, our evidence suggests that N-glycosylation of Pdi1 is 

important for its activity in vivo but that further investigation is required to fully 

understand the role of glycosylation on Pdi1 function. 

We have demonstrated that the Pdi1 deletion strain can complete the 

initial steps of the infection process, appressoria formation and dikaryotic 

filament growth normally (Figs 25 and 27). Inside the maize plant, this mutant is 

able to form clamp-like cells and hyphae spread into maize cells although it 

cannot reach the vascular tissue. This growth defect was also observed by 

qPCR fungal biomass quantification, with more than a 50% reduction in fungal 

biomass compared to the wild-type strain (Fig 28). During U. maydis biotrophic 

development until tumor formation at 6 dpi, the fungus has to form the dikaryotic 

filament, develop appressoria, penetrate into the plant, modify plant metabolism 

to avoid activation of the plant immune system and ensure its proper 

propagation inside the host. In order to achieve all these tasks, U. maydis 

secretes several early effectors such as Pep1 (Doehlemann et al., 2009; 

Hemetsberger et al., 2012), Pit2 (Mueller et al., 2013), Stp1 (Lanver et al., 

2018) and See1 (Redkar et al., 2015a). As pdi1 did not show any defects in 

appressoria formation, dikaryotic filament formation or maize plant penetration, 

the reduction in fungal biomass observed in this mutant could be the result of a 

failure of the folding and secretion of proteins to the apoplast. Therefore, we 

propose four non-mutually exclusive mechanisms by which the loss of Pdi1 

could affect fungal virulence: i) a reduction in ER stress resistance and 

defective ROS signaling; ii) a decrease or abolition in the secretion of effectors; 

iii) a reduction or elimination of the activity of the secreted effectors; iv) the 

presence of abnormally folded proteins that behave as new pathogen-

associated molecular patterns (PAMPs) and activate the plant immune system. 

Work towards deciphering the molecular basis of Pdi1 action during plant 

infection and testing the above hypotheses is currently ongoing in our 

laboratory. Our results raise the possibility that mechanisms linking 

glycosylation and disulfide bond formation of fungal effectors are conserved and 

highlight the need to explore Pdi1 role in other fungal pathogens. 
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3. Endo-β-1,4-xylanases GH10 and GH11 are involved in U. maydis 

pathogenic development. 

Among the most promising candidates identified in the screening, we 

further characterized the putative endo-β-1,4-xylanase Xyn1 (UMAG_04422), 

which could be implicated in the degradation of the most abundant 

hemicellulose of plant cell wall, xylan (Kubicek et al., 2014; García et al., 2017). 

Thus, Xyn1 would be a plant cell wall degrading enzyme (PCWDE) necessary 

for fungal proliferation and cell-to-cell progression during the biotrophic 

development. Xylan is composed by homopolymeric backbone chain of β-1,4-

linked D-xylose units and short side chains including different amounts of α-L-

arabinofuranosyl-, O-acetyl-, p-coumaroyl-, feruloyl-, D-glucuronopyranosyl- or 

4-O-methyl-D-glucuronopyranosyl residues, depending on the type of the plant 

(Liab et al., 2000; Collins et al., 2005). Therefore, several enzymes are required 

for the degradation of xylan, including β-galactanases, β-mannases and endo-β-

1,4-xylanases, to hydrolyse the 1,4-β-xylosidic linkages from the xylan chain; 

and acetylesterases, α-L-arabinofuranosidases, α-glucoronidases, 

arabinoxylanases or p-coumaric acid esterases to remove side chains and 

substitutes (Collins et al., 2005; Van Dyk and Pletschke, 2012). According to 

xylan degradation, many studies have been performed in order to find a novel 

xylanase or a more efficient xylanase with industrial application (Lafond et al., 

2011; Juturu and Wu, 2012; Geiser et al., 2013; Singh et al., 2013; Verma et al., 

2013; Biely et al., 2014; Ribeiro et al., 2014; Zhan et al., 2014; Liao et al., 2015; 

Yuan et al., 2015; Kuge et al., 2017). However, quite knowledge is available 

about the role of xylanases in fungal pathogenesis. It has been shown that 

xylanase activity is induced during U. maydis pathogenesis (Cano-Canchola et 

al., 2000) and at least 12 genes encode for enzymes involved in hemicellulose 

degradation (Mueller et al., 2008). Attempts to identify U. maydis PCWDEs with 

a function in virulence have not yet been successful, most likely due to gene 

redundancy. For instance, single deletions of three genes encoding α-L-

arabinofuranosidases afg1, afg2 and afg3 did not result in an attenuated 

virulence although the triple deletion 3afg showed a reduced penetration and 

virulence (Lanver et al., 2014). Furthermore, simultaneous deletion of three 

pectinase genes from U. maydis did not affect infection efficiency (Doehlemann 

et al., 2008b).  
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We have demonstrated that U. maydis xylanases may be involved 

somehow in cell wall integrity during axenic growth, in filament formation on the 

plant surface, prior to appressoria development, and also during hyphae 

progression inside maize plant cells although fungal relative biomass 

quantification failed to demonstrate the fungal progression defects observed by 

microscopy in xyn1 cells (Fig 45). This scenario was also found in our 

laboratory for other mutants, even for a deletion mutant which is not able to 

spread inside the maize plant at all. These results suggest that the vast number 

of fungal cells present in the leaf surface which have not been able to penetrate 

the maize plant at the precise time point in which DNA samples are recovered 

may be generating false negative results. Consequently, a feasible solution 

could be the use of latex or paraffin to remove the fungal cells from the leaf 

surface prior to leaves grinding and DNA purification.  

Moreover, preliminary result showed that Xyn11A is secreted to the 

maize apoplast during infection which could imply an essential role for plant 

penetration (Fig 48). However, it could not be demonstrated whether Xyn1 and 

Xyn2 are secreted to the maize apoplast. Further experiments and protocol 

modifications could be performed in order to demonstrate a real xylanases 

secretion into the maize apoplast during U. maydis infection. Moreover, to get 

further insight in the xylanases interaction within the maize plant, an activity-

based protein profiling (ABPP) assay could be carried out to measure the 

activity of maize papain-like cysteine proteases (PLCPs), which regulate plant 

defense against biotrophic pathogens in the apoplast (Ziemann et al., 2018). 

However, neither of the xylanase deletions produced a totally non virulent 

phenotype as gls1 (Fernandez-Alvarez et al., 2013) or pmt4 (Fernandez-

Alvarez et al., 2009). Thus, all results presented here and other studies carried 

out in U. maydis, M. oryzae, Sporisorium scitamineanum, Mycospharaella 

graminicola or B. cinerea for other PCWDEs (Espino et al., 2005; Brito et al., 

2006; Kema et al., 2008; Nguyen et al., 2011; Van Vu et al., 2012; Kubicek et 

al., 2014; Barnabas et al., 2016; Wu et al., 2016; García et al., 2017), suggest 

that these enzymes may be regulated in a co-ordinately manner to ensure a full 

pathogenic development. Indeed, plant cell wall contains a large number of 

polysaccharides and therefore the complete degradation of these 

polysaccharides requires numerous enzymatic activities (Siguier et al., 2014). 
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Therefore, further experiments would be necessary to decipher whether there is 

a real compensation or, on the contrary, U. maydis penetration inside maize 

plant does not depend mainly on PCWDEs.  

It is also interesting to mention that microbe xylanase activity from GH10 

and GH11 enzymes of several pathogens can be suppressed by plant xylanase 

inhibitors, such as xylanase-inhibiting protein (XIP)-type inhibitors, Triticum 

aestivum xylanase inhibitor (TAXI)-type inhibitors and thaumatin-like xylanase 

inhibitors (TLX) (McLauchlan et al., 1999; Gebruers et al., 2001; Flatman et al., 

2002; Gebruers et al., 2004; Fierens et al., 2007; Gusakov, 2010). It has been 

found that maize plants solely contain XIP-type inhibitors (Goesaert et al., 2003, 

2004). Thus, we should also consider the role of maize xylanase inhibitors in 

subsequent experiments to get further insight in the molecular function of endo-

β-1,4-xylanases during infection. 

 

4. Glu1 may be implicated in fungal cell wall remodelling during U. 

maydis infection. 

The third most promising candidate among the glycoproteins identified by 

2D-DIGE is the putative glucosylceramide or β-1,6-glucanase Glu1 belonging to 

the GH30 family. U. maydis contains another putative β-1,6-glucanase encoded 

by UMAG_04357, with a GH30 domain, sharing a 28% identity with Glu1. 

According to the low similarity with Glu1, we did not consider UMAG_04357 for 

characterization. 

Maize plant cell wall is compose of pectin, cellulose, hemicellulose and 

structural proteins, nevertheless it does not contain β-1,6-glucans among the 

hemicellulose components (Kubicek et al., 2014; Fesel and Zuccaro, 2016). 

However, fungal cell wall is composed of polysaccharides (mainly β-1,3-glucans 

and β-1,6-glucans, but also mannans, α-glucans, chitin, and chitosan), 

glycoproteins and proteins (Kollár et al., 1997; Fontaine et al., 2000; 

Aimanianda et al., 2009).  Thus, Glu1, whose gene expression is induced 

during pathogenic development and whose gene deletion leads to an almost 

totally non-virulent phenotype in CL13 cells (Figs 51 and 52), should be 

involved in fungal cell wall remodelling during the yeast-to-mycelium transition 

on the plant surface and the fungal progression inside the host rather than in 

plant cell wall degradation. We did not observe a fault in appressoria formation 
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in glu1 cells. However, glu1 gene deletion produced a reduced filamentation 

on the plant surface and an impaired fungal progression inside the maize plant 

(Figs 55 and 56).  

Most of the fungal mannoproteins are retained to the cell wall through a 

phosphodiester linkage between glycosylphosphatidylinositol (GPI) and the β-

1,6-glucan (Boisramé and Gaillardin, 2009), therefore Glu1 may be necessary 

to release them ensuring a correct cell wall remodelling throughout the whole 

life cycle. It is also possible that Glu1 would be required to adjust the quantity of 

β-1,6-glucan during cell wall remodelling. No reports on the structure of the U. 

maydis cell wall during infection are available, although changes in cell wall 

composition have been observed in the transition from yeast to mycelium (Ruiz-

Herrera et al., 1996). However, it is known that chitin and glucan modifying 

enzymes might be required for the cell wall changes during infection (Mueller et 

al., 2008). For instance, it has been shown that deacetylation of chitin to 

chitosan helps to maintain cell integrity in Cryptococcus neoformans (Baker et 

al., 2007).  

Many fungi and bacteria secrete β-1,6-glucanases, some of which have 

been purified and characterized (Pitson et al., 1996; Moy et al., 2002; Oyama et 

al., 2002; Amey et al., 2003; Montero et al., 2005; Bryant et al., 2007; Boisramé 

and Gaillardin, 2009; Wang et al., 2017). As an example, Trichoderma 

harzianum have a β-1,6-glucanase belonging to GH30 family besides three 

GH5 β-1,6-glucanases, but its role is currently unknown (Bryant et al., 2007), 

and Neurospora crassa encodes a GH30 β-1,6-glucanase which has no 

similarity with the β-1,6-glucanase from T. harzianum (Oyama et al., 2002), 

indicating a feasible adaptation to specific fungal cell wall composition and 

remodelling or mycoparasitism. Grass endophytic fungi, such as Neotyphodium 

(Acremonium) sp. (Moy et al., 2002) and Epichloë festucae (Bryant et al., 2007), 

produce extracellular β-1,6-glucanases during infection in spite of their plant 

host cell wall does not contain β-1,6-glucans (Konno and Sakamoto, 2011). 

Nevertheless, the function of secreted or extracellular β-1,6-glucanases in these 

fungi is still unknown. The expression of GH30 β-1,6-glucanase lepus30a from 

the basidiomycete Lentinula edodes in mycelium and primordia, besides the 

high expression in fruiting body, and the apoplast localization of β-1,6-

glucanase from Neotyphodium spp. suggests that β-1,6-glucanases from 
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biotrophic fungi may contribute to hyphal growth, branching and development 

inside their host plants (Moy et al., 2002; Konno and Sakamoto, 2011), as we 

have seen for Glu1 in U. maydis. Cross-linking of fungal cell wall components 

by β-1,6-glucans contributes to stiffness and cell wall loosening by the action of 

β-1,6-glucanases would be necessary for processes such as appressoria 

formation, filament growth, hyphal branching and sporulation (Moy et al., 2002). 

On the other hand, it has been demonstrated that different β-glucans 

from pathogenic microbe can served as microbe-associated molecular patterns 

(MAMPs), eliciting plant host defences (Fesel and Zuccaro, 2016). For instance, 

it has been shown that β-1,3/-1,6-glucan heptaglucosides are sufficient to elicit 

phytoalexin production in soybean and rice and that the β-1,6-glycosidic linkage 

is essential for elicitor activity (Sharp et al., 1984a, 1984b; Yamaguchi et al., 

2000). In C. neoformans, it has been demonstrated that deregulation of fungal 

cell wall remodelling during host-pathogen interaction leads to a defective 

immune avoidance (Esher et al., 2018). Therefore, the gene deletion of U. 

maydis β-1,6-glucanase glu1, which reduces the virulence, could be affecting 

cell wall remodelling directly avoiding hyphal growth or triggering a higher or 

sooner maize plant immune response leading to an inefficient fungal 

progression. Further experiments should be performed to figure out whether 

Glu1 releases PAMPs, triggering ROS burst or HR response, and/or involved in 

fungal cell wall loosening for hyphal growth and branching. 

 

5. U. maydis glycosylation is essential to counteract maize plant 

immune system. 

Plant-pathogen interactions undergo multiple transcriptomic regulation in 

both host and microbe. Hence, many transcriptomic analysis have been 

performed through RNAseq or microarray technology during the recent years, 

leading to insights into the different stages associated with fungal development 

on the surface and inside the host (Kamper et al., 2006; Zheng et al., 2008; 

Skibbe et al., 2010; Wahl et al., 2010b; Zahiri et al., 2010; Kawahara et al., 

2012; O’Connell et al., 2012; Gao et al., 2013; Hacquard et al., 2013; Jupe et 

al., 2013; Dong et al., 2015; Fondevilla et al., 2015; Kong et al., 2015; Rudd et 

al., 2015; Schuler et al., 2015; Dobon et al., 2016; Rabe et al., 2016; Thatcher 

et al., 2016; Tollot et al., 2016; Copley et al., 2017; Wang et al., 2017; Zeng et 
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al., 2017; Lanver et al., 2018; Massonnet et al., 2018). However, none of them 

studied the role of glycosylation in secreted and cell wall proteins, both related 

to plant-fungal interaction, and it is interesting to analyse how alteration of the 

fungal glycosylation status may modify fungal and plant transcriptomes during 

infection. Therefore, we analysed fungal and maize gene expression in infected 

maize plants with gls1 and gas2 cells, defective for glucosidase I and 

glucosidase II β-subunit, respectively (Fernandez-Alvarez et al., 2013). Although 

our aim was to analyse just maize transcriptome, we tried to get results also for 

fungal gene expression. However, we could not perform an exhaustive analysis 

because of the lower amount of counts obtained from fungal RNA. Thus, we 

only analysed the expression of several effectors from clusters 5B, 6A, 10A and 

19A which were induced in both wild-type and mutant conditions, suggesting 

that the lack of gas2 did not impair effector induction during infection. 

Nevertheless, it is still unknown if a defective glycosylation status caused by the 

loss of glucosidase II (Gas2) could lead to an inefficient effector secretion which 

would explain the defects observed in gas2 progression and tumor 

development (Fernandez-Alvarez et al., 2013), or on the other hand whether 

gas2 could lead to a higher gene deregulation (apart from effectors) that will 

explain this attenuated virulence.  

The attenuated virulence observed in glycosylation compromised 

mutants may be the failure in effector gene expression, which could not be 

analysed because of the low number of reads, and as a result the fungus is not 

able to counteract the maize response. On the other hand, it is possible that a 

defective glycosylation lead to new fungal elicitors anchored to the cell wall or 

secreted to the apoplast, triggering a sooner and/or a higher maize immune 

response including ROS burst, reinforcement of plant cell walls through callose 

depositions and lignification, increase of intracellular pH, secretion of chitinases, 

proteinases, peroxidases, glucanases and fungal enzyme inhibitors 

(Doehlemann and Hemetsberger, 2013; Perez-Nadales et al., 2014; Lo Presti et 

al., 2015; Ökmen and Doehlemann, 2016; Martínez-González et al., 2018; 

Wang and Wang, 2018; Yang et al., 2019). Thus, we analysed maize gene 

expression modification generated by gls1 and gas2 strains during infection. 

From these analyses we can conclude that gas2 mutant, whose deletion allows 
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cells to penetrate the plant inducing a high anthocyanin production and fungal 

proliferation inside the plant, but in a lower level in comparison to the wild-type 

strain, produced similar maize transcriptomic changes during infection to the 

wild-type strain. In both, deregulating genes involved in catalytic, hydrolase and 

oxidoreductase activities were identified (Fig 58). These catalytic and hydrolase 

activities may be induced to counteract against the phytopathogen, i. e. 

secreting hydrolases and proteases to degrade fungal cell wall and triggering 

the immune response in a positive feed-back loop. However, the most 

interesting result obtained is that at first stages of biotrophic development (1 

dpi), neither wild-type or gas2 infections produced an important maize gene 

deregulation since deregulated genes with fold-change higher than 1 or smaller 

than 1 could not be detected. Nevertheless, during this first step of the infection 

process, gls1 mutant, whose deletion yielded cells able to penetrate into the 

plant but unable to progress after penetration, produced a deregulation of genes 

related to catalytic, transferase, oxidoreductase and ATPase activities (Fig 57). 

This result suggests that this defect in glycosylation might yield even a higher 

maize plant recognition because this mutant secretes or presents new elicitors, 

or on the contrary, it is unable to secrete effectors whose function is to supress 

the immune response.   

Consistently, it has been shown that the loss of gls1 induced the 

expression of salicylic acid marker genes pr1 and atfp4, and produced ROS and 

plant cell death whereas wild-type, gas1 and gas2 did not produced either 

ROS or cell death (Fernandez-Alvarez et al., 2013). Furthermore, the loss of 

gls1 lead to a higher expression of effectors see1 and pit2 in comparison with 

wild-type and gas2 infections, suggesting a higher effector expression in order 

to compensate this defective glycosylation trying unsuccessfully to infect the 

host plant or as a response against plant defences. For instance, unproper N-

glycosylation of the secreted LysM protein Slp1 from M. oryzae catalysed by the 

α-1,3-mannosyltransferase Alg3 lead to a drastic reduction in the chitin binding 

capability, avoiding the suppression of chitin-triggered immune response (Chen 

et al., 2014). Here we have shown that Glu1, a target of Gls1, may be involved 

in fungal cell wall remodelling and it could be related to avoidance of host 

immune system triggering since it has been demonstrated that deregulation of 
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remodelling C. neoformans cell wall during host-pathogen interaction leads to a 

defective immune avoidance (Esher et al., 2018). 
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The main conclusions derived from this work have been the following: 

 

1. 36 N- and O-glycoproteins from cytoplasmic, secreted and cell wall 

extracts after the filament induction have been identified by 2D-DIGE.  

2. Total glycoproteome allowed to identify several glycoproteins also 

identified by the 2D-DIGE strategy, validating our proteomic approach to 

screen for glycoproteins involved in virulence. 

3. Glycoproteins identified by 2D-DIGE with a role in U. maydis virulence 

are mainly related to catalytic activity. 

4. UMAG_10156 (Pdi1) is a protein disulfide isomerase which localizes in 

the ER, is involved in ER stress resistance and is required for full U. 

maydis pathogenesis. 

5. Pdi1 is dispensable for mating, filamentation and appressoria 

development and penetration, but is necessary for fungal expansion 

inside the maize plant and secretion of a pool of N-glycoproteins. 

6. N-glycosylation of Pdi1 ensures U. maydis full virulence, and it is also 

required for fungal proliferation into the maize plant. Mutation of N-

glycosylation sites of Pdi1 does not impair protein stability or ER 

localization. 

7. U. maydis GH10 endo-β-1,4-xylanases Xyn1 and Xyn2, GH11 endo-β-

1,4-xylanase Xyn11A and GH43 endo-β-1,4-xylanase Xyn3 are required 

for full pathogenesis. 

8.  Xyn1 and Xyn2 are dispensable for mating and appressoria 

development but required for filamentation on the leaf surface. 

9. Xyn11A, whose deletion affects fungal biomass inside the plant, is 

secreted to the maize apoplast during infection. 

10. Cytoplasmic N-glycoprotein UMAG_05223 (Glu1) is an endo-β-1,6-

glucanase essential for U. maydis virulence. Glu1 is dispensable for 

mating and appressoria formation but necessary for filamentation on the 

leaf surface. 

11. Loss of glucosidase I (Gls1) early produces maize plant up-regulated 

genes related to catalytic, hydrolase and oxidoreductase activities 
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meanwhile lack of glucosidase II (Gas2) or wild-type U. maydis strains 

produce this upregulation at later infection stages. 
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Annexe: Deregulated maize genes sequenced by RNAseq 

  

Up-regulated maize genes from mock vs gls1 at 1 dpi 
GeneID log2 (FC) P-value GeneID2 log2 (FC)3 P-value4 

GRMZM2G056908 1,458 0,004 GRMZM2G175562 1,132 0,015 

AC148152.3 1,443 0,005 GRMZM2G142342 1,132 0,027 

GRMZM2G134708 1,426 0,005 GRMZM2G463996 1,132 0,022 

GRMZM2G141026 1,424 0,005 GRMZM2G110504 1,131 0,015 

GRMZM2G338160 1,423 0,005 AC208897.3 1,128 0,027 

GRMZM2G023152 1,415 0,006 GRMZM2G067707 1,127 0,026 

GRMZM2G174449 1,407 0,006 GRMZM2G174128 1,125 0,028 

GRMZM2G164781 1,405 0,005 GRMZM2G155998 1,124 0,025 

GRMZM2G080487 1,404 0,006 GRMZM2G359986 1,124 0,026 

GRMZM2G103197 1,395 0,006 GRMZM5G865298 1,123 0,028 

GRMZM2G132212 1,388 0,006 GRMZM2G153184 1,122 0,015 

GRMZM2G173192 1,385 0,007 GRMZM2G151227 1,121 0,017 

AC217050.4 1,380 0,007 GRMZM2G080103 1,121 0,024 

GRMZM2G361256 1,380 0,007 AC194965.4 1,121 0,026 

GRMZM2G087625 1,376 0,007 GRMZM2G073860 1,115 0,020 

GRMZM2G069095 1,372 0,005 GRMZM2G092427 1,114 0,017 

GRMZM2G175140 1,371 0,006 GRMZM2G480516 1,114 0,029 

GRMZM2G109431 1,359 0,008 GRMZM2G032430 1,113 0,027 

GRMZM5G817964 1,353 0,008 GRMZM2G136453 1,113 0,017 

GRMZM2G177668 1,348 0,008 GRMZM2G090584 1,111 0,026 

GRMZM2G116614 1,346 0,008 GRMZM2G096695 1,106 0,025 

GRMZM2G025441 1,346 0,009 GRMZM2G090419 1,105 0,025 

GRMZM2G140231 1,344 0,008 GRMZM2G043109 1,102 0,017 

AC231745.1 1,340 0,006 GRMZM2G108480 1,101 0,025 

GRMZM2G154090 1,335 0,007 GRMZM2G063693 1,101 0,029 

GRMZM2G061806 1,329 0,009 GRMZM2G012397 1,099 0,016 

GRMZM2G373124 1,329 0,006 GRMZM2G108103 1,094 0,019 

GRMZM2G108615 1,328 0,007 GRMZM2G119168 1,094 0,033 

AC204515.4 1,327 0,007 GRMZM2G125923 1,094 0,032 

GRMZM2G120320 1,323 0,009 GRMZM2G174048 1,094 0,027 

GRMZM2G008247 1,322 0,006 GRMZM2G104626 1,093 0,020 

GRMZM2G306345 1,316 0,006 GRMZM2G161696 1,093 0,020 

GRMZM2G328171 1,309 0,010 GRMZM2G124042 1,093 0,031 

GRMZM2G379780 1,304 0,010 GRMZM2G135387 1,092 0,032 

GRMZM2G381782 1,298 0,010 GRMZM2G305900 1,089 0,028 

GRMZM2G131099 1,297 0,010 GRMZM2G160268 1,088 0,032 

GRMZM2G042347 1,294 0,008 GRMZM2G084935 1,085 0,032 

GRMZM2G138258 1,292 0,007 GRMZM2G087662 1,084 0,032 

GRMZM2G064603 1,291 0,011 GRMZM2G057959 1,080 0,034 

GRMZM2G162529 1,290 0,007 GRMZM2G362413 1,078 0,035 

GRMZM2G478553 1,289 0,011 GRMZM2G083841 1,077 0,018 

GRMZM2G039639 1,289 0,011 GRMZM2G011526 1,076 0,036 
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GRMZM2G002260 1,286 0,008 GRMZM2G131286 1,076 0,019 

GRMZM2G177812 1,280 0,008 GRMZM2G055834 1,075 0,033 

GRMZM2G093276 1,275 0,013 GRMZM2G455809 1,075 0,036 

GRMZM2G105319 1,274 0,013 GRMZM2G070011 1,073 0,022 

GRMZM2G114945 1,272 0,007 AC210204.3 1,071 0,021 

GRMZM2G173315 1,266 0,013 GRMZM2G106650 1,070 0,029 

GRMZM2G180926 1,265 0,013 GRMZM2G341410 1,070 0,024 

GRMZM2G174708 1,262 0,009 GRMZM2G032856 1,069 0,030 

GRMZM2G075140 1,262 0,008 GRMZM2G162755 1,069 0,019 

GRMZM2G037485 1,259 0,011 GRMZM2G410766 1,068 0,027 

GRMZM2G097297 1,256 0,008 GRMZM2G101393 1,068 0,027 

GRMZM2G118345 1,256 0,013 GRMZM2G305822 1,066 0,034 

GRMZM2G099297 1,256 0,013 GRMZM2G151204 1,065 0,023 

GRMZM2G329047 1,253 0,008 GRMZM2G151230 1,064 0,022 

GRMZM2G159908 1,252 0,014 GRMZM2G312997 1,061 0,031 

GRMZM2G063917 1,252 0,015 GRMZM2G029407 1,059 0,027 

GRMZM2G125482 1,250 0,014 GRMZM2G423129 1,058 0,039 

GRMZM2G135013 1,244 0,014 GRMZM2G348125 1,058 0,027 

GRMZM5G878607 1,244 0,010 GRMZM2G001653 1,057 0,020 

GRMZM2G058227 1,240 0,015 GRMZM2G021256 1,056 0,029 

GRMZM2G003411 1,237 0,012 GRMZM5G832994 1,055 0,039 

GRMZM2G135739 1,235 0,016 GRMZM5G854500 1,055 0,039 

GRMZM2G431288 1,235 0,015 AC208221.3 1,055 0,030 

GRMZM2G059836 1,232 0,016 GRMZM5G812126 1,055 0,035 

GRMZM2G413897 1,226 0,013 GRMZM2G452896 1,052 0,040 

GRMZM2G135108 1,224 0,016 GRMZM2G032219 1,049 0,036 

GRMZM2G167698 1,223 0,012 GRMZM2G170281 1,048 0,034 

GRMZM2G156861 1,215 0,010 GRMZM2G117878 1,047 0,041 

GRMZM2G067908 1,214 0,017 GRMZM5G872256 1,045 0,039 

GRMZM2G309327 1,213 0,015 GRMZM2G406196 1,044 0,040 

GRMZM2G359581 1,212 0,013 AC234522.1 1,043 0,022 

GRMZM2G090226 1,209 0,018 GRMZM2G026143 1,043 0,036 

GRMZM5G868679 1,205 0,013 GRMZM2G083526 1,039 0,041 

GRMZM5G851266 1,204 0,011 GRMZM2G174558 1,037 0,043 

GRMZM2G023325 1,203 0,016 GRMZM2G171118 1,036 0,041 

GRMZM2G058595 1,202 0,019 GRMZM2G380414 1,036 0,023 

GRMZM2G041961 1,202 0,014 GRMZM2G423137 1,033 0,030 

GRMZM2G407825 1,199 0,019 GRMZM5G892675 1,032 0,025 

GRMZM2G129189 1,197 0,019 GRMZM2G093286 1,032 0,038 

GRMZM2G108487 1,196 0,019 AC217293.3 1,031 0,027 

GRMZM2G062396 1,194 0,012 GRMZM2G180080 1,030 0,044 

GRMZM5G862325 1,191 0,019 GRMZM2G126582 1,030 0,044 

GRMZM2G304897 1,189 0,016 AC209636.2 1,026 0,044 

GRMZM5G874955 1,183 0,016 GRMZM2G141473 1,025 0,028 

GRMZM2G037781 1,181 0,016 GRMZM5G889052 1,024 0,045 

GRMZM6G910544 1,177 0,012 GRMZM2G070013 1,022 0,046 



 Glycoproteins as new virulence factors in U. maydis 

 

219 

 

GRMZM2G018631 1,175 0,021 GRMZM2G019373 1,021 0,024 

GRMZM2G078024 1,173 0,022 GRMZM2G072529 1,021 0,039 

GRMZM2G047065 1,168 0,018 GRMZM2G161255 1,021 0,045 

GRMZM2G137329 1,168 0,018 GRMZM2G070322 1,020 0,030 

GRMZM2G003501 1,165 0,012 AC190623.3 1,019 0,024 

GRMZM2G030606 1,160 0,024 GRMZM2G101958 1,018 0,024 

GRMZM2G443829 1,157 0,016 GRMZM2G115773 1,018 0,035 

GRMZM2G060866 1,152 0,015 GRMZM2G082959 1,016 0,041 

GRMZM2G125032 1,152 0,021 GRMZM2G041415 1,016 0,047 

GRMZM2G093826 1,148 0,016 GRMZM2G100344 1,015 0,034 

GRMZM2G014695 1,147 0,025 GRMZM2G043095 1,014 0,046 

GRMZM2G051502 1,144 0,018 GRMZM2G161472 1,012 0,038 

GRMZM2G424205 1,144 0,015 GRMZM2G099767 1,011 0,041 

GRMZM2G150906 1,144 0,025 GRMZM5G838435 1,011 0,044 

GRMZM2G449681 1,144 0,024 GRMZM5G860235 1,007 0,048 

GRMZM6G704070 1,143 0,019 GRMZM2G466298 1,005 0,044 

GRMZM2G059214 1,140 0,025 GRMZM2G394450 1,005 0,046 

GRMZM2G394500 1,138 0,026 GRMZM2G314769 1,002 0,029 

GRMZM2G140721 1,137 0,019 GRMZM2G132169 1,001 0,035 

GRMZM2G136508 1,137 0,026 GRMZM2G137151 1,001 0,028 

GRMZM2G025109 1,136 0,024 GRMZM2G323024 1,001 0,026 

GRMZM2G139300 1,134 0,022 GRMZM2G098209 1,000 0,050 

GRMZM2G141277 1,133 0,018 
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Down-regulated genes from mock vs gls1 at 1 dpi 
GeneID log2 (FC) P-value GeneID log2 (FC) P-value 

GRMZM2G167649 -1,283 0,008 GRMZM2G391741 -1,088 0,030 

GRMZM2G075630 -1,247 0,010 GRMZM2G050268 -1,077 0,032 

GRMZM2G157616 -1,239 0,012 GRMZM2G100478 -1,067 0,032 

GRMZM2G390729 -1,227 0,013 GRMZM2G003493 -1,058 0,037 

EF517601.1 -1,203 0,010 GRMZM2G432900 -1,057 0,039 

GRMZM2G496319 -1,200 0,016 GRMZM2G033544 -1,054 0,039 

GRMZM2G012413 -1,177 0,019 GRMZM2G020740 -1,048 0,029 

GRMZM2G098828 -1,174 0,022 GRMZM2G143253 -1,042 0,039 

GRMZM2G077776 -1,164 0,022 GRMZM2G172945 -1,028 0,033 

GRMZM2G002830 -1,146 0,018 GRMZM2G393762 -1,026 0,045 

GRMZM2G416677 -1,142 0,021 GRMZM2G005715 -1,025 0,045 

GRMZM2G397509 -1,134 0,021 GRMZM2G139894 -1,024 0,045 

GRMZM2G005310 -1,132 0,026 GRMZM2G430680 -1,022 0,031 

GRMZM2G010306 -1,118 0,027 AC234164.1 -1,021 0,038 

AC220927.3 -1,118 0,018 GRMZM2G107540 -1,021 0,028 

GRMZM2G170766 -1,111 0,027 GRMZM2G063192 -1,020 0,032 

GRMZM2G001241 -1,111 0,020 GRMZM2G317823 -1,019 0,045 

GRMZM2G138886 -1,109 0,030 AC210669.3 -1,019 0,025 

GRMZM2G022945 -1,107 0,029 GRMZM2G008764 -1,017 0,036 

GRMZM2G464011 -1,105 0,023 GRMZM2G017536 -1,014 0,033 

GRMZM2G446999 -1,100 0,031 GRMZM2G162333 -1,012 0,031 

GRMZM2G061439 -1,098 0,030 GRMZM2G015886 -1,006 0,033 
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Up-regulated genes from wt vs gls1 at 1 dpi 
GeneID log2 (FC) P-value GeneID log2 (FC) P-value 

GRMZM2G047319 1,359 0,005 GRMZM2G413897 1,111 0,018 

GRMZM2G021256 1,348 0,005 GRMZM2G114642 1,111 0,015 

GRMZM2G025832 1,339 0,005 GRMZM2G127361 1,110 0,018 

GRMZM2G032430 1,337 0,006 GRMZM2G026943 1,106 0,022 

GRMZM2G032219 1,327 0,006 GRMZM2G376927 1,105 0,022 

AC217050.4 1,321 0,007 GRMZM2G052616 1,104 0,023 

GRMZM2G143373 1,316 0,006 GRMZM2G430807 1,104 0,023 

GRMZM2G029407 1,314 0,006 GRMZM2G046284 1,103 0,016 

GRMZM2G041961 1,309 0,006 GRMZM2G306345 1,101 0,023 

GRMZM2G086763 1,309 0,007 GRMZM2G424577 1,100 0,019 

GRMZM5G836250 1,305 0,007 GRMZM2G163905 1,098 0,023 

GRMZM2G138710 1,303 0,007 GRMZM2G046750 1,096 0,017 

GRMZM2G100982 1,300 0,008 GRMZM5G873519 1,096 0,017 

GRMZM2G003501 1,297 0,006 GRMZM5G894916 1,096 0,021 

GRMZM2G070167 1,297 0,007 GRMZM2G012397 1,092 0,016 

GRMZM2G169005 1,293 0,007 GRMZM2G147172 1,092 0,022 

GRMZM2G381782 1,292 0,007 GRMZM2G305900 1,090 0,024 

GRMZM2G137507 1,286 0,008 GRMZM2G102681 1,088 0,023 

GRMZM2G065585 1,277 0,009 GRMZM2G398559 1,087 0,025 

GRMZM2G014695 1,272 0,009 GRMZM2G010884 1,084 0,018 

GRMZM2G338465 1,266 0,009 GRMZM2G150906 1,082 0,025 

GRMZM2G108480 1,255 0,009 GRMZM2G171118 1,077 0,026 

GRMZM2G180926 1,252 0,010 GRMZM2G062738 1,075 0,019 

GRMZM2G019373 1,251 0,007 GRMZM5G804323 1,074 0,018 

GRMZM2G070013 1,251 0,010 GRMZM2G178645 1,071 0,025 

GRMZM2G083841 1,247 0,007 GRMZM2G466309 1,070 0,026 

GRMZM2G101142 1,245 0,010 GRMZM5G879235 1,069 0,029 

AC234522.1 1,245 0,008 GRMZM2G100344 1,068 0,022 

GRMZM5G862325 1,244 0,010 GRMZM2G047065 1,067 0,029 

GRMZM2G069095 1,240 0,008 GRMZM2G044460 1,066 0,025 

GRMZM2G156950 1,238 0,011 GRMZM2G145895 1,061 0,030 

GRMZM2G000166 1,237 0,008 GRMZM2G404316 1,060 0,020 

GRMZM2G056908 1,230 0,010 GRMZM2G456217 1,059 0,024 

GRMZM2G463996 1,227 0,011 GRMZM2G111697 1,058 0,027 

GRMZM5G822180 1,221 0,009 GRMZM2G337113 1,055 0,021 

GRMZM2G004683 1,220 0,010 GRMZM2G090432 1,054 0,028 

GRMZM2G170044 1,219 0,009 GRMZM2G075958 1,050 0,021 

GRMZM2G342515 1,219 0,010 GRMZM5G885392 1,049 0,028 

GRMZM2G050481 1,216 0,012 GRMZM5G821755 1,048 0,026 

GRMZM2G162529 1,212 0,009 GRMZM5G858417 1,044 0,023 

GRMZM2G002260 1,205 0,010 GRMZM2G336326 1,042 0,032 

GRMZM2G306345 1,205 0,009 GRMZM2G080487 1,040 0,030 

GRMZM2G032276 1,202 0,011 GRMZM2G471065 1,040 0,024 

GRMZM2G057630 1,193 0,014 GRMZM2G402631 1,036 0,023 
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GRMZM2G155998 1,185 0,014 GRMZM2G077553 1,031 0,034 

GRMZM2G022799 1,184 0,012 GRMZM2G094224 1,030 0,022 

GRMZM2G131286 1,177 0,011 GRMZM2G032856 1,029 0,029 

GRMZM2G073764 1,170 0,012 GRMZM2G133988 1,028 0,030 

GRMZM5G860235 1,167 0,017 GRMZM2G174048 1,027 0,029 

GRMZM2G312997 1,167 0,011 GRMZM2G044423 1,026 0,029 

GRMZM2G096695 1,166 0,015 GRMZM2G480516 1,025 0,034 

GRMZM2G081239 1,166 0,017 GRMZM2G045638 1,024 0,036 

GRMZM2G134264 1,164 0,011 GRMZM2G410766 1,023 0,027 

GRMZM2G018631 1,156 0,017 GRMZM2G080107 1,022 0,023 

GRMZM2G099767 1,153 0,014 GRMZM2G103755 1,022 0,036 

GRMZM2G457309 1,148 0,012 GRMZM2G007939 1,020 0,035 

GRMZM2G008247 1,143 0,013 GRMZM5G866432 1,019 0,033 

GRMZM2G088524 1,140 0,019 GRMZM5G817964 1,016 0,035 

GRMZM2G026024 1,139 0,016 GRMZM2G001653 1,016 0,023 

GRMZM5G800488 1,135 0,017 GRMZM2G177203 1,016 0,038 

GRMZM2G151227 1,135 0,014 AC212835.3 1,014 0,032 

GRMZM2G163407 1,128 0,017 GRMZM2G173315 1,013 0,036 

GRMZM2G084935 1,128 0,020 GRMZM2G420743 1,012 0,030 

GRMZM2G048313 1,126 0,014 GRMZM5G838196 1,011 0,025 

GRMZM2G114945 1,125 0,014 GRMZM2G059637 1,010 0,026 

GRMZM2G034061 1,121 0,020 GRMZM2G031354 1,009 0,035 

GRMZM2G314769 1,120 0,015 AC177924.2 1,008 0,038 

GRMZM2G140805 1,119 0,022 GRMZM2G015433 1,002 0,038 

AC217293.3 1,117 0,016 GRMZM2G047626 1,001 0,038 

GRMZM2G012140 1,116 0,016 GRMZM2G130173 1,000 0,035 

GRMZM2G006287 1,112 0,015 GRMZM2G012717 1,000 0,031 

GRMZM2G430600 1,112 0,016 
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Down-regulated genes from wt vs gls1 at 1 dpi 
GeneID log2 (FC) P-value GeneID log2 (FC) P-value 

GRMZM2G124799 -1,339 0,006 GRMZM2G001241 -1,087 0,019 

GRMZM2G047713 -1,333 0,006 GRMZM2G446999 -1,087 0,025 

GRMZM2G156861 -1,300 0,006 GRMZM2G098828 -1,080 0,027 

GRMZM2G173809 -1,231 0,010 GRMZM2G052442 -1,077 0,019 

EF517601.1 -1,213 0,009 GRMZM2G012224 -1,069 0,021 

GRMZM2G066142 -1,208 0,011 GRMZM2G003493 -1,065 0,027 

GRMZM2G108514 -1,202 0,011 GRMZM2G138886 -1,065 0,029 

GRMZM2G010306 -1,178 0,015 GRMZM2G105682 -1,060 0,030 

GRMZM2G020740 -1,167 0,013 GRMZM5G847669 -1,058 0,021 

GRMZM2G390729 -1,161 0,015 GRMZM2G101116 -1,046 0,032 

GRMZM2G135536 -1,152 0,012 GRMZM2G064360 -1,045 0,024 

GRMZM2G320786 -1,137 0,016 AC209819.3 -1,044 0,032 

GRMZM2G077776 -1,135 0,019 GRMZM2G110567 -1,044 0,021 

GRMZM2G470075 -1,132 0,019 GRMZM2G159953 -1,039 0,029 

GRMZM2G042754 -1,124 0,021 GRMZM2G397509 -1,037 0,027 

GRMZM2G421513 -1,119 0,019 GRMZM2G060253 -1,033 0,026 

GRMZM2G066049 -1,118 0,016 GRMZM2G156861 -1,033 0,022 

GRMZM2G355572 -1,106 0,023 GRMZM2G036262 -1,016 0,036 

GRMZM2G022253 -1,106 0,023 GRMZM2G126397 -1,016 0,024 

GRMZM2G094639 -1,101 0,020 GRMZM2G179143 -1,015 0,038 

GRMZM2G109448 -1,097 0,024 GRMZM2G012413 -1,009 0,034 

GRMZM2G176998 -1,096 0,016 GRMZM2G157616 -1,007 0,030 

AC231180.2 -1,095 0,018 GRMZM2G015886 -1,001 0,029 
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Up-regulated genes from mock vs wt at 3 dpi 
GeneID log2 (FC) P-value GeneID log2 (FC) P-value 

GRMZM2G103668_P01 1,459 0,004 GRMZM2G048295_P01 1,148 0,019 

GRMZM2G004748_P01 1,458 0,004 GRMZM2G310431_P01 1,145 0,018 

GRMZM2G025105_P01 1,442 0,005 GRMZM2G112309_P01 1,136 0,022 

GRMZM2G153208_P01 1,435 0,005 GRMZM2G117007_P01 1,136 0,018 

GRMZM2G100158_P01 1,430 0,005 GRMZM2G027167_P01 1,134 0,020 

GRMZM2G361256_P01 1,430 0,005 GRMZM2G118345_P01 1,134 0,017 

GRMZM2G039811_P01 1,419 0,005 GRMZM2G168651_P01 1,133 0,017 

GRMZM2G136513_P01 1,415 0,005 GRMZM2G700208_P01 1,132 0,013 

GRMZM2G373522_P01 1,414 0,005 GRMZM2G171390_P05 1,131 0,017 

GRMZM2G039639_P01 1,411 0,006 GRMZM2G170281_P01 1,129 0,024 

GRMZM2G043489_P01 1,408 0,006 GRMZM2G108712_P03 1,129 0,028 

GRMZM2G036564_P01 1,408 0,006 GRMZM2G031432_P01 1,127 0,028 

GRMZM2G323757_P01 1,404 0,005 GRMZM2G141026_P01 1,126 0,027 

GRMZM2G477685_P01 1,394 0,006 GRMZM2G125669_P01 1,122 0,028 

GRMZM2G044481_P01 1,387 0,007 GRMZM2G173192_P01 1,120 0,023 

GRMZM5G851862_P01 1,387 0,007 GRMZM2G458494_P01 1,119 0,028 

GRMZM2G094510_P01 1,386 0,007 GRMZM2G470075_P01 1,119 0,028 

GRMZM2G088819_P01 1,385 0,007 GRMZM2G355572_P01 1,117 0,020 

GRMZM2G162505_P01 1,385 0,006 GRMZM2G323679_P01 1,117 0,024 

GRMZM2G114356_P01 1,379 0,007 GRMZM2G170602_P01 1,117 0,027 

GRMZM2G093826_P01 1,373 0,007 GRMZM2G300624_P01 1,112 0,030 

GRMZM2G020940_P01 1,372 0,007 GRMZM2G050270_P01 1,110 0,019 

GRMZM2G000236_P01 1,368 0,006 GRMZM2G095261_P01 1,110 0,026 

GRMZM2G431288_P01 1,361 0,007 GRMZM2G159587_P01 1,107 0,029 

GRMZM2G092363_P01 1,358 0,008 GRMZM2G312061_P01 1,101 0,021 

AC197758.3_FGP004 1,357 0,008 GRMZM2G062576_P01 1,098 0,032 

GRMZM2G090419_P01 1,355 0,007 GRMZM5G891187_P01 1,096 0,022 

GRMZM2G478553_P01 1,353 0,008 GRMZM2G061408_P01 1,095 0,032 

GRMZM2G474153_P01 1,352 0,008 GRMZM2G030768_P01 1,093 0,033 

GRMZM2G124759_P01 1,352 0,008 GRMZM5G805485_P01 1,091 0,030 

GRMZM2G160585_P01 1,344 0,008 GRMZM2G422240_P01 1,091 0,026 

GRMZM2G062151_P01 1,340 0,007 GRMZM2G110567_P01 1,090 0,031 

GRMZM2G074672_P02 1,333 0,008 GRMZM2G108153_P01 1,087 0,025 

GRMZM2G039278_P01 1,331 0,008 GRMZM2G126865_P01 1,086 0,018 

GRMZM2G056093_P01 1,330 0,007 GRMZM2G148087_P01 1,086 0,024 

GRMZM2G083195_P01 1,328 0,006 AC198725.4_FGP009 1,082 0,025 

GRMZM2G415007_P01 1,323 0,008 GRMZM2G389070_P01 1,082 0,022 

GRMZM2G131099_P01 1,317 0,010 GRMZM2G021069_P01 1,080 0,033 

GRMZM2G436020_P01 1,314 0,010 AC215690.3_FGP002 1,080 0,021 

AC208897.3_FGP004 1,313 0,010 AC205362.4_FGP002 1,077 0,035 

GRMZM2G117246_P01 1,303 0,009 GRMZM2G093736_P01 1,076 0,027 

GRMZM2G156861_P01 1,300 0,011 GRMZM2G137694_P01 1,076 0,029 

GRMZM2G108123_P01 1,298 0,009 AC196961.2_FGP003 1,075 0,036 

GRMZM2G146161_P01 1,293 0,011 GRMZM2G153523_P01 1,074 0,029 
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AC234161.1_FGP001 1,292 0,011 GRMZM2G379035_P01 1,073 0,026 

GRMZM2G043878_P01 1,287 0,010 GRMZM2G446170_P01 1,071 0,033 

GRMZM2G400718_P01 1,284 0,011 GRMZM2G153887_P01 1,067 0,032 

GRMZM2G468111_P01 1,283 0,012 GRMZM2G326328_P01 1,067 0,031 

GRMZM2G087662_P01 1,278 0,012 GRMZM2G158232_P01 1,066 0,027 

GRMZM2G057514_P01 1,277 0,012 GRMZM2G350918_P01 1,062 0,035 

GRMZM2G475948_P01 1,276 0,013 GRMZM2G124229_P01 1,062 0,037 

GRMZM2G069542_P01 1,276 0,007 GRMZM2G174128_P01 1,060 0,032 

GRMZM2G118243_P02 1,275 0,010 GRMZM2G493395_P02 1,060 0,030 

GRMZM2G334181_P01 1,273 0,012 AC190636.3_FGP005 1,058 0,032 

GRMZM2G128219_P01 1,272 0,012 GRMZM2G374971_P01 1,055 0,033 

GRMZM2G074611_P01 1,266 0,014 GRMZM2G125266_P01 1,054 0,039 

GRMZM2G003506_P01 1,259 0,014 GRMZM2G056236_P01 1,053 0,040 

GRMZM2G310548_P01 1,256 0,013 GRMZM2G124175_P01 1,052 0,039 

GRMZM2G050080_P01 1,251 0,011 GRMZM2G001812_P01 1,052 0,024 

GRMZM2G054803_P01 1,250 0,011 GRMZM2G100754_P01 1,051 0,027 

GRMZM2G162829_P01 1,249 0,012 GRMZM2G151169_P01 1,050 0,035 

GRMZM2G162158_P01 1,244 0,015 AC209987.4_FGP010 1,048 0,035 

GRMZM2G067315_P01 1,237 0,012 GRMZM2G084779_P01 1,047 0,026 

GRMZM2G114988_P01 1,236 0,016 GRMZM2G143165_P01 1,044 0,035 

GRMZM2G080183_P01 1,229 0,017 GRMZM2G426953_P01 1,042 0,037 

GRMZM2G002131_P01 1,220 0,018 GRMZM5G805732_P01 1,040 0,035 

GRMZM2G135132_P01 1,219 0,017 GRMZM2G132478_P01 1,038 0,033 

GRMZM2G391794_P01 1,216 0,015 GRMZM2G348602_P01 1,035 0,036 

GRMZM2G324999_P01 1,214 0,014 GRMZM2G022645_P01 1,035 0,034 

GRMZM2G045883_P01 1,212 0,015 GRMZM2G074540_P01 1,035 0,042 

AC209636.2_FGP003 1,209 0,017 GRMZM2G157873_P01 1,033 0,043 

GRMZM2G358153_P01 1,205 0,011 GRMZM5G851266_P01 1,031 0,038 

GRMZM2G370915_P01 1,204 0,016 GRMZM2G304897_P01 1,030 0,045 

GRMZM2G114127_P01 1,203 0,018 GRMZM2G140455_P01 1,029 0,032 

AC234160.1_FGP003 1,201 0,019 GRMZM2G407825_P01 1,029 0,042 

GRMZM2G154523_P01 1,200 0,019 GRMZM2G062974_P01 1,028 0,038 

GRMZM2G045215_P01 1,199 0,014 GRMZM2G429807_P01 1,028 0,038 

GRMZM2G102356_P01 1,198 0,015 GRMZM2G032095_P01 1,027 0,033 

GRMZM2G443829_P01 1,194 0,018 GRMZM2G041141_P01 1,026 0,045 

GRMZM2G082959_P01 1,191 0,016 GRMZM2G051943_P01 1,025 0,046 

GRMZM2G081843_P01 1,188 0,016 GRMZM2G140817_P01 1,023 0,026 

GRMZM2G415579_P01 1,185 0,021 GRMZM2G103342_P01 1,021 0,029 

GRMZM2G402936_P01 1,183 0,010 GRMZM2G177356_P01 1,020 0,039 

GRMZM2G109130_P01 1,181 0,013 GRMZM2G064603_P01 1,018 0,043 

GRMZM2G145554_P01 1,179 0,017 GRMZM2G066067_P01 1,013 0,035 

GRMZM2G018707_P01 1,179 0,019 GRMZM2G475380_P01 1,013 0,044 

GRMZM2G089698_P01 1,176 0,021 AC205562.3_FGP002 1,011 0,048 

GRMZM2G099619_P01 1,175 0,019 EF517601.1_FGP016 1,010 0,038 

GRMZM2G160710_P01 1,174 0,020 GRMZM2G172429_P01 1,009 0,036 

GRMZM2G154090_P01 1,173 0,019 GRMZM2G418223_P01 1,008 0,045 
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GRMZM2G436448_P01 1,171 0,023 AC155352.2_FGP010 1,007 0,050 

GRMZM2G345700_P01 1,170 0,012 GRMZM2G025895_P01 1,007 0,048 

GRMZM2G041415_P01 1,169 0,023 AC203966.5_FGP003 1,007 0,044 

GRMZM2G110192_P01 1,168 0,015 GRMZM2G103945_P02 1,007 0,030 

GRMZM2G151763_P01 1,166 0,022 GRMZM2G397281_P01 1,005 0,028 

GRMZM2G176998_P01 1,161 0,019 GRMZM2G058595_P01 1,004 0,031 

GRMZM2G141376_P01 1,157 0,017 GRMZM2G425778_P01 1,003 0,049 

GRMZM2G030636_P01 1,156 0,024 GRMZM2G041369_P01 1,002 0,045 

GRMZM2G009465_P01 1,156 0,012 GRMZM5G889467_P01 1,001 0,037 

GRMZM2G140694_P01 1,153 0,025 GRMZM2G180080_P01 1,001 0,044 

GRMZM2G061950_P01 1,151 0,016 
   

 
 

Down-regulated genes from mock vs wt at 3 dpi 
GeneID log2 (FC) P-value GeneID log2 (FC) P-value 

GRMZM2G014395_P01 -1,422 0,005 GRMZM2G007324_P01 -1,133 0,020 

GRMZM2G137341_P01 -1,380 0,006 GRMZM2G312521_P01 -1,125 0,015 

GRMZM2G119766_P01 -1,357 0,006 GRMZM2G421033_P01 -1,117 0,022 

GRMZM2G305321_P01 -1,352 0,007 GRMZM2G123277_P01 -1,107 0,018 

GRMZM2G055898_P01 -1,351 0,009 GRMZM2G448883_P01 -1,102 0,029 

GRMZM2G140107_P01 -1,349 0,005 GRMZM2G112284_P01 -1,102 0,022 

GRMZM2G389567_P01 -1,347 0,009 GRMZM2G178847_P05 -1,097 0,030 

GRMZM2G400156_P01 -1,330 0,007 GRMZM2G392320_P01 -1,092 0,026 

GRMZM2G062673_P01 -1,329 0,009 GRMZM2G103773_P01 -1,091 0,027 

GRMZM2G156599_P01 -1,323 0,010 GRMZM2G027478_P02 -1,079 0,020 

AC220927.3_FGP007 -1,316 0,006 GRMZM2G104710_P01 -1,079 0,033 

GRMZM2G031591_P01 -1,314 0,010 GRMZM2G144648_P01 -1,073 0,029 

GRMZM2G070011_P01 -1,264 0,008 GRMZM2G153103_P01 -1,070 0,025 

GRMZM2G059138_P01 -1,247 0,015 GRMZM2G039246_P01 -1,061 0,037 

AC194022.3_FGP013 -1,230 0,011 GRMZM2G035749_P01 -1,045 0,024 

GRMZM2G133646_P01 -1,228 0,011 GRMZM2G413315_P01 -1,044 0,036 

GRMZM2G315431_P01 -1,227 0,016 GRMZM2G110286_P01 -1,040 0,042 

GRMZM2G050548_P01 -1,227 0,014 GRMZM2G160354_P01 -1,038 0,027 

GRMZM2G022782_P01 -1,218 0,017 GRMZM2G008226_P01 -1,031 0,029 

GRMZM2G028640_P01 -1,208 0,016 GRMZM2G109448_P01 -1,028 0,027 

GRMZM2G131165_P01 -1,197 0,011 GRMZM2G125649_P01 -1,027 0,040 

GRMZM2G082034_P01 -1,196 0,020 GRMZM2G121487_P01 -1,024 0,046 

GRMZM2G476762_P01 -1,184 0,020 GRMZM6G654251_P01 -1,024 0,046 

GRMZM2G413006_P01 -1,180 0,014 GRMZM2G149422_P01 -1,022 0,028 

GRMZM2G055437_P01 -1,169 0,023 GRMZM2G169654_P01 -1,020 0,035 

GRMZM2G003682_P01 -1,168 0,023 GRMZM2G162598_P01 -1,019 0,028 

GRMZM2G024851_P01 -1,148 0,016 GRMZM2G025536_P01 -1,018 0,042 

GRMZM2G144420_P01 -1,140 0,016 GRMZM2G140033_P01 -1,008 0,040 

GRMZM2G108480_P01 -1,137 0,014 GRMZM2G025414_P01 -1,005 0,037 

GRMZM5G878379_P01 -1,136 0,022 GRMZM2G400167_P01 -1,003 0,050 

GRMZM2G074735_P01 -1,135 0,027 GRMZM2G122231_P01 -1,001 0,026 
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Up-regulated genes from mock vs gas2 at 3 dpi 
GeneID log2 (FC) P-value GeneID log2 (FC) P-value 

GRMZM2G036564_P01 1,296 0,006 GRMZM2G103342_P01 1,108 0,013 

GRMZM2G088819_P01 1,286 0,006 GRMZM2G019356_P01 1,107 0,019 

GRMZM2G051943_P01 1,279 0,007 GRMZM2G094304_P01 1,103 0,019 

GRMZM2G361256_P01 1,278 0,007 GRMZM2G083195_P01 1,095 0,014 

GRMZM2G039362_P01 1,256 0,007 AC204515.4_FGP006 1,095 0,019 

GRMZM2G135013_P01 1,250 0,008 GRMZM2G100754_P01 1,092 0,015 

GRMZM2G037485_P01 1,249 0,007 AC214635.3_FGP006 1,091 0,015 

GRMZM2G311036_P01 1,249 0,008 GRMZM2G148087_P01 1,088 0,013 

AC234160.1_FGP003 1,247 0,008 GRMZM2G039811_P01 1,079 0,018 

GRMZM2G475948_P01 1,245 0,008 GRMZM2G026143_P01 1,079 0,022 

GRMZM2G147014_P01 1,242 0,008 GRMZM2G433076_P01 1,070 0,014 

GRMZM5G851862_P01 1,241 0,008 GRMZM2G018716_P01 1,070 0,018 

GRMZM2G373522_P01 1,233 0,008 GRMZM2G478553_P01 1,066 0,023 

GRMZM2G059397_P01 1,230 0,009 GRMZM2G020940_P01 1,065 0,023 

GRMZM2G083526_P01 1,229 0,007 GRMZM2G093125_P01 1,065 0,017 

GRMZM2G109056_P01 1,220 0,008 GRMZM2G170281_P01 1,064 0,022 

GRMZM2G094510_P01 1,218 0,010 GRMZM2G112309_P01 1,063 0,018 

GRMZM2G176998_P01 1,216 0,009 GRMZM2G154090_P01 1,062 0,022 

GRMZM2G013530_P01 1,214 0,009 GRMZM2G041141_P01 1,061 0,023 

GRMZM2G112524_P02 1,213 0,008 GRMZM2G003506_P01 1,061 0,024 

AC205562.3_FGP002 1,213 0,009 GRMZM2G118243_P02 1,060 0,021 

GRMZM2G124175_P01 1,209 0,010 GRMZM2G031536_P01 1,058 0,025 

GRMZM2G136513_P01 1,209 0,009 GRMZM2G493395_P02 1,057 0,017 

GRMZM2G120320_P01 1,197 0,008 GRMZM2G082959_P01 1,056 0,018 

GRMZM2G162158_P01 1,188 0,011 GRMZM2G126749_P01 1,056 0,025 

GRMZM2G137321_P01 1,180 0,012 GRMZM2G119168_P01 1,056 0,025 

GRMZM2G117246_P01 1,175 0,009 GRMZM2G355572_P01 1,050 0,019 

GRMZM2G474153_P01 1,172 0,013 GRMZM2G130728_P01 1,047 0,019 

GRMZM2G020054_P01 1,169 0,010 GRMZM2G180080_P01 1,045 0,021 

GRMZM2G160585_P01 1,167 0,013 GRMZM2G389582_P01 1,045 0,020 

GRMZM2G117007_P01 1,166 0,010 GRMZM2G449681_P01 1,044 0,020 

GRMZM2G050307_P01 1,163 0,010 GRMZM2G047713_P01 1,043 0,018 

GRMZM2G162396_P01 1,161 0,014 GRMZM2G334181_P01 1,039 0,026 

GRMZM2G001645_P01 1,157 0,013 GRMZM2G181227_P01 1,037 0,018 

GRMZM2G162505_P01 1,155 0,012 GRMZM2G316907_P01 1,035 0,022 

GRMZM2G004106_P01 1,149 0,011 GRMZM2G051619_P01 1,035 0,027 

GRMZM2G027958_P01 1,147 0,015 GRMZM2G312061_P01 1,031 0,017 

GRMZM2G477685_P01 1,147 0,012 GRMZM5G851266_P01 1,026 0,027 

GRMZM2G324999_P01 1,140 0,011 GRMZM2G168304_P01 1,026 0,029 

AC234161.1_FGP001 1,133 0,015 GRMZM2G116520_P01 1,025 0,027 

GRMZM2G087326_P01 1,131 0,012 GRMZM2G045883_P01 1,025 0,022 

GRMZM2G011526_P01 1,131 0,016 GRMZM2G089698_P01 1,022 0,028 

GRMZM2G374971_P01 1,130 0,015 AC205471.4_FGP003 1,016 0,027 

AC205154.3_FGP005 1,127 0,015 GRMZM2G126541_P01 1,016 0,020 
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GRMZM2G039278_P01 1,126 0,016 GRMZM2G141376_P01 1,016 0,019 

GRMZM2G004748_P01 1,122 0,017 GRMZM2G154523_P01 1,015 0,031 

GRMZM2G443829_P01 1,122 0,014 GRMZM2G004060_P01 1,012 0,025 

GRMZM2G062151_P01 1,117 0,015 GRMZM2G003411_P01 1,011 0,018 

AC197758.3_FGP004 1,117 0,017 GRMZM2G162829_P01 1,009 0,023 

GRMZM2G028677_P01 1,117 0,018 GRMZM2G031790_P01 1,008 0,018 

GRMZM2G153523_P01 1,112 0,016 GRMZM2G415007_P01 1,008 0,026 

GRMZM2G431288_P01 1,110 0,016 GRMZM2G174128_P01 1,005 0,025 

GRMZM2G043489_P01 1,110 0,019 GRMZM2G018707_P01 1,004 0,027 

 
 

Down-regulated genes from mock vs gas2 at 3 dpi 
GeneID log2 (FC) P-value GeneID log2 (FC) P-value 

GRMZM2G045678_P01 -1,284 0,006 GRMZM2G160354_P01 -1,085 0,015 

GRMZM2G103773_P01 -1,236 0,009 GRMZM2G121878_P03 -1,080 0,019 

GRMZM2G389155_P01 -1,199 0,010 GRMZM2G157505_P01 -1,064 0,016 

GRMZM2G096695_P01 -1,186 0,007 GRMZM2G153103_P01 -1,063 0,018 

GRMZM2G014395_P01 -1,181 0,011 GRMZM2G443888_P01 -1,055 0,013 

GRMZM2G027478_P02 -1,158 0,009 GRMZM2G104710_P01 -1,053 0,025 

GRMZM2G156599_P01 -1,155 0,015 GRMZM2G073584_P02 -1,045 0,025 

GRMZM2G177668_P01 -1,136 0,010 GRMZM2G069095_P01 -1,041 0,014 

GRMZM2G070011_P01 -1,121 0,011 GRMZM2G090086_P01 -1,039 0,027 

GRMZM2G394968_P01 -1,108 0,017 GRMZM2G004483_P01 -1,036 0,027 

GRMZM2G008247_P01 -1,101 0,011 GRMZM2G077015_P01 -1,023 0,016 

GRMZM2G140107_P01 -1,098 0,012 GRMZM2G030628_P01 -1,009 0,019 

 



   
 
 

 

 

  



 

 
 

  



   
 
 

 

 

  



 

 
 

 

 


