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RESUMO 

Análise funcional de proteínas candidatas a efetores durante a interação Sporisorium 

scitamineum x cana 

O carvão da cana-de-açúcar é uma doença cosmopolita de grande importância 
para o agronegócio, uma vez que pode afetar a produtividade da cultura. A doença é 
causada pelo basidiomiceto Sporisorium scitamineum, fungo biotrófico que coloniza 
exclusivamente a cana-de-açúcar. A interação cana-carvão vem sendo extensivamente 
estudada por este grupo de pesquisa nos últimos anos em seus vários aspectos, 
considerando as atividades de ataque e defesa do patógeno e da planta, 
respectivamente. Este trabalho teve como finalidade o estudo funcional de proteínas 
candidatas a efetores neste patossistema. Efetores são moléculas essenciais na 
manipulação do metabolismo e fisiologia do hospedeiro de forma a permitir sua 
colonização. A identificação de tais proteínas auxilia no reconhecimento de genes de 
resistência podendo gerar informações relevantes a programas de melhoramento 
genético na produção de variedades resistentes. A estratégia de seleção utilizada se 
baseia em características do secretoma predito e da expressão diferencial de genes do 
patógeno in planta. Os candidatos foram analisados quanto ao padrão de expressão 
gênica, à localização sub celular e sua influência sobre a defesa basal e imunidade em 
plantas. Os resultados demonstraram que a expressão dos genes que codificam para as 
proteínas efetoras de S. scitamineum e é influenciada pelo genótipo das plantas 
infectadas. Foram observadas variações no padrão de expressão entre o conjunto de 
efetores selecionados, bem como padrões diferenciais de localização sub celular e 
influência sobre a imunidade em plantas. Os resultados gerados por este trabalho 
servirão de subsídio para estudos futuros sobre os níveis de virulência dos diferentes 
isolados do patógeno bem como para auxiliar a tomada de decisão em programas de 
melhoramento genético de variedades resistentes ao carvão da cana. 

Palavras-chave: Carvão da cana-de-açúcar; Biologia de efetores; Interação planta-patógeno; Perfil 
de expressão gênica; Localização sub celular; Genômica funcional  
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ABSTRACT 

Functional analysis of candidate effector proteins during Sporisorium scitamineum x 

sugarcane interaction 

Sugarcane smut is a worldwide distributed disease important to agribusiness, 
since it can affect sugarcane yield drastically. The disease is caused by the Basidiomycete 
Sporisorium scitamineum, a biotrophic fungus that colonizes mainly sugarcane. 
Sugarcane-smut interaction has been extensively studied by this research group for the 
past few years in their various aspects, considering both the pathogen attack and plant 
defenses. This work aimed to functionally address fungal candidate effector proteins 
associated with this pathosystem. Effectors are essential to modulate host metabolism 
to allow pathogen colonization. The identification of such proteins may assist in 
recognition of resistance genes relevant to genetic breeding programs. Based on the 
complete genome sequence of S. scitamineum and the dual transcriptomic data 
candidate genes were selected in silico. Selection strategies were based on the 
predicted secretome and differential expression levels of the genes in planta. Candidate 
effectors were analyzed regarding their expression pattern, subcellular location and 
influence over basal plant defenses and plant immunity. The results showed that the S. 
scitamineum candidate effector genes are expressed under the influence of the host 
genotype. It was observed various expression patterns in the set of selected genes and 
differential subcellular localization patterns. These results will enable future researches 
considering virulence level of different isolates and also help decision making in plant 
breeding programs. 

Keywords: Sugarcane smut; Effector biology; Plant-pathogen interaction; Expression profile; 
Subcellular location; Functional genomics 
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1. GENERAL INTRODUCTION 

Sugarcane is one of the most valuable crops worldwide for sugar and ethanol biofuel 

production (Arruda, 2011). The crop is cultivated in more than 100 tropical and subtropical 

countries, being Brazil its major producer (FAO 2016). Brazil accounts for 40% of the total 

sugarcane world’s production, and São Paulo State is responsible for about 52% of the yield. 

Despite considered a robust and highly tolerant crop, sugarcane is affected by many pathogens, 

some of which drastically compromise productivity. Sugarcane smut is among the most severe 

diseases present in all sugarcane fields across the globe. The disease is responsible for 

significant losses due to reductions in sugar content and juice quality. Since sugarcane is a 

complex polyploid interspecific hybrid vegetatively propagated and breeding for resistance is 

demanding, the rapid emergence of new pathogen races is a significant concern among 

producers and breeders. 

The genetic and molecular changes involved in the interplay between host and 

pathogen for sugarcane pathosystems is still poorly understood. The basidiomycete fungus 

Sporisorium scitamineum (Syd.) [Piepenbring et al. (2002) (Syn: Ustilago scitaminea H. and P. 

Sydow)] causes sugarcane smut. S. scitamineum is a biotrophic pathogen specialized in defeat 

sugarcane defenses to complete its life cycle. The fungus is capable of interfering with sugarcane 

metabolism in such a way that the plant architecture is modified, leading to the production of a 

particular whip-like structure to allow its sporulation. 

The fungus has a host-dependent life cycle starting with teliospore germination in bud 

surfaces at the basis of leaf insertions. Germination generates a promycelium where meiosis 

takes place to produce haploid sporidial cells. Haploid sporidia fuse to produce dikaryotic 

infective hyphae, the recognition of compatible mating types is a pheromone-receptor based 

system. After penetration using an appressorium formed at the end of a hyphal tip, fungal 

hyphae systemically colonize plant tissues, initiate sporogenesis by karyogamy and hyphal 

fragmentation to produce teliospores. The life cycle ends with the development of the main 

symptom of the disease: the emergence of a whip-like structure from the shoot apical meristem 

(SAM). Billions of teliospores produced in a single whip are easily dispersed in the field by the 

wind, rain and small animals. The disease establishment in young plants results in tillering and 

narrow leaves. Together these symptoms generate decreased biomass and poor juice quality.  

One of the metabolic and physiologic orchestrators in plant-pathogen interaction are 

effector proteins. Effectors are secreted molecules produced by host-associated organisms 

contributing to host resistance or susceptibility, depending on both genetic backgrounds 

(Hogenhout et al., 2009). They have evolved to subvert host defenses and promote the Effector-
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Triggered Susceptibility (ETS) (De Jonge et al., 2011). In recent years many effectors were 

functionally characterized, acting in remarkably diverse ways. When delivered to host apoplast 

they can act as degrading enzymes (De Jonge et al., 2011), host protease inhibitors, can interfere 

in chitin perception (Takahara et al., 2016), detoxify host environment (Ökmen and 

Doehlemann, 2014) and block oxidative burst responses (Hemetsberger et al., 2015). Whereas 

when translocated inside the host cell, effectors can target a variety of organelles and 

biomolecules to interfere in several pathways. These proteins can interact with resistance R 

proteins to avoid immune responses (Houterman et al., 2008), alter hormone signaling cascades 

(Caillaud et al., 2013), divert biosynthetic pathway of secondary metabolites (Tanaka et al., 

2014) and redirect nutrient acquisition from the host to support their own feeding requirements 

(Wahl et al., 2010). All these mechanisms culminate in improved pathogen fitness against the 

host immune system. Effector biology has become a powerful tool to comprehend pathosystems 

and direct plant breeding programs that deal with crop yield losses (Hogenhout et al., 2009; 

Petre et al., 2015; Sharpee and Dean, 2016). 

A robust and sustainable way to control fungal diseases involves the development of 

resistant genotypes, which requires a profound understanding of the host-pathogen interaction 

and years of breeding strategies. Comparing to other pathosystems, studies regarding sugarcane 

smut resistance fell behind in fungal determinants of virulence. Although effector biology is a 

recent theme of investigation in fungal-plant interactions, effectors are known for some time as 

critical molecules to defeat plant defense mechanisms. This thesis will discuss the topic of S. 

scitamineum effector biology by functionally addressing selected candidate genes. 

1.1. Objectives 

a. Select effector candidates for functional studies based on the predicted secretome and 

dual transcriptomic data available; 

b. Detect and quantify the pathogen along disease establishment by quantitative PCR; 

c. Validate selected candidate effector gene expression profile by RT-qPCR during disease 

progression in contrasting sugarcane varieties regarding smut resistance; 

d. Characterize effector candidates by accessing their subcellular location; 

e. Assess the effects of single effector expression over disease symptoms and general 

immune responses in planta toward Hypersensitive Response (HR) and virulence assays. 
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2. CHAPTER 1 - SUGARCANE AND THE SMUT DISEASE, AN OVERVIEW 

 

The following chapter is a literature review of the sugarcane smut pathosystem. Part of 

the chapter was included in the book chapter “Progress in understanding fungal diseases affecting 

sugarcane: smut” published in “Achieving sustainable cultivation of sugarcane. Volume 2: 

Breeding, pests and diseases. Burleigh Dodds Science Publishing, 2018. ISBN: 9781786761484” 

 

2.1. Sugarcane smut disease, the host and pathogen interaction 

Sugarcane is a robust semi-perennial crop derived from multiple interspecific crosses 

of Saccharum complex species, having S. spontaneum and S. officinarum as significant 

contributors. The former shows sufficient robustness relative to adverse environmental 

conditions and good resistance upon biotic stress; and the second, known as “noble cane,” 

accumulates very high levels of sucrose in the stem and exhibits good physiological features 

(Cheavegatti-Gianotto et al., 2011; Grivet et al., 2006). The modern sugarcane varieties are 

interspecific hybrids holding highly polyploid genomes. The chromosomal number ranges from 

100-120, with 70-80% of the genome coming from S. officinarum, 10-23% coming from of S. 

spontaneum, and a small recombinant portion (D’Hont, 2005; Piperidis et al., 2010). 

Despite years of breeding strategies, a variety of pathogens affects sugarcane crop. 

About 177 pathogens, amongst fungi, bacteria, and viruses have been described to cause 

diseases in sugarcane (Comstock, 2000). Among the most important diseases are the ratoon 

stunting disease caused by Leifsonia xyli subsp. xyli, the leaf scald caused by Xanthomonas 

albilineans, the orange rust caused by Puccinia kuehnii and the smut caused by Sporisorium 

scitamineum (Tokeshi and Rago, 2005). 

Sugarcane smut is one of the major fungal threats for cropping worldwide (Monteiro-

Vitorello et al., 2018; Sundar et al., 2015). Sporisorium scitamineum (Syd.) [Piepenbring et al. 

(2002) (Syn: Ustilago scitaminea H. and P. Sydow) is a biotrophic pathogen that grows inter- and 

intracellularly (Carvalho et al., 2016; Stoll et al., 2005), depending on living sugarcane tissues to 

sporulate. The main characteristic symptom of smut infected plants is the presence of a whip-

like structure emerged from the apex of apical or lateral meristems (Comstock, 2000). Smut 

whip is the sori structure for S. scitamineum sporulation. Infected plants also show high tillering, 

the development of stem galls and narrow leaves, giving a “grass-like” look to sugarcane instead 

of the "bamboo-like aspect" of the modern varieties (Sundar et al., 2012). Moreover, reduced 

stalks height, diameter, and weight significantly increase fiber contents. All these symptoms 
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together result in extensive losses in cane tonnage, poor juice quality and reduction in sucrose 

content (Tokeshi and Rago, 2005; Wada et al., 2016). 

The disease was first reported in 1877 in South Africa, from where it was spread 

throughout the world, and essentially today is considered a cosmopolitan disease (Sundar et al., 

2012). Sugarcane smut affects every sugarcane growing country, except Fiji (Tom et al., 2017). 

Disease severity is variable and entirely dependent on environmental conditions, sugarcane 

resistance level, pathogen virulence rate and plant-pathogen interaction mechanisms (Sundar et 

al., 2012). The first epidemiological report in Brazil occurred in 1985. The variety NA56-79 

cultivated in more than 50% of the total sugarcane fields was very susceptible to smut. An 

integrated management strategy including breeding programs for genetic resistance, heat 

treatment of setts and rouging kept sugarcane crop free of smut over the next few years 

(Tokeshi and Rago, 2005). 

Due to extensive farming and low productivity aggregated value some phytosanitary 

measures, such as chemical control, are impracticable and economically unfeasible. Sugarcane 

management against smut relies on resistance genes introgression through genetic breeding 

(Tokeshi and Rago, 2005). However, even highly resistant varieties occasionally produce whip 

maintaining low levels of inoculum in the fields (Ruiz 2014). Recently, the reports of smut raised 

mostly due to lack of control practices and to the new environmental law for green harvesting in 

Brazil. For each 1% of symptomatic plants, there is an estimated reduction of 0.89% in 

productivity (CanaOnline, 2016). 

Sugarcane defenses against S. scitamineum comprise pre- and post-formed barriers. 

The main preformed defense is the bud structure and composition, being the number of 

trichomes over the scales and exudates released significant contributors (Waller, 1969). 

Biochemical and physiological resistances are essential and involve molecules of both 

organisms, the host and the pathogen. Flavonoids present in the buds of certain varieties (Lloyd 

and Naidoo, 1983; Lloyd and Pillay, 1980) inhibit teliospores germination increasing resistance. 

After pathogen recognition post-formed defenses include synthesis of glycoprotein (Millanes et 

al., 2005), polyamine accumulation (Piñon et al., 1999), increasing salicylic acid levels (Borrás-

Hidalgo et al., 2005), lignification (Santiago et al., 2009), and differential regulation of PR 

(Pathogen Related) genes such as those encoding phenylalanine ammonia lyases, peroxidases, 

esterases and chitinases (Esh et al., 2014). 

The percentage of whips emitted after six weeks to ten months indicates the variety 

resistance level (Elston and Simmonds, 1988; Lemma et al., 2015). The scale used in ranking 

disease resistance varies from 0 (immune) to 9 (highly susceptible) (Latiza et al., 1980). 

However, (Carvalho et al., 2016) and Ruiz (2014) showed S. scitamineum colonizing resistant 

sugarcane varieties without the emission of a whip. 
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The early diagnosis is fundamental to improve disease management. Breeding 

programs use microscopy-based and molecular tools to detect S. scitamineum (Sundar et al., 

2012). Trypan blue fungal staining followed by light microscopy, for instance, was widely used 

allowing multiple samples analyses and quick hyphae detection in plant tissues. Technical 

progresses using PCR-based methods enabled fast and accurate pathogen quantification (Singh 

et al., 2004). Su et al. (2013) developed a TaqMan qPCR approach to increase sensitivity. 

2.2. Sporisorium scitamineum life cycle and biology 

Sporisorium scitamineum is a dimorphic fungus of the Ustilaginaceae family closely 

related to the well-studied fungus Ustilago maydis, the causal agent of corn smut (Stoll et al., 

2005). The S. scitamineum life cycle (Figure 1) involves the germination of diploid (2n) 

teliospores under favorable conditions over sugarcane buds. Germination leads to probasidium 

development where meiosis produces four haploid (n) cells (sporidia). Sporidia of opposite 

mating types (+ and -) emit conjugation hyphae inducing anastomosis. The mating reaction 

occurs in a pheromone-receptor recognition system controlled by two loci, ‘a’ and ‘b’ (Bakkeren 

et al., 2008; Vollmeister et al., 2012). Complementary recognition between small lipoprotein 

molecules, the pheromones, and transmembrane multi-domain receptors, induces hyphal 

anastomosis and dikaryon formation (n+n). The dikaryotic hyphae is the only fungal structure 

able to penetrate and colonize sugarcane tissues (Vollmeister et al., 2012). S. scitamineum invade 

the host between 6 and 36 hours after teliospore germination (Monteiro-Vitorello et al., 2018; 

Sundar et al., 2012). The maintenance of the dikaryon is under control of the locus ‘b’. The ‘b’ 

locus harbors two genes, bE (bEast) and bW (bWest), encoding each of the homeodomains of a 

heterodimeric transcription factor. The dikaryon growth is also mating type dependent since an 

active transcription factor requires subunits encoded by different alleles (Kämper et al., 1995). 

In S. scitamineum and U. hordei genomes, both loci are linked located at the same 

chromosome, characterizing a bipolar mating type system. In this case, loci ‘a’ and ‘b’ segregate 

together as a biallelic locus, named MAT1 and MAT2 (Laurie et al., 2012; Taniguti et al., 2015). 

Differently, U. maydis and S. reilianum present tetrapolar mating type system, where loci ‘a’ and 

‘b’ are located in distinct chromosomes, independently segregating during meiosis (Schirawski 

et al., 2005).  

For U. maydis infectious dikaryon grow in a polar manner, separating viable hyphal 

fragments from those lacking cytoplasm (Steinberg et al., 1998; Vollmeister et al., 2012). Polar 

growth ceases with the sensing of unknown signaling to form appressorium at the tip end 

(Castanheira et al., 2014). Colonization of maize tissues progresses until karyogamy and mycelial 

formation leading to an irregular host cell proliferation with a tumor-like structure developed in 



16 
 

maize leaves (Vollmeister et al., 2012). For sugarcane smut, symptoms progression culminates 

in drastic changes in SAM morphology resulting in the emission of a whip-like structure 

(Monteiro-Vitorello et al., 2018; Sundar et al., 2012). The whip combines parenchymal and 

vascular tissues from the host covered by a mass of black fungal teliospores. The whip is 

involved by a thin plant epidermal layer later disrupted to spread the spores (Que et al., 2011; 

Singh et al., 2004). Spores germinate again under favorable conditions over the surface of new 

buds restarting the pathogen cycle. 

. 

 

 

Figure 1.  Sporisorium scitamineum life cycle based on electron microscopy micrographs. See corresponding 
paragraph for full explanation. Adapted from Monteiro-Vitorello et al. (2018). 

 

2.3. Effector Biology and the state of the art of effector proteins in smuts 

2.3.1. Effector biology 

Biotrophic pathogens need to surpass host defenses and minimize damages to plant 

cells whereas interfering with plant physiological and biochemical processes to successfully 

establish colonization (De Jonge et al., 2011). Due to the lack of an adaptive immune system like 
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in animals, plants evolved a different method depending on cell-autonomous events, but with a 

much higher recognition capacity (Dodds and Rathjen, 2010). Both the host defense mechanisms 

and the pathogen attack strategies are in a continuously evolving pace, frequently requiring crop 

management improvements to prevent disease progression (Giraldo and Valent, 2013; Lo Presti 

et al., 2015). 

Plants have basically two distinct perception strategies when in contact with a 

pathogen invasion: the PAMP/DAMP-triggered immunity (P/DTI) and the effector-triggered 

immunity (ETI). The first refers to a basal defense response triggered by conserved molecules 

from microorganisms perceived by the host. These molecules are known as PAMPs (Pathogen 

Associated Molecular Patterns) and can be exemplified by the elongation factor Tu from 

prokaryotes; flagellin, from bacterial flagellum; chitin from fungal cell walls; and glucans from 

oomycetes. Also, plants can recognize DAMPs, which are degrading products of plant origin 

released during pathogen invasion, such as cutin monomers and cell wall derived molecules. 

DAMPs are also capable of triggering similar immune responses as those observed in PTI (Boller 

and Felix, 2009). Such perception takes place in the host extracellular environment (apoplast) by 

kinase transmembrane receptors and transmembrane receptor-like proteins of the PRR family 

(Pattern Recognition Receptors). In Arabidopsis thaliana, these protein families include 610 and 

57 members, respectively. Comparatively, only 12 Toll-like receptors, equivalent in function to 

the PRR in plants, are described in mammals (Dodds and Rathjen, 2010; Zipfel, 2008). PTI 

comprehends a series of events venturing to counteract pathogen infection. Among them are the 

production of antimicrobial compounds, hydrolytic enzymes, pathogen hydrolytic enzyme 

inhibitors and increments of reactive oxygen species (ROS) (Giraldo and Valent, 2013). ROS can 

generate plant defense responses such as oxidative burst, hypersensitive responses (HR), papilla 

formation and upregulation of PRR genes; or yet, act as a secondary messenger in a signaling 

cascade to other response defenses (Jones and Dangl, 2006; Lamb and Dixon, 1997). 

Pathogens, otherwise, subvert PTI by secreting effectors, highly virulent and specific 

molecules able to trigger ETI. The plant ETI is considered an intense and prolonged PTI 

response. R and RGA genes (Resistance genes and Resistance Gene Analogs) are the main 

players of ETI, encoding proteins direct or indirectly related to the perception of effector 

molecules, either in the host apoplast or inside host cell environment (Hogenhout et al., 2009). 

Effector biology is a promising research field in the comprehension of plant-pathogen 

interactions with a potential to influence breeding and plant protection programs (Hogenhout et 

al., 2009; Petre et al., 2015; Sharpee and Dean, 2016). Despite being a fundamental theme is still 

poorly understood when considering filamentous fungi (Sharpee and Dean, 2016). 

For oomycetes, highly conserved cytoplasmic effectors have a signal peptide followed 

by a RxLR motif (Morgan and Kamoun, 2007). The RxLR motif is supposed to be responsible for 
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the intracellular translocation process and the direct interaction with the NB-LRR motif of R 

proteins (Rehmany et al., 2005). Other effectors may also present the conserved motif LXLFLAK, 

located right after the signal peptide. These effectors belong to the CRN (CRinkling and Necrosis) 

protein family (Stam et al., 2013). 

A recently described approach used in oomycetes showed that some groups of effectors 

might share common secondary structural features. Some Phytophthora effector proteins share 

the same WY in tandem repeated motif producing a three-helix bundle fold. 3D-predictions 

showed more than 520 proteins with RxLR motifs (Win et al., 2012). Hyaloperonospora 

arabidopsis, Melampsora lini and Magnaporthe oryzae also share candidate effectors with similar 

protein folding (Boutemy et al., 2011). 

Filamentous fungi protein effectors, in general, are variable in sequence rarely sharing 

conserved domains and/or known functions. It is supposed that this kind of diversification is 

associated with host specificity and the fast-evolving nature of these proteins (Sperschneider et 

al., 2015). Hence, functional characterization is laborious and have to be addressed individually 

(Tanaka et al., 2015). 

Among examples of well-studied fungal effectors is the protein Ecp6 of Cladosporium 

fulvum (de Jonge et al., 2010). The protein sequence contains a LysM domain known for binding 

chitin to avoid plant recognition system. Bolton et al. (2008) identified other 16 putative Epc6-

like proteins having the same LysM domain in various pathogenic fungi. For Blumeria graminis f. 

sp. hordei effectors, Godfrey et al. (2010) identified an N-terminal [YFW]xC conserved motif and 

Manning et al. (2008) an [SG]PC[KR]P motif located downstream of the signal peptide of an 

effector in various Fusarium species.  

With the advent of “omics” and the use of bioinformatic techniques, accessing the 

fungal effector repertoire became a more feasible task (Selin et al., 2016). For predicting effector 

candidates, most methods rely on the presence of an N-terminal signal peptide in cysteine-rich 

small proteins. Despite being helpful to track apoplastic effectors, usually, the cytoplasmic 

effectors can be larger proteins with lower cysteine content. Saunders et al. (2012) produced a 

checklist of features to consider when predicting fungal effectors: i) presence of a secretion 

signal; ii) genes that have their expression induced in planta; iii) proteins sharing some 

similarity with secreted proteins expressed in haustorium (HESP) or with avirulence genes 

(Avr); iv) genes encoding for proteins harboring known effector motifs or a nuclear localization 

signal (NLS); v) small cysteine-rich proteins (≤135aa, ≥5%); vi) proteins with internal repeats; 

vii) encoded by genes flanking long intergenic regions; viii) proteins without a PFAM domain. 

Effectors must check at least one of these items.  

Functional characterization for filamentous fungi effectors can still be challenging for 

some species considering the production of mutants, and the redundancy of the effector 
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repertoire. Single deletions often do not produce a detectable phenotype (Basse et al., 2002). 

More recently, various methods using alternative strategies helped to infer function for 

candidate effectors. Among them are the immunoprecipitation (IP) followed by mass 

spectrometry, transient gene expression assays, bimolecular fluorescence complementation 

(BiFC) and the use of yeast-two hybrid library system (Bhadauria et al., 2015; Petre et al., 2015; 

Vargas et al., 2016). 

2.3.2. The state of the art of effector biology in smuts 

The availability of smut fungi genome sequences of various species contributed to 

defining general strategies for fungal penetration, plant tissues colonization and disease 

symptoms (Benevenuto et al., 2018; Dutheil et al., 2016). Smut fungi also share a set of effector 

candidate genes, some of which were functionally characterized (Lanver et al., 2017). 

Some examples are the genes Rsp3 (Repetitive Secreted Protein 3) and Pep 1 (Protein 

Essential for Penetration 1), both described in U. maydis, but found widespread in all sequenced 

genomes of smut fungi. Rsp3 is capable of blocking mannose-binding antifungal proteins (Ma et 

al., 2018) and Pep1 is released to the plant cell apoplast to hinder the hypersensitive response 

(HR) by inhibiting a class III peroxidase (Hemetsberger et al., 2012).  

Despite the normal filamentous growth and appressorium formation, the Δpep1 

defective mutant does not cause disease symptoms in maize. Plants infected with Δpep1 induced 

ROS accumulation and upregulation of a maize peroxidase POX12 impairing successful 

colonization. Pep1 inhibits host oxidative burst to suppress early defense responses. A 

complemented U. maydis mutant using U. hordei Pep1 restored the pathogen abilities to cause 

disease. S. scitamineum and S. reilianum share orthologs with sequence identity between 58% 

and 62%, respectively (Doehlemann et al., 2009; Hemetsberger et al., 2012, 2015). Peters et al. 

(2017) proposed a similar function for the Pep1 ortholog in S. scitamineum. 

Smuts also use a secreted chorismate Cmu1 (Chorismate Mutase-1) to alters the 

salicylic acid-phenylpropanoid path branching, inducing chorismate to accumulate for 

phenylpropanoid biosynthesis instead of salicylic acid production (Djamei et al., 2011). 

Especially in biotrophs, salicylic acid (SA) is known to function as a first messenger for triggering 

plant defense responses (Glazebrook, 2005). Deletion of Cmu1 in U. maydis triggers ten times 

higher SA accumulation in maize tissues (Djamei et al., 2011). S. scitamineum has a Cmu1 

homolog gene (Taniguti et al., 2015) and sugarcane plants showed reduced expression levels of 

SA when infected with the pathogen (Schaker et al., 2016). 

The primary host phenotypic alteration caused by smuts is a massive cell proliferation 

generating tumors or whip-like structures, responsible for teliospore production and spreading. 
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The pathogen alters host metabolism and cellular processes, such as DNA synthesis and cell 

cycle control. U. maydis harbors an effector protein involved in tumor formation in leaf tissues. 

See1 (Seedling Efficient Effector 1) was described as an organ-specific effector functioning 

exclusively in maize leaf, and not in tassel (Redkar et al., 2015b, 2015a). See1 directly interacts 

with the maize homolog SGT1 factor, described to be involved in cell cycle progression in 

Saccharomyces cerevisiae and to be an immune regulator in plants and humans (Kitagawa et al., 

1999). The effector prevents MAPK-triggered phosphorylation of SGT1, leading to cell cycle 

progression, DNA synthesis, and cell proliferation in host leaves. See1 effector was mapped in 

other smut genomes and found in U. hordei, S. reilianum, Pseudozyma hubeiensis and 

Melanopsichium pennsylvanicum. For U. hordei, however, Δsee1 failed to restore the phenotype 

(Redkar et al., 2015a). Sequence analysis suggested that the lack of complementation was due to 

the absence of a putative BRCA motif (from breast cancer susceptibility protein) in the encoded 

protein of U. hordei. For S. scitamineum, Benevenuto et al. (2018) identified a see1 ortholog 

proved to be expressed using the mapping of RNAseq reads (Schaker et al., 2016).  

Another gene present in smut genomes is the Pit (Proteins Important for Tumours) 

cluster, which is composed of four genes encoding for two secreted proteins (Pit2 and Pit4), a 

transmembrane protein (Pit1) and a cytoplasmic protein (Pit3) (Doehlemann et al., 2011). 

Except for Pit3, which encodes for a tubulin-specific chaperone E involved in tubulin 

homeostasis also expressed in axenic cultures, all the other three genes are induced only upon 

host interaction. The Pit4 is predicted to be secreted and has an expansin domain potentially 

involved in cell wall expansion. 

Deletion experiments of single genes and that of the entire cluster showed that Δpit1;2 

exhibited the most noticeable alteration. The mutants were able to penetrate host leaf and grow 

intracellularly but incapable of spreading and colonizing other tissues. Also, the mutants up-

regulated maize genes of the immune response. Pit2 was fully characterized showing to be a 

major inhibitor of maize cysteine proteases released in host apoplast during the interaction 

(Mueller et al., 2013). Plant apoplastic cysteine proteases are involved in salicylate-mediated 

immunity, which probably impairs fungal colonization of host tissues. Pit2 proteins found in 

other smut species (U. hordei, S. reilianum, and S. scitamineum) share a conserved active site 

described as the minimal requirement for protease inhibition in plant-pathogenic fungi (Mueller 

et al., 2013). 

Maize infected plants, besides developing tumor-like structures, also accumulate 

anthocyanins at later stages of the disease. Production of anthocyanin and other secondary 

metabolites are protective measures used by plants during biotic stresses (Chalker-Scott, 1999). 

Anthocyanin biosynthesis shares a branching path with lignin biosynthesis. Tin2 is smut effector 

able to influence this metabolic branching (Brefort et al., 2014; Tanaka et al., 2014). Tin2 is 
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directed to host cell cytoplasm interacting with the ubiquitin-proteasome degradation motif of 

ZmTTK1 from Zea mays. ZmTTK1 is a protein kinase involved in anthocyanin biosynthesis, Pit2 

interfere with its degradation causing pigment accumulation (Tanaka et al., 2014). When 

knocked out, Δtin2 mutant becomes incapable of reaching the vascular bundles due to increased 

lignin production reinforcing vascular veins. Orthologs of Tin2 are present in S. reilianum and S. 

scitamineum genomes but not in U. hordei and U. bromivora (Benevenuto et al., 2018; Tanaka et 

al., 2014). 

The effector Sad1 (Suppressor of Apical Dominance) characterized in S. reilianum was 

first reported as an exclusive effector of the S. reilianum pathogen. Sad1 induces maize loss of 

apical dominance leading to the production of multiple inflorescences (Ghareeb et al., 2011, 

2015). Sad1 is upregulated upon infection and expressed in all maize tissues. The activity of the 

effector increases the transcriptional level of the auxin transporter PIN1 and reduces the 

expression of its regulator TB1 (Ghareeb et al., 2015). Sad1 knockout did not alter virulence of S. 

reilianum. The mechanism by which the fungus disrupts apical dominance is still poorly 

understood. Benevenuto et al. (2018) identified Sad1 orthologs in S. scitamineum and S. 

esculenta genomes showing transcription in infected plants. Supposedly, tillering observed in 

smutted sugarcane and infected Zizania latifolia plants are the result of Sad1 expression (Sundar 

et al., 2012; Yan et al., 2013). 

Despite the identification of orthologs of characterized effectors in S. scitamineum 

genome, there is no functional analysis describing protein effectors of the sugarcane smut 

pathosystem. Comprehension of S. scitamineum effectors and their role in disease establishment 

and progression might generate technical and scientific background necessary to support 

breeders in the development of new smut resistant genotypes. 
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3. CHAPTER 2 - ADVANCES IN EFFECTOR BIOLOGY OF SPORISORIUM 

SCITAMINEUM, THE CAUSAL AGENT OF SUGARCANE SMUT 

 

The analyses of S. scitamineum genomic features and the transcriptional reprogramming 

orchestrated by the interaction with sugarcane revealed ae repertoire of genes encoding candidate 

effector proteins. These genes were differentially or exclusively expressed by the pathogen 

infecting host tissues and, encoded secreted uncharacterized proteins in both early and late 

interaction. This set of candidate effectors are promising targets for functional characterization 

aiming to understand better the mechanisms used by the pathogen to establish a compatible 

interaction as well as how it relates with host resistance. Some of the results generated as part of 

this thesis were included in the article entitled “Comparative genomics of smut pathogens: 

insights from orphans and positively selected genes into host specialization” in Frontiers 

in Microbiology, DOI: 10.3389/fmicb.2018.00660, April 2018. Some of the assays described here 

were performed under the supervision of Prof. Dr. Walter Gassmann at the University of 

Missouri, Columbia (BEPE-FAPESP scholarship, Process 2017/25477-5). 

 

3.1. Introduction 

Sugarcane smut disease is caused by the biotrophic filamentous fungus Sporisorium 

scitamineum. This pathogen is a Basidiomycete member of the order Ustilaginales, composed of 

pathogens causing disease in a number of economically important crops, such as sugarcane, 

maize, wheat, oats and barley (Vánky, 2002). Its life cycle initiates with the germination of the 

teliospores over sugarcane buds to form compatible sporidial cells. Cells of compatible mating 

types fuse and produce the dikaryotic infective hyphae. The dikaryon is responsible for the 

appressorium formation which allows the pathogen to penetrate into the host tissues. Upon 

penetration the fungus systemically invade and colonize sugarcane, heading the lower 

internodes (Sundar et al., 2012). Similar to other smut pathogens, plants can remain 

symptomless for long periods (Sundar et al., 2015). In later stages sugarcane smut disease 

hyphae colonizes the apical meristem and a whip-like structure develops enabling fungal 

sporulation and spread of thousands of teliospores in the field. 

During disease establishment and development a well-known arms race takes place in 

the plant-pathogen interface (Uhse and Djamei, 2018). While plants attempt to protect 

themselves from major harms and disease, pathogens secrete a variety of virulence proteins 
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known collectively as effectors. Effectors are highly specialized molecules released by the 

pathogen inside the host environment to manipulate its metabolism and cellular processes to 

favor pathogen establishment (Vleeshouwers and Oliver, 2014). Effectors work by suppression 

of host immune system and/or protection against host defense mechanisms (De Jonge et al., 

2011; Win et al., 2012). While apoplastic effectors usually act in the basal defense response and 

in the host-pathogen interface, translocated effectors modulate host metabolism and physiology 

by targeting a number of different cell compartments. Apoplastic effectors have been described 

to display enzymatic activities, such as peroxidases and chorismate mutases (Djamei et al., 2011; 

Hemetsberger et al., 2012), and as host protease inhibitors (Shabab et al., 2008). Also, they can 

compete for chitin binding preventing pathogen recognition (de Jonge et al., 2010). Effectors that 

are translocated to act inside the host cells can target a number of cellular compartments and 

interact with many types of molecular partners (Germain et al., 2018; Petre et al., 2015, 2016b; 

Robin et al., 2018). Nuclear localized effectors can interact with transcriptional factors, such as 

the TOPLESS and TOPLESS-related proteins (Petre et al., 2015), or accumulate in the nucleolus 

to interact with spliceosomal proteins and interfere with pre-mRNA processing and expression 

(Verma et al., 2018). The nucleocytoplasmic effector RipAY from Ralstonia solanacearum is 

proven to interact with thioredoxins and suppress immune responses in planta (Wei et al., 

2017). Other intracellular effectors are described to be involved with impairing of resistance 

triggered by R genes (Houterman et al., 2008), in hormone signaling (Caillaud et al., 2013), 

changing branched metabolic pathways (Tanaka et al., 2014) and manipulating host nutrient 

efflux to improve pathogen uptake (Wahl et al., 2010). 

Effector biology has become an essential research field in the comprehension of 

pathosystems and in directing plant protection programs dealing with crop yield losses 

(Hogenhout et al., 2009; Sharpee and Dean, 2016) With the constant improving of “omics” and 

bioinformatics tools, effector biology has advanced in recent years (Selin et al., 2016). Despite 

the progress in modern pipelines for effector discovery, functional characterization of 

prokaryote and oomycete effectors as well as investigations about the secretion and import 

pathways, this class of proteins for filamentous fungi is still poorly understood (Sharpee and 

Dean, 2016). To access the location of this proteins and their molecular partners inside the plant 

tissue are the first steps in the investigation of their mode of action and their influence over 

pathogenicity and host susceptibility (Germain et al., 2018; Petre et al., 2015, 2016b; Robin et al., 

2018). 

Due to the frequent lack of known sequence signatures and the high level of variability 

even in close related groups, defining the effector repertoires tend to be less rigid in fungal 

effector biology (Presti and Kahmann, 2017; Saunders et al., 2012). The use of transcriptomic 
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data during the interaction along with genomic predictions, have improved drastically how to 

access the effector repertoire. 

In the past few years a few smut core effectors have been functionally characterized, 

acting both in the apoplast or inside the host cells. For instance, Pep1 and Pit2 act in suppressing 

a host peroxidase and cysteine protease, respectively; while and Cmu1, Tin2 and See1 are 

cytoplasmic core effectors influencing chorismate mutase pathways, inducing anthocyanin 

biosynthesis and causing cell division induction related to tumorigenesis (Djamei et al., 2011; 

Doehlemann et al., 2011; Hemetsberger et al., 2012; Redkar et al., 2015a; Tanaka et al., 2014). 

The effector Stp1 has a direct influence over pathogen penetration by inhibiting a class of 

papain-like cysteine proteases, preventing pathogenicity (Liang, 2012). S. scitamineum secrets 

about 305 proteins during the interaction with sugarcane, 70 of them considered effector 

candidates (Taniguti et al., 2015). Besides of the above-mentioned smut core effectors, none S. 

scitamineum specific effector was functionally characterized to date. 

The genetic and molecular complexity and the robustness of sugarcane restrain in 

planta analysis needed to functionally characterize effector proteins and access host immunity 

features. Among the approaches to overcome such limitation are the use of surrogate systems, 

nonhost plants and well-known pathogens to facilitate rapid and reproducible screenings for 

effector behaviors and functions. Recently, a number of groups have been using such approaches 

to overcome technical limitations, especially with fungal pathogens (Qi et al., 2018). 

Here, twelve candidate effector proteins of the sugarcane-smut pathosystem were 

selected for further investigation. 

3.2. Material and Methods 

3.2.1. Biological materials and experimental conditions 

Sugarcane single buds from 10-month-old clone IAC66-6 (highly susceptible) and the 

varieties RB925345 (intermediate) and SP803280 (resistant) were collected from the Genetics 

Department - ESALQ experimental field. Samples were washed and disinfected (52°C water-bath 

for 30 minutes; sodium hypochlorite 4 ml.L-1 for 10 minutes). Buds were rinsed in distilled water 

three times, placed in trays covered by wet filter paper and incubated at 28°C chambers 

overnight for pre-germination.  

Teliospores of S. scitamineum Ssc39 strain collected from a whip of the RB925345 

sugarcane infected plant and a germination rate estimated at 90% were used to inoculate the 

sets. A paste of teliospores prepared in a saline solution (109 teliospores) was used to inoculate 

germinated buds. Sets were drop-inoculated with 5 µL of the teliospore solution over the bud 
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(Figure 2A-C), air dried for few minutes, and buds covered with vermiculite for incubation at 

28°C in the dark until sampling or transplantation (Figure 2D). 

 

 

Figure 2. Overview of the experiment with inoculated sugarcane varieties. A.C. telispore paste inoculation over 
IAC66-6 (A) RB925345 (B) and SP80-3280 (C) single buds. D. Single buds two weeks after inoculation prior to 
transplantation. E-F. Conduction of experiment under greenhouse conditions at 20 dai (E) and 90 dai (F). 

 

For both qPCR and RT-qPCR assays the DNA samples were prepared from the 

experiment above mentioned. Each sample was comprised of a bulk of 6 single bud setts and 

each time point composed of three biological replicates. For the first time point (0 hai - hours 

after inoculation), few minutes after the teliospores came in contact with buds, the meristems 

were excised and frozen in liquid nitrogen to minimize the contact with the pathogen. The 

remaining time points were sampled at the same time of the day 24 hai, 48 hai, 72 hai and 5 dai 

(days after inoculation). After germination buds were transplanted for 2 L pots filled with 

substrate (Basaplant) enriched with NPK (5:25:25). Plants were cultivated under greenhouse 

conditions with controlled irrigation and completely randomized design (Figure 2E-F). Apical 

meristems were collected from plants with and without whips of the same age and immediately 

frozen in liquid nitrogen, grinded into powder and stored at -80°C. Meristem sampling is 

summarized in Figure 3. 
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Figure 3.  Sampling after whip emission. A-B Sugarcane whips from IAC6606 90 dai 9A) and RB925345 140 dai 
(B). C. Excised whip structure from IAC66-6. D. Sampled sugarcane meristem at whip base (red circle). E. 
Sampled infected sugarcane meristem without a whip (blue circle). 

 

S. scitamineum were grown overnight in liquid YM media (0.3% yeast extract, 0.3% 

malt extract, 0.5% soybean peptone, 1% D-glucose) at 28°C with shaking at 200 rpm for 

obtaining yeast-like cell. 

Compatible mating types (SSC39A and SSC39B) were mixed, immediately plated in YM 

media covered by a nitrocellulose membrane and incubated overnight at 28°C. Hyphae were 

detached from the membrane and immediately frozen in liquid nitrogen. Samples were ground 

into powder and stored at -80°C. All the experiments were conducted in triplicates. 

3.2.2. In silico sequence analyses 

Based on the S. scitamineum annotated genome (Taniguti et al., 2015) and the dual 

transcriptome analysis of a compatible interaction (Schaker et al., 2016; Taniguti et al., 2015) 

effector candidates were selected. The predicted secretome of S. scitamineum includes 70 

effector candidates, the candidates for this work were chosen based on the following criteria: 1) 

genes encoding proteins of the predicted secretome; 2) genes differentially expressed during the 

interaction 5 dai; 3) genes differentially expressed during the interaction 200 dai; 4) genes 

unique to the S. scitamineum genome (OrthoMCL cutt-off for Singleton, Orthologs and Paralogs = 

e-value 1e-5, match 50%), and 5) genes expressed only in planta. Also, the preferentially 
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expressed genes, i.e. those with highest number of mapped reads in a specific time point were 

considered (Figure 4, Appendix 1). The set of genes chosen based on these criteria were: 

g2_chr01_Ss, g1513_chr03_Ss, g3890_chr10, g3970_chr10_Ss, 1052_chr02_Ss, g1084_chr02_Ss, 

g2666_chr06_Ss, g4255_chr11_Ss, g4549_chr12_Ss, g4554_chr12_Ss, g5159_chr15_Ss and 

g6610_chr24_Ss. The candidate genes were distributed in the two times points studied before 

for their associations in events soon after inoculation and related to the whip emission. 

The candidates had their sequences analyzed for polymorphisms amongst the four S. 

scitamineum available genome sequences recovered from GenBank (PRJEB6265, PRJNA275631, 

PRJNA240344, PRJEB5169), derived from Brazil, South Africa, Australia and China. The 

alignments performed using CLC Genomics Workbench V7.01 (CLC Bio) were manually 

inspected for each polymorphic site. 

Sequence features of the encoded proteins were analyzed using InterPro (Jones et al., 

2014), SignalP (Petersen et al., 2011), ProtParam (Gasteiger et al., 2005), NLS Mapper (Kosugi et 

al., 2009) and RADAR (Heger and Holm, 2000). 

 

 

Figure 4.  Venn diagram used for candidate effector protein selection. Colors depicts the selected genes. DE 
(differentially expressed); dai (days after inoculation). 

 

3.2.3. DNA extraction and S. scitamineum quantification by quantitative PCR 

S. scitamineum genomic DNA was extracted from 50 mg of yeast-like culture, growing 

as described above, using the Wizard Genomic DNA purification kit (Promega), according to 

manufacturer's specifications. For S. scitamineum in planta quantification, total DNA was 

extracted from 50 mg of plant tissues, using the CTAB method (Doyle and Doyle, 1990). DNA 
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concentration and quality were verified in a spectrophotometer (NanoDrop® 1000 – Thermo 

Scientific) and by gel electrophoresis. 

S. scitamineum detection and quantification was performed in a 7500 Fast Real-Time 

PCR System (Applied Biosystems, Waltham, MA) using GoTaq® qPCR Master Mix (Promega). 

The Intergenic Spacer (IGS) of S. scitamineum ribosomal locus was used as target for pathogen 

detection (Peters 2016). A standard curve was generated by 10-fold dilution series (100 ng to 

0.01 pg) of Ssc39A and Ss39B mixed cultures. Each reaction composed of 1x GoTaq® qPCR 

Master Mix, 0.2 µM of each primer (F and R), 5 µL of DNA dilution and water to a final volume of 

12.5 µL, in three biological replicates and three technical replicates. Real-time cycling conditions 

comprised an initial 2-min activation step at 95°C followed by 40 cycles of denaturation at 95°C 

for 15 seconds and an annealing/extension at 60°C for 60 seconds. A dissociation curve was 

added at the end of the program to evaluate primer-dimers and nonspecific amplification 

products. The standard curve showed a linear correlation between Ct values and fungal DNA 

(correlation coefficient (R2) = 0.999 and an amplification efficiency of 0.900) described by the 

equation y = –3.5873x + 28.563 (Appendix C).  

Standard regression lines were obtained from the fungal DNA dilution series by 

plotting the threshold cycle (Ct) versus logarithmic values of known DNA concentrations. Fungal 

DNA quantity was calculated in infected plants at each time point in 100 ng of total DNA. 

3.2.4. Candidate effector gene expression analysis by RT-qPCR 

For each gene of interest primers were manually designed over the predicted CDS and 

their quality and absence of secondary structures verified using the software Primer Blast 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and NetPrimer 

(http://www.premierbiosoft.com/netprimer/). Dissociation curves for each target gene 

confirmed the presence of unique amplicons (Appendix D). Primer list is presented in Appendix 

E. In addition to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Peters 2016), the 

gene encoding for beta- tubulin chain (g1237_chr02_Ss) was tested to be used as endogenous 

control for RT-qPCR normalization (Appendix E). 

Total RNA from in vitro cultures and inoculated plants were extracted using TRIzol® 

Plus RNA Purification Kit (Life Technologies) according to manufacturer's specifications. 

Immediately after elution all samples were submitted to DNAse treatment using DNAse I (Sigma 

Aldrich) and their quality and quantity verified in a spectrophotometer (NanoDrop® 1000 – 

Thermo Scientific) and by gel electrophoresis. 
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For cDNA synthesis 4 µg total RNA and Oligo(dT) primers were used according to the 

kit GoScript™ Reverse Transcription System (Promega) instructions. Two µL of a 10-fold dilution 

was used as starting sample to set up the reactions. 

The gene expression analysis was performed in a 7500 Fast Real-Time PCR System 

(Applied Biosystems, Waltham, MA) using GoTaq® qPCR Master Mix (Promega). All samples 

were composed by three biological replicates and two technical replicates. Primer specificity 

was confirmed by obtaining the dissociation curve for each reaction. S. scitamineum 

housekeeping genes encoding for GAPDH (d-glyceraldehyde-3-phosphate dehydrogenase) and 

beta-tubulin chain were tested for efficient normalization of the expression signals. PCR 

efficiencies and Cq values were obtained using the LinReg PCR program (Ramakers et al., 2003). 

Cq values higher than 34 was not considered for expression analysis. Expression ratios were 

calculated by the ΔCt method normalized with the endogenous gene expression. The significance 

of the observed differences was verified by using a one-way ANOVA followed by the Tukey’s test 

(p<0.05). 

3.2.5. Vectors and cloning procedures 

Each candidate protein had the signal peptide (SP) predicted using SignalIP 4.0 web-

based software (Petersen et al., 2011). The sequences coding for the mature proteins (without 

SP) were used for primer design. Primers were designed for recombination into Gateway cloning 

system in a two-step approach. First round PCR amplifications were performed with forward 

primers composed of an attB1 site fragment followed by a Kozak sequence, an artificial 

methionine codon and about 15 bases from 5’ end of the gene of interest. Reverse primers were 

composed of an attB2 site fragment followed by about 15 bases from 3’ end of the effector gene. 

Primers were manually designed and checked for quality and absence of secondary structures 

using NetPrimer (http://www.premierbiosoft.com/netprimer/). Primer list is shown in 

Appendix F. 

Amplifications were performed using KAPA HiFi HotStart PCR Kit (Kapa Biosystems) 

according to the manufacturer's instructions. A second amplification round were performed 

using column purified (Illustra GFX PCR DNA and Gel Band Purification Kit - GE Healthcare) first 

PCR products as template and the full-length attB primers for attB site extension. Amplification 

proceeded in a 2-step based cycle. PCR products were verified for correct size by gel 

electrophoresis and column purified prior to recombination and cloning. 

The attB site containing PCR products were recombined with pDONR221 vector with 

Gateway® BP Clonase® II Enzyme mix (Sigma-Aldrich) according to manufacturer’s 

instructions. LR recombination were performed with Gateway® LR Clonase® II Enzyme mix 

(Sigma-Aldrich) into destination vectors. The list of vectors used in this work is presented in 
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Appendix G. Recombinant vectors were transformed in chemically competent DH10B cells. The 

vectors were column purified from single colonies grown overnight in a shaking incubator 

(200rpm) at 37°C according to GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific). 

Constructs were verified for the correct insertions by restriction digestion and sequencing. 

3.2.6. Agrobacterium mediated transformation assay and confocal microscopy 

Expression vectors were electroporated either in the GV3101 (pMP90) or C58C1 A. 

tumefaciens strains, depending on selection markers on the resident vector plasmid. Single 

colonies grown overnight in low salt LB medium (1% Tryptone, 0.5% yeast extract, 0.25% NaCl, 

pH 7.0) were pelleted and resuspended in infiltration buffer (10 mM MgCl2, 10 mM MES, 200 μM 

acetosyringone) and sat at RT for 4 hours. Cells were infiltrated in 4-5-week-old Nicotiana 

benthamiana leaves at on OD600 = 0.2. Higher and lower OD600 was tested when necessary. All the 

constructs were co-infiltrated with pSITE_4NA for free RFP delivery and nucleus/cytoplasmic 

localization and with the silencing suppressor HC-Pro to avoid gene silencing. When necessary 

effector candidates were co-infiltrated with cellular markers to confirm localization (Appendix 

G). Protein expression were analyzed 3 days after infiltration. Protein accumulation in plant cell 

compartments were verified by confocal laser-scanning microscopy (Leica TCP SP8 - Leica 

Microsystems, Wetzlar, Germany). 

3.2.7. Protein isolation and immunoblot analysis 

Three days after infiltration N. benthamiana leaves were harvested, frozen in liquid 

nitrogen, and ground into powder with mortar and pestle. Total protein was extracted from 100 

mg tissue powder using 2x SDS Buffer (100 mM Tris pH 6.8, 4% SDS, 20% glycerol and 100 mM 

DTT) supplemented with 1x Protease Inhibitor Cocktail (Sigma). 30 μl of the isolated proteins 

were added to 1x Loading Dye/DTT (10% SDS, 20% glycerol, 0.2M Tris pH 6.8, 0.05% 

bromophenol blue and 250 mM DTT), boiled for 5 minutes and separated by 12% SDS-PAGE gel. 

To check the integrity of the fusion proteins immunoblots were settled by transferring 

the separating proteins to a PVDF membrane (Immobilon-P, Millipore) in semi-dry blotting. 

Blocking occurred in 5% skimmed milk powder in phosphate-buffered saline (137 mM NaCl; 2.7 

mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) supplemented with 0.1% Tween 20. YFP and Citrine 

detections were performed in a two-step fashion by using a polyclonal anti-GFP antibody 

(Sigma) at a dilution of 1:5000. The secondary antibody goat anti-mouse IgG conjugated with 

Horseradish peroxidase (Gene Script) was used at a 1:15000 dilution. Protein fusion bands were 

visualized towards chemiluminescence (ECL™ Prime Western Blotting System - GE Healthcare) 

and revealed in MXBE Kodak film (Carestream). 
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3.2.8. HR and virulence assay 

For disease induction and HR elicitation the Pseudomonas syringae pv. tomato DC3000 

(Pst DC3000) and the deletion mutant Pseudomonas syringae pv. tomato ΔhopQ1-1 (mutant 

CUCPB5460) were grown in King's B plates for 2 to 3 days at 30°C. Three days after candidate 

effector expression by Agrobacterium mediated transformation N. benthamiana leaves were 

needless syringe infiltrated by scraping bacteria off of the plates and resuspending in 10 mM 

MgCl2. Pst DC3000 were inoculated at 108 CFU.mL-1 for the HR assays while Pst ΔhopQ1-1 at 106 

CFU.mL-1 for virulence assays. Total overlapping circles were made in triplicates for each 

construction. Both assays were repeated at least three times. Plants were incubated in a growth 

chamber for 2 days for the HR assay and 5 days for virulence assay, when leaves with co-

inoculated circles were taken for symptoms analysis and photography. 

To measure bacterial growth, leaf discs from the disease assay were sampled in 

triplicates for total DNA extraction and relative expression analysis by RT-qPCR. The method 

was performed as described by Ross and Somssich (2016). The primers used for Pst biomass 

quantification were the same used by the authors, whereas the N. benthamiana biomass was 

accessed using the primers targeting actin gene (sense: GGCTACTCTTTTACCACCACGG, anti-

sense: ATGACTTGTCCATCAGGCAGC). Bacterial abundance was normalized by the plant biomass. 

3.3. Results 

3.3.1. Sequence features of the selected candidate effectors 

The previously sequenced and annotated S. scitamineum genome (Taniguti et al., 2015) 

and the dual transcriptome analysis in two different time points accessed the host-pathogen 

interplay (Schaker et al., 2016; Taniguti et al., 2015). To investigate candidates in both early (5 

dai) and late (200 dai, time of whip emission) stages of disease twelve candidate effector 

proteins were selected for further investigation (Table 1). 

 

Table 1. Effector candidate genes chosen based on their expression analyzed in two time points studied before 
(Taniguti et al., 2015). 

Time Selected genes 

5 dai g2_chr01_Ss, g1513_chr03_Ss, g3890_chr10, g3970_chr10_Ss 

200 dai 
1052_chr02_Ss, g1084_chr02_Ss, g2666_chr06_Ss, g4255_chr11_Ss, 

g4549_chr12_Ss, g4554_chr12_Ss, g5159_chr15_Ss, g6610_chr24_Ss 
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The gene g3970_chr10_Ss encodes for a protein of 745 amino acids composed of a 

signal peptide followed by a glutamine-proline rich region (PQ), a cysteine-rich portion and 

complex array of variable repeats at the C-terminus (Figure 5). An ortholog of this gene was 

functionally characterized recently and described as the effector Rsp3 (repetitive secreted 

protein 3 - UMAG_03274) in U. maydis (Ma et al., 2018). The S. scitamineum ortholog shares 

amino acid features with Rsp3 as shown in Figure 5. The gene used in the experiments described 

here encoded a larger version of the protein. The gene g3970_chr10_Ss have also length 

polymorphism between different alleles as described for the U. maydis protein. The other three 

genes encode for small cysteine rich secreted proteins of 236, 215 and 135 amino acids, 

respectively. The encoded proteins lack conserved domains and known sequence features.  

 

 

Figure 5.  Protein architecture of g3970_chr10_Ss showing the signal peptide (SP), the glutamine-proline rich 
region (PQ-rich), a cysteine-rich region and the repetitive C-terminal domain. 

 

The second set of candidates selected were g1052_chr02_Ss, g1084_chr02_Ss, 

g2666_chr06_Ss, g4549_chr12_Ss, g4554_chr12_Ss, g5159_chr15_Ss and g6610_chr24_Ss. This 

group represents singletons of S. scitamineum genome encoding secreted proteins exclusively 

expressed at the time of whip emission, according to the RNAseq data (Taniguti et al., 2015). 

The proteins have 140, 309, 142, 114, 131, 430 and 207 amino acids, respectively, also 

lacking predicted functions and conserved domains. The effector candidates g1052_chr02_Ss, 

g3890_chr10_Ss and g5159_chr15_Ss showed polymorphic sequences when the four complete 

sequenced genomes were compared. The gene g1052_chr02_Ss presented two polymorphic loci, 

as described by Benevenuto (2017). Benevenuto (2017) showed that g1052_chr02_Ss has two 

single nucleotide polymorphisms at the positions 25 and 472, both producing non-synonymous 

substitutions. The first change is a neutral substitution (Ala to Thr) in the signal peptide 

sequence; whereas the second change causes an Arginine-to-Glycine substitution, which is 

considered a unfavorable modification due to the amino acid sizes, polarity and charge. The gene 

g3890_chr10_Ss also showed two polymorphic loci (Figure 2B) at positions 104 and 335, both in 

the second bases of the corresponding codons. These mutations lead to non-synonymous 

substitutions from Histidine-to-Arginine in the first locus and Leucine-to-Glutamine in the 
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second.  Curiously, the Brazilian and South African isolates showed similar modifications, while 

Australian and Chinese strains shared the same sequence features (Figure 6B). The gene 

g5159_chr15_Ss showed adjacent polymorphisms at position 689 and 690. The modifications 

were located on the second and third bases of the codon, causing a Tyrosine-to-Tryptophan non-

synonymous substitution (Figure 6A). Despite both being aromatic residues tryptophan is 

unique regarding size and chemical properties, being capable of changing protein folding and 

shape. Furthermore, tyrosine is well known for being highly hydrophobic and related to 

phosphorylation in intracellular proteins targeted by kinases in signal transduction cascades. 

Differently from g1052_chr02_Ss and g3890_chr10_Ss the Brazilian strain did not group with 

South African strain. The remaining candidates did not show polymorphic loci among the 

strains. 

 

 

Figure 6.  Sequence alignment of g5159_chr15_Ss and g3890_chr10_Ss. A. Orthologs of four different strains, 
the consensus sequence, conservation and sequence logo show the polymorphic locus at the position 230 (red 
arrow). Note that the surrounding region is rich in aromatic residues (blue arrows). B. Orthologs of four 
different strains, the consensus sequence, conservation and sequence logo show the polymorphic loci at 
positions 35 and 112 (red arrows). 

 

S. scitamineum genome is described to harbor 10 putative genomic islands (Taniguti et 

al., 2015). The islands are stretches of sequence harboring cluster of genes only present in the S. 

scitamineum genome. Among the twelve selected candidates six (g1084_chr02_Ss, 

g2666_chr06_Ss, g4255_chr11_Ss, g4549_chr12_Ss, g4554_chr12_Ss, g5159_chr15_Ss) are 

present in the described islands. Regarding sequence features, genes g2_chr01_Ss, 

g1084_chr02_Ss, g1513_chr03_Ss, g3970_chr10_Ss, g4255_chr11_Ss, g5159_chr15_Ss and 

g6610_chr24_Ss presented disorder domains. Also, gene g4255_chr11_Ss showed a monopartite 

NLS between amino acids 316 and 328 (QVRKKRRNHRPTF - Score: 9). Genes g1084_chr02_Ss 
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and g5159_chr15_Ss showed repeats of “LGHRQpASAPAINAhLPVLTTD” and 

“PFADDAlleRLVLEFtKSRAQL”; and “PRMPlFQMERPDVN”, “ILPikPSDEQTQMLV” and 

“GHGPSTTEVVIHPLTRKERF”, respectively, each one two times repeated in the sequences. A 

summary of sequence features is presented in Appendix B. 

3.3.2. Sporisorium scitamineum detection and quantification 

Detection and quantification of S. scitamineum growth in meristematic tissue of 

sugarcane genotypes with contrasting resistance/susceptibility levels used here were previously 

described (Peters 2016). Independent of the sugarcane genotype, the pathogen was able to 

colonize and grow over time in all time points. The pathogen also colonized tissues of the 

resistant variety SP80-3280 (Figure 7). 

 

 

Figure 7.  S. scitamineum in planta quantification by qPCR. Samples were quantified from meristematic tissues 
of infected plants from three contrasting sugarcane varieties. Bars represents the amount of pathogen DNA in 
100 ng total DNA. Statistical analyzes were performed inside each variety. Similar letters represent equivalent 
means. Error bars indicate standard deviations of three independent biological replicates. 

 

Sampling for all genotypes analyzed was based on meristematic regions exclusively, 

with no young leaves or shoot parts for plants 120 days after inoculation. Although visible 

symptoms such as reduced culm diameter and tillering (data not showed), meristems of 

inoculated plants with no whips did not present quantifiable amounts of the pathogen (less than 

0.1pg of DNA) (Appendix H). A set of five infected plants of the same age with no whips of all 

three genotypes (susceptible, resistant and intermediate resistance) resulted in the same 
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conclusion. Supposedly, the dikaryotic hyphae after the initial colonization of the meristem grow 

systemically towards lower internodes during plant development. Later, only modified 

meristems associated with sporogenesis are colonized by the fungus. 

3.3.3. Candidate effector gene expression analysis during interaction 

Out of the twelve S. scitamineum candidate genes selected, ten were analyzed for gene 

expression during disease progression. Despite the numerous primers designed to amplify the 

genes g2_chr01_Ss and g4255_chr11_Ss none of the attempts resulted in successful results.  

 The colonization pattern of S scitamineum for the susceptible and resistant genotypes 

used here was determined before by Peters et al. (2017). The imposed defense response of 

resistant plants delays fungal germination and appressorium formation due to two waves of 

oxidative burst identified at 12 and 48 hai, respectively. For the susceptible genotype, 80% of 

the teliospores germinated six hai and appressorium formed 24 hai. The time points chosen for 

the expression analysis included 72 hai, where germination was maximum and penetration via 

appressorium formation was achieved for both genotypes. 

For the intermediate-resistant genotype germination is later (only 42% of teliospores 

germinated 24 hai), and at 72 hai the fungus did not penetrate the plant tissue (unpublished 

data).  This genotype presents a pre-formed resistance based on specific features of the scales 

protecting the bud. However, if the inoculation method inflicts injury, the number of whips 

formed overcame those of the most susceptible genotype IAC66-6 (Carvalho et al., 2016). The 

method of inoculation used in the experiments here did not inflict injuries as described in Peters 

et al. (2017). The next time point chosen to evaluate gene expression was five dai, where 

supposedly colonization has been established for all three genotypes. 

In summary, the expression profile of candidate genes varied in time (disease 

progression) and according to the plant genotype (Figure 8, 9).  In general, an earlier and 

stronger response was given by the fungus infecting the resistant plant. The expression profile 

for intermediate-resistant genotype showed low levels of expression only five dai, in agreement 

with the colonization pattern of S. scitamineum for this genotype. None of the candidates 

expressed when the fungus was grown in vitro, either as haploid yeast-like cells or as dikaryotic 

hyphae as predicted. They all expressed after the fungal penetration (5 dai) and at the base of 

the whip developed in the plants of the susceptible genotype. The fungus infecting meristems of 

sugarcane plants showed temporal waves of gene expression in different stages during disease 

establishment and progression. All candidate genes showed up-regulated expressions at some 

time point of the tissue colonization. However, the behavior varied among each candidate and 

genotype analyzed (Figure 9). 
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Figure 8.  In plant expression profile of genes encoding for S. scitamineum effector candidate genes by RT-qPCR 
analysis. The Delta Ct method was used. Different letters show significant differences at P<0.05 after a one-way 
ANOVA followed by Tukey’s test. Error bars represent the standard deviation of three biological replicates.  
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Figure 9.  Transcriptional profile of candidate effector genes of fungus growing in vitro and during disease 
progression. The expression profile was evaluated in fungus infecting different sugarcane genotypes: smut- 
susceptible, ‘IAC66-6’; resistant, ‘SP80-3280’ and; intermediate, ‘RB925345’. Heatmap was generated based on 
Figure 8 results. Genes with similar pattern were grouped. Scales are indicated as vertical bars. 

 

3.3.4. Sporisorium scitamineum candidate effectors accumulate in a variety of plant 

subcellular compartments 

Out of the twelve candidate effectors, eleven were cloned to produce the mature form 

of the protein (with no signal peptide) fused to an N- and C-terminal fluorescent protein 

downstream of a 35S promoter in A. tumefaciens binary vectors (N-terminal YFP and C-terminal 

citrine). The g4255_chr11_Ss could not be amplified by PCR in any of the cDNA samples from the 

time-course.  

The genes were expressed in N. benthamiana epidermal cells and their encoded 

proteins localized by confocal microscopy and immunoblots. All of the candidate effector 

proteins accumulated at detectable levels under the microscope (Figure 11), however, two of 
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them (g1052_chr02_Ss and g1084_chr02_Ss) encoded proteins not detected by immunoblots. 

The immunoblots revealed some proteins with unexpected band sizes, supposedly due to 

posttranslational modifications (Figure 10). The candidate effectors encoded by the genes 

g1052_chr02_Ss, g1084_chr02_Ss and g4255_chr11_Ss were not further investigated. 

 

 

 

Figure 10. Immunoblots prepared with total protein extracts. S. scitamineum candidate effector fusion 
proteins isolated from N. benthamiana leaves 3 days after agroinfiltration. Each group represents samples 
runned in the same gel and revealed in the same membrane. A. C-terminal fusions B. N-terminal fusions.  

 

The proteins encoded by genes g2_chr01_Ss, g2666_chr06_Ss, g4549_chr12_Ss and 

g4554_chr12_Ss accumulated in both the cytoplasm and nucleus. Also, proteins were located on 

the same compartments for both N- and C-terminal fusions. The nucleolus was not targeted in 

any case (Figures 11A, C, E and F).  

The protein g1513_chr03_Ss produced fluorescent signals around chloroplasts and the 

nucleus, as well as the presence of cytoplasmic strings when tagged at the N-termini (Figure 

11B, upper panel). However, when the C-termini was tagged the protein started to accumulate in 

the nucleus (Figure 11B, lower panel).  

The observations for proteins g3890_chr10_Ss, g3970_chr10_Ss and g6610_chr24_Ss 

also revealed differences in location attribution when placing the fluorescent tag either at the C- 

or N- terminus (Figures 11D, E and I). The gene g3890_chr10_Ss targeted both cytoplasm and 

nucleus when N-termini tag was used (Figure 8D, upper panel), whereas the C-termini tag 

construction accumulated inside the nucleolus and in small vesicles across the cytoplasm 
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(Figure 11D, lower panel, note the white arrowhead and red arrow, respectively). A co-

localization assay with markers for different compartments (Appendix G) confined the protein 

along with mitochondria (Figure 12A). 

Proteins g3970_chr10_Ss and g6610_chr24_Ss showed a similar accumulation pattern, 

which is cytoplasmic when tagged at the C-termini (Figure 11E and I, lower panels) and as 

several large vesicles/aggregates in the cytoplasm when tagged at the N-termini (Figure 11E and 

I, upper panels). Co-localization with cellular markers did not reveal a particular compartment 

but instead suggested protein aggregation.  

The protein encoded by g5159_chr15_Ss localized to the cell edge, most likely in the 

plant cell wall (Figure 11H). The cytoplasmic strings and encircling chloroplasts and nucleus 

were fluorescence negative. Cells co-infiltrated with a plasma membrane marker were 

plasmolyzed with 0.5 NaCl to distinguish labelling in the cell wall and the plasma membrane. 

Marker labeled an internal line, confirming the cell wall location of the effector candidate (Figure 

12B). Its localization was stable for both N- and C-termini tags. Noteworthy, if we take a closer 

look at the polymorphic region previously described here, between bases 181 and 240 there are 

10 aromatic residues (Figure 6). The protein is rich in aromatic residues, with about 18.6% 

between phenylalanine, serine, threonine and tryptophan. Aromatic amino acids are known to 

stack and to be highly hydrophobic. 

These findings indicate that S. scitamineum is capable of delivering and addressing a 

variety of secreted proteins to many host cellular compartments, as expected for plant 

pathogens. 
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Figure 11. Candidate effector proteins accumulate in different subcellular compartments. Green 
fluorescence fusion proteins transiently expressed in N. benthamiana leaves three days after agroinfiltration. 
All protein fusions were co-infiltrated with free RFP to help in detecting cytoplasm and nucleus. Live-cell 
imaging was performed by a laser-scanning confocal microscope using filter sets allowing the detection of YFP 
or Citrine, RFP and chlorophyll. N-terminal denotes the presence of a N-terminal YFP tag (upper panels) and C-
terminal denotes the C-terminal citrine fusion (lower panels). 

 

 

Figure 12. Co-infiltration with cellular markers of S. scitamineum candidate effector proteins. A. 
g3890_chr10_Ss co-infiltrated with mitochondrial marker, showing colocalization (white arrowheads) B. 
g5159_chr15_Ss co-infiltrated with plasma membrane marker before (upper row) and after (bottom row) 
plasmolysis with 0.5M NaCl. Note the inner localization of effector fusion protein (white arrow, upper row) and 
plasma membrane regression after plasmolysis (white arrows, bottom row). 

 

3.3.5. Sporisorium scitamineum candidate effectors modulates plant immune 

responses and disease in Nicotiana benthamiana 

To test the influence of S. scitamineum candidate effector proteins in HR induction, C-

terminal targeted fusion proteins in which subcellular location was consistent and both N- and 
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C-terminal versions of those whose localization changed, were co-infiltrated with Pseudomonas 

syringae pv. tomato DC3000 (Pst DC3000) in N. benthamiana leaves. Pst DC3000 elicits HR 

responses in N. benthamiana at low concentrations due to the perception of the bacterial effector 

HopQ1-1 (Wei et al., 2017). Two days after Agrobacterium infiltration, Pst DC3000 was blunt 

syringe-inoculated (106 CFU.mL-1) exactly overlapping the region where the smut candidate 

effector was induced to express, allowing sufficient protein accumulation. The results were 

inconclusive. Agrobacterium infiltration harboring recombinant and empty vectors produced 

similar results. HR was not induced in any case (Appendix I). 

To screen for the influence of the candidates in the suppression of basal defense 

responses and disease symptoms a disease assay was performed. The deletion mutant strain 

Pseudomonas syringae pv. tomato ΔHopQ1-1 is capable of causing disease in N. benthamiana with 

high inoculum concentrations (108 CFU mL-1), since the effector is no longer being recognized by 

its cognate R gene. Disease symptoms were observed 5 days after Pseudomonas inoculation for 

some of the candidate effectors (Figure 13). 

The set of genes (g2_chr01_Ss, g1513_chr03_Ss, g3890_chr10, both N- and C-terminal 

versions; g4549_chr12_Ss and the C-terminal tagged g6610_chr24_Ss) did not exhibit disease 

symptoms (Figure 13, red down arrows). For these cases, leaf discs also did not present the 

yellowish caused by Agrobacterium infiltration after six days (one days to induce expression and 

proteins accumulation in addition to the five days for disease induction due to Pseudomonas 

inoculation) as observed for the negative controls (empty vector and empty vector + DC3000 

ΔHopQ1-1). Supposedly these effectors impair P. syringae to cause disease rather than improve 

plant immune system.  

Conversely, g5159_chr15_Ss strongly increased Pseudomonas disease symptoms of 

water-soaked lesions and chlorotic spots (Figure 13, double blue up arrow). In this case, the 

effector protein probably interferes with plant susceptibility undermining the immune system 

and enabling the pathogen to be more aggressive. 

The effectors g2666_chr06_Ss, g4554_chr12_Ss, and the N-termini tagged version of 

g6610_chr24_Ss showed weaker disease symptoms (Figure 13, blue up arrows), somehow 

interfering in the plant immune system. 

To confirm the amount of bacteria in plant tissues and access whether the pathogen 

growth and/or the plant immune system is being affected, bacterial biomass was quantified 

using RT-qPCR. However, it was observed that in every treatment which contained 

Agrobacterium, including negative controls (empty vector + DC3000 and GV3101 + DC3000) 

after 5 days P. syringae was no longer detected, even though disease symptoms were observed. 

Supposedly, the symptoms observed may be related to the triggering of plant immune system. 
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Figure 13. Virulence assay. The assay was conducted by the inoculation of Pst DC3000 ΔHopQ1-1 mutant 
over S. scitamineum candidate effector proteins expressed by agroinfiltration. Different levels of disease 
symptoms were observed. Red down arrows mean lack of disease symptoms; blue up arrows weak disease 
symptoms and double blue up arrows strong disease symptoms. 
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3.4. Discussion 

3.4.1. Despite early modifications in SAM, whip emission is dependent on 

immediate meristem colonization 

The colonization of the pathogen in plant tissues for the three sugarcane genotypes 

(susceptible, intermediate and resistant to smut) started with relatively equal amounts of cells 

as revealed by the quantification of DNA using qPCR. The colonization pattern for all three 

genotypes was the same, which follows what has been described for these genotypes (Peters et 

al. 2017; Schaker et al. 2016). The similar declines in DNA concentration for all genotypes five 

days after inoculation (dai) is related to the tissue sampled. In this case, the buds germinated 

and bud scales naturally detached to allow sprout. The pathogen quantification proved 

colonization of the meristem tissue in all three genotypes with similar amounts of DNA earlier 

after inoculation, which is relevant for the discussion of the expression data obtained. 

However, inoculated plants of the susceptible genotype IAC66-6 that did not develop 

whip 120 days post inoculation have no fungus in the meristem region, whereas those plants 

that emitted the whip have a high amount of fungi DNA. The results obtained for the other two 

genotypes in plants 120 dai having no whips revealed the same absence of fungus in the 

meristem. According to Sundar et al. (2012) after S. scitamineum infection the dikaryotic hyphae 

grows systemically in the plant mainly towards the lower internodes, whereas only upper 

internodes colonization entails the formation of the whip-like structure to allow fungal 

sporulation. Su et al. (2016) stated that even cropping of the highly resistant variety “YZ03-258” 

presented some level of whipped plants, ranging from 0 to 3%.  It has also been informed whip 

emission throughout ratoon cycles for the resistant genotype “SP80-3280” (Creste et al., 

personal communication). The meristem colonization appears to be a critical step to whip 

emission and consequently to define resistance (Lemma et al., 2015). It is known that some 

biotrophs establish intimate contact zones with their hosts colonizing specific tissues (Haueisen 

and Stukenbrock, 2016). S. scitamineum establishes this contact zone to deliver effector 

molecules and perceive plant signals when invading the meristem not only since early after 

inoculation (Schaker et al., 2016), but also later to sporulate and induce whip emission (Marques 

et al., 2016). Supposedly, only colonized meristems induce whip emission. 

3.4.2. Differential expression of S. scitamineum effector genes is dependent on the 

host resistance level 
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The increasing availability of plant pathogen genome sequences and dual 

transcriptomic data of host-pathogen interactions have effectively contributed to the study of 

effector biology and its application in plant protection and breeding programs (Bhadauria et al., 

2015). Since the early description of the interactions of the AVR-R proteins resulting in plant 

resistance, more complex interactions between AVR and R genes were reported especially 

considering fungal pathogens (Petit-Houdenot and Fudal, 2017). Although some of these 

elaborate structures were deciphered for various pathosystems, this is not the case for 

sugarcane-fungal interactions. Sugarcane has a highly polyploid genome originated from 

interspecific hybridizations imposing enormous difficulties in detecting such net of events 

(Thirugnanasambandam et al., 2018). 

Specially for sugarcane smut, an additional limitation is the lack of a specific phenotype 

in infected plants at early stages of the disease hindering assays and functional 

characterizations.  The most notorious symptom, the whip emission, is visible only 45 days after 

infection in very susceptible genotypes and is often asynchronous and highly dependent on 

environmental factors.  

The set of candidate effectors studied here introduces the first steps to explain the 

expression pattern of these genes in genotypes with contrasting levels of resistance to smut. 

They all play a potential role in the plant-pathogen interaction since none of them were 

expressed in axenic culture. The expression profiles could be described in three categories 

according to their induction in the susceptible or resistant genotypes: 1) only expressed late in 

the susceptible genotype (g2666_chr06_Ss, g3970_chr10_Ss and g6610_chr24_Ss), suggesting 

their involvement in whip emission; 2) highly expressed in the resistant genotype 

(g1513_chr03_Ss, g3890_chr10_Ss and g4549_chr12_Ss), suggesting an association with plant 

defense; 3)  expressed in resistant and susceptible genotypes (g1052_chr01_Ss, g1084_chr01_Ss, 

g4554_chr12_Ss and g5159_chr15_Ss), suggesting a role in colonization.  

The approach used here is complementary to the one used by Barnabas et al. (2017). 

The authors determined the transcriptional profile of six smut core effectors (Pep1, Cmu1, Tin2, 

Srt1, Stp1, and Pit1) functionally characterized for the U. maydis-maize pathosystem. They all 

had a similar expression pattern in plant and did not express in axenic culture. 

In our study however, the overall expression data suggests that we were able to select 

candidates involved with different mechanisms used by S. scitamineum to colonize sugarcane 

tissues, which in fact is a common strategy used by biotrophs to establish successful colonization 

(Djamei and Kahmann, 2012; Valent and Khang, 2010). The S. scitamineum lifestyle comprehend 

an initial infection phase that encompasses germination, appressorium formation, penetration, 

and meristem colonization. Colonization in this case not always results in disease and the timing 

taken for the initial phases vary according to the plant genotype (Peters et al. 2017).  While some 
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effector proteins are secreted throughout the life cycle even before the contact with the plant 

surface (Guzmán-Guzmán et al., 2017; Kleemann et al., 2012; Lanver et al., 2014; O’Connell et al., 

2012), some others are highly upregulated upon infection requiring the action of specific 

transcription factors (Tan and Oliver, 2017; Tollot et al., 2016). Clearly, the expression of some 

of the genes selected here were influenced by the defense response of the resistance genotype, 

either as cause or as a consequence. Remarkable is the expression of the gene g4549_chr12_Ss, 

which was inhibited in the susceptible plants but very induced in the resistant. Similar pattern 

was identified in two other candidates. The opposite of what was described for the candidate 

effector CfPDIP1 of Colletotrichum falcatum causing red rot in sugarcane that although 

expressed in both genotypes of sugarcane, resistant and susceptible, is completely inhibited later 

in the resistant plant (Ashwin et al., 2018). Also, in the case of the Colletotrichum the profiling of 

in planta pathogen biomass showed a rate of colonization far higher in the compatible 

interaction than the incompatible one. In our study we proved similar pattern of colonization in 

all genotypes tested. However, we were not able to establish their expression profile in more 

advanced stages of the resistant plant colonization. Most likely, the candidate genes 

g1052_chr01_Ss, g1084_chr01_Ss, g4554_chr12_Ss and g5159_chr15_Ss, expressed in resistant 

and susceptible plants are good candidates to participate in establishing colonization of plant 

meristems as does the CfPDIP1. 

The highest expression of CfPDIP1 in the resistant variety to be critical for sugarcane 

resistance to C. falcatum. CfPDIP1 is more likely to function as an elicitor than as an effector 

protein (Ashwin et al., 2018). In our case, the effectors from group 3 are probably involved in 

colonization, which succeeds in both genotypes. Different from that, the effectors of group 2, 

highly expressed in the resistant genotype, supposedly have an association with sugarcane 

defense elicitation. However, at some point, the pathogen overcomes this barrier and induces 

disease in resistant plants.  

Biotrophic pathogens manage to avoid plant basal defenses, such as the oxidative burst 

and the induction of plant defense genes and PRRs, but at the same time inducing extensive 

modifications in host cell metabolism using an arsenal of effector proteins (Gan et al., 2010). 

Supposedly, effectors are required for distinct functions in specific steps of disease 

establishment. We are far from understanding all the details of sugarcane-smut interaction. 

In U. maydis, a multi-gene deletion of effectors organized in the same genomic island 

impaired various stages of the fungal growth in the plant: penetration, sporulation and tumor 

formation, suggesting an orchestrated expression pattern (Kämper et al., 2006). Supposedly, 

effectors are required for distinct functions in specific steps of disease establishment. However, 

it does not mean that they are just required for one specific function. Using a different approach 

Doehlemann et al. (2009), engineered strains expressing the effector Pep1 in a time-dependent 
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fashion (in early stages but not later) succeed in tissue penetration but not in systemic 

colonization. For S. scitamineum, so far, we did not detect co-regulated gene expression for 

effectors identified in the same genomic island. For instance, genes g4549_chr12_Ss and 

g4554_chr12_Ss are localized in the same island but not expressed with the same pattern. 

Remains to be established whether their expression is coordinated in time or in function. The 

extension of effector dynamics is very particular to the players involved. The LysM-containing 

effectors Mg1LysM and Mg3LysM from the hemibiotrophic filamentous fungus Mycosphaerella 

graminicola, besides showing the predicted chitin-binding properties, were highly induced upon 

interaction and had protective roles against plant hydrolytic enzymes (Marshall et al., 2011). 

Mg3LysM deletion mutant was impaired in colonization, production of lesions and sporulation 

due to a stronger and faster induction of plant defense genes in early moments, enhancing 

resistance.  

The pattern of expression for g3970_chr12_Ss suggested an association with whip 

emission, but also with establishing colonization in early stages in the susceptible genotype. 

Recently, an ortholog of g3970_chr12_Ss had its function described for U. maydis (Ma et al., 

2018).  The Rsp3 proteins are secreted and attached to hyphae surface to block the antifungal 

activity of maize mannose-binding proteins and the recognition by R proteins targeting these 

mannose-binding protein (Ma et al., 2018).  The expression of Rsp3 peaked two dai in U. maydis, 

whereas for S. scitamineum expression was detected five days after inoculation in the 

susceptible plant reaching its maximum after whip emission. The specific role of g3970_chr12_Ss 

remains to be established. 

3.4.3. S. scitamineum effector proteins targets multiple cell compartments and 

interfere with plant immunity 

The set of nine effector candidates addressed by subcellular localization with N- and C- 

terminal fusions allowed the separation in two groups: 1) stable localization of the proteins 

using either C- or N- terminal tags (g2_chr01_Ss, g2666_chr06_Ss, g4549_chr12_Ss, 

g4554_chr12_Ss and g5159_chr15_Ss) and, 2) proteins with differential localization 

(g1513_chr03_Ss, g3890_chr12_Ss, g3970_chr12_Ss and g6610_chr24_Ss). Additionally, the 

candidates could also be grouped by their localization pattern: A) nucleocytoplasmic proteins, B) 

proteins with compartment-specific localization and, C) proteins which aggregate or solubilize 

in the cytoplasm (Table 2, Appendix B).  
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Table 2. Subcellular localization groups based on termini stability and localization pattern. Colors follows 
expression pattern groups described previously. 

 (A) Nucleocytoplasmic (B) Specific (C) Aggregate 

(1) Stable g2, g2666, g4549, g4554 g5159 - 

(2) Variable g1513 g3890 g3970, g6610 

Late induction in susceptible plants (whip development); Highly expressed in resistant plants 

(defense responses); Expressed in both genotypes (colonization). 

 

Possibly, S. scitamineum manipulates sugarcane molecular processes by targeting a 

variety of cellular compartments and, supposedly many pathways. However, we were not able to 

identify conserved sequences linking common subcellular localization in different effectors. This 

is not unusual (Petre et al., 2015). A number of translocated effectors can be nucleocytoplasmic 

and act in both or in one of the compartments (Alfano, 2009; Win et al., 2012), as observed for 

candidates in group 1A.  Although g1513_chr03_Ss also showed nucleocytoplasmic with a N-

terminal tag, it accumulated inside the nucleus when the C-terminal fusion was addressed. This 

observation of uneven localization pattern in association with the tagged site may indicate a 

functional domain responsible for nuclear uptake in the N-terminus. Nuclear-localized effectors 

interfere with processes leading to diseases caused by fungi and oomycete. Their activities 

involve the coordination of activators and repressors inside host nucleus known to be important 

in signaling pathways related to flowering, cell proliferation, regulation of organ size and 

hormones (Caillaud et al., 2013). Also, effectors may function in the cytoplasm by directly 

interacting with resistance genes (R or RGAs) to influence with susceptibility (Dodds, 2004).  

Candidate g3890_chr10_Ss, when tagged N-terminally also showed nucleocytoplasmic 

localization. However, when the C-termini was tagged it also accumulated inside the nucleolus 

and inside mitochondria as described for other pathosystems (Qi et al., 2018; Verma et al., 

2018). Chaudhari et al. (2014) states that even when GFP influence subcellular location of tagged 

effectors due to its size and properties, nucleolar localized GFP-tagged effectors are genuine, 

since GFP does not transit in the nucleolus. The effector 30D08 from the sugar beet cyst 

nematode targets host nucleolus directly interacting with SMU2 (homolog of suppressor of mec-

8 and unc-52 2), an auxiliary spliceosome protein. It interferes with the host splicing patterns 

altering mRNA processing and expression of genes to influence plant susceptibility (Verma et al., 

2018). HaRxL44, secreted by Hyaloperonospora arabidopsidis also targets the nucleolus driving 

the host protein MED19a to proteasome degradation. MED19a appears to change salicylic acid-
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responsive defense transcription to jasmonic acid- and ethylene-responsive transcription 

enhancing host susceptibility (Chaudhari et al., 2014).  

Petre et al. (2015) and Petre, Lorrain, et al. (2016) described the effector CTP1 from 

Melampsora larici-populina to accumulate in both mitochondria and chloroplasts. Although it is a 

common feature in type III effectors from bacteria, this localization pattern seems to be not that 

usual amongst filamentous fungal effectors. They showed that this protein harbors a mimic 

transit peptide responsible for chloroplast uptake and is necessary but not sufficient for 

mitochondria translocation. g3890_chr10_Ss does not carry any predicted transit peptide, 

however, these motifs are known to be more related to conserved physical properties than to 

sequence features (Tonkin et al., 2008), and could be hidden to prevent plant perception. 

g3890_chr10_Ss is one of the highly expressed genes in resistant variety and may be playing a 

role in plant defense. Mitochondria are known to deal with ROS homeostasis and, especially for 

biotrophic pathogens, are likely to manipulate ROS production and scavenge pathways to 

maintain balance for their benefit (Mukhtar et al., 2016). P. syringae HopG1 effector targets 

mitochondria and causes sterile and dwarfed plants when overexpressed (Block et al., 2010). 

The nematode effector MjTTL5 also targets mitochondria and interacts with thioredoxin 

reductases to interfere in ROS scavenging functions (Lin et al., 2015).  

The protein encoded by g5159_chr15_s specifically localized to the plant cell wall. The 

first structural barrier found by filamentous pathogens after invading plant tissues is the plant 

cell wall. Interestingly, this candidate has its expression induced 72 hai in the resistant variety, 

while the up-regulation in susceptible genotype is delayed until 5 dai and reaches its maximum 

at the whip base 120 dai, potentially participating in plant colonization processes, as above 

discussed. Few functionally described effectors are tagged the plant cell wall. Liu et al. (2016) 

verified that HaEXPB2, an expansin like-protein secreted by the cyst nematode Heterodera 

avenae, localized to the plant cell wall when transiently expressed in N. benthamiana cells. 

g5159_chr15_Ss has no expansin-like domain and the only sequence feature found was a small 

disorder domain at the N-terminus. Noteworthy, this effector caused some loosening in the plant 

tissues after protein accumulation (data not shown) and showed prominent symptoms in the 

virulence assay performed after disease induction with the P. syringae mutant ΔHopQ1-1. 

Together, these findings suggest influence in both the plant immune system and in pathogen 

colonization. 

Effector proteins are predicted to be under strong positive selection, since they are 

major orchestrators of the host immune system. Alternative forms of this proteins which impair 

host defense response tend to be favored in the evolution of the host-pathogen arms race. 

Noteworthy, the effector candidates in which the localization were intriguing (g3890_chr10_Ss 

and g5159_chr15_Ss) distinct strains harbor polymorphic loci resulting in significant predicted 
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biochemical changes in the protein structure and, supposedly, its function. Polymorphic 

effectors are potentially related to the presence of races (Bhadauria et al., 2015). S. scitamineum 

is described to have races in different growing countries around the globe, however this 

statement is somehow conflicting in the literature (Bhuiyan et al., 2015; Comstock, 2000). 

The effector g3970_chr10_Ss is an ortholog of the smut core effector Rsp3 (Ma et al., 

2018). Rsp3 shows dual function features, being the N- terminus responsible for fungal cell wall 

interaction and the C- terminus for interacting with the plant derived protein AFP1. When 

transiently expressed in N. benthamiana leaves g3970_chr10_Ss and g6610_chr24_Ss displayed 

the same behavior, forming aggregations when the N-terminus is uncovered, while shows a 

clean cytoplasmic location when the N-terminus is free. When the N-terminus of the mature 

protein is not available for interaction the proteins aggregate, probably because the target from 

fungal cell wall was not present. Otherwise, when the C-terminus is accessible the protein 

solubilizes in the cytoplasm. These observations show promising functions for g6610_chr24_Ss, 

which shows the same pattern. Similar to what is described for Rsp3, g6610_chr24_Ss also 

presents two disorder domains between amino acids 45-79 and 92-134. Both g3970_chr10_Ss 

and g6610_chr24_Ss have similar expression patterns (group 1), induced only in susceptible 

plants. Noteworthy, g3970_chr10_Ss is the most expressed gene from S. scitamineum secretome 

in the intermediate-resistant genotype when the inoculation inflicts injury (Taniguti et al., 

2015). This is in agreement with the herein supposed influence group 1 genes have over whip 

emission and probably, over SAM early modification. 

3.5. Perspectives 

As discussed, the use of model systems to address functions of effector candidates, 

especially in challenging systems such as sugarcane smut, transient expression and virulence 

assays are the first possible approaches to investigate their mode of action and the influences 

over host resistance. We perform co-immunoprecipitation assays with four selected candidates 

aiming to determine the possible plant molecular partners targeted by S. scitamineum effectors 

using mass spectrometric approaches. Furthermore, stable Arabidopsis thaliana transgenic lines 

were generated to address possible influences over plant architecture in a phenotype screening. 

Hereafter, all these material needs to be analyzed and interpreted based on what is already 

known. 

The generation of solopathogenic strains and S. scitamineum deletion mutants are a 

necessary to functional validate the candidate effector findings. 
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3.6. Conclusions and final considerations 

In this study we used the dual transcriptomic data during interaction and the 

sequenced genome to select the most promising candidate effector proteins to start addressing 

functional aspects in the sugarcane smut pathosystem. The candidate selection was mainly 

based on a flexible pipeline aiming to group candidates potentially involved in colonization, 

response to plant defenses and also in the development of the whip. This strategy can provide 

information about why the genotypes considered to be resistant to smut are fully colonized by 

the pathogen, but the fungus does not induce whip emergence (Carvalho et al., 2016), S. 

scitamineum effectors are likely to be regulated under the influence of host genotype and the 

inoculation method in experimental analysis influence pathogen behavior. These two variables 

need to be taken into account in design the best experimental approach to define effector 

functions. 

 Although the work presented here is exploratory in nature we are able to describe 

variation in gene expression, subcellular localization, and speculate about function in the various 

phases of the fungal establishment in the plant tissues leading to resistance or susceptibility. 

Various gaps in knowledge of the molecular mechanisms involved in this pathosystem still need 

to be investigate. For the best of our knowledge this is the first initiative to uncover effector 

candidates of previous unknown function for sugarcane smut disease and the establishment of a 

set of molecular tools to further investigate effectors of S. scitamineum.  
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APPENDIX A. Nucleotide sequences of the predicted CDSs (Coding DNA Sequences) from 

candidate effectors selected for functional investigation. 

 

>g2_chr01_Ss 
ATGATGATCGAGCTCACTACCGCGTTTGTCGCTGCAGCTGCCGTGCTGTCGACTGCTGCTCAGGCTCAGCTGCAGT
GCAGCCTGTCGACAATCGACTCCAACATCATCTCGGTTGATGCTTTTTCCGCTTCCGACTTGGCTAGCAGGTTCGC
CCGACCGGACGACAAACCTAACTGGGCTGACGTCCTCCTCACTGAGGAGTACCAGAGCGATGTTTGGGACGCAGAC
CGCTACATTGTCATGCGTCACAACGGCGAGGACTGTCGCAAGGTGGGCAAGGCCAAGTACCATATTTGCAACGCG
GACTACGTCGAAGAAGAGACTGGCAACTCGTGTGCTCAGGTGATCTCCAAGTCGCACTCCGGCTTTTCCAACAAGG
GCAAGTCGCTTGTCATTCCCGCGTCTCCCCCCCAGAGTCCTGGTTCCACGGATCCTGCTTTCATGGGCGTGACTCC
AAACACCCCGGTTCATTTCAGGGTTAGCCTTTCGTCTTCGCTCAGCTACTGGTGGGCTGGTATTACCGAGACGTGT
GCTAATCAGATCTTTAATGCTGACGACAAGCCGATGAAGTACCTCACCTTCACGGCTGACAACATGCACACGTGG
AAAACTGTTTCTGTCATCCTCGACCAGCCCGATATTAACTTTGACGATTCTTGGAGGTGCAATCACGACCCGAACA
TGTCTGCTAAGAAACCTTACGGATTTACATACGATAATGGCAAGTCCTGGACTTTCAGCAACGTCGCCTTCGAGCC
TATCCTTTACCAGGCCGCTTTGAAGTGA 
>g1052_chr02_Ss 
ATGAAGATTCACGCCGCCCTCCTTGCTGCTGTGACTTTCACCCTTTTCTCCGCGGGCACTGTCTCGGCTTCTGCCA
ACTGGCTTCAAGGATCAGCCACGGATAGATGGGAAGAGTACTGCAAAAAAGGCGGTAGCAAGCTCGCCGTGCCTC
ACATTTGCTTTACAGCCGAGCCAGCGTTGTTCGACAAGGTGGTGGCCAACGAGTCAAATTTCCGAGGCTTCAAAA
CGGCTGTCGGAGAATTTGTTATTATCTACGATGCTCCGGAGACAAAGCTTGTGACAGACAGGTATACGATTCGCG
TGAGCCCGGACAAGGGCGAGTGTTCGCATGTTACCCTCGGGCACAATGGCGAGGATCCGTACGAGGACATTACCCT
TTGCGGTTGGGATTACTGGGTCCTACCGGCTTATCTGTGGGAG 
>g1084_chr02_Ss 
ATGAAGCTATTGTACTTGATCTCGTTCGCTGCGCTCGTCGGCTTGAGCTATCAGGGATTCTGGGAGCAGCTCGCCA
ACCTTTCCCAAGAAGAGGCTGTTAATTTCCTTACGATAACCAACTTACAAAACACGGAGGGAGGGACTGGAGCCG
AGATGTTGTCGCAACATGCTACATCGGGACATACGGGTTCCTCGAACAACGTTTATCAGCACAGCCTTGCGCCAAG
CTCTTCAAACTATCATGGTCCAGCCGTACATGGTCAAGCCGTGCCGTTTATGTTAGGACATCGTATGATTCACTTG
CCCGCCGACAATCAACACCTTCCGTACACACCAGCTGATGTTCCACTCTCGACCGAACAGCGACAACAGCAGCAAC
AAAGCGTCCTCGGCCACAGACAGCCTGCAAGCGCTCCTGCCATCAATGCCTTACCAGTGCTCACCACAGACCTCCT
TCGCGAAATACCACCACTGACACTGCAGCAGAGGAAAGACATACTTCAAAAAGCTTTCGATGCTCTTAAGCCTCC
TTCCCAGAAGATGTTTGTCAATCTGCAGCCTTTCGCTGATGATGCCCTTCTCGAACGGTTGGTCTTGGAGTTCACC
AAATCACGTGCTCAACTTCGTAGCTTTGGTCCAGGTCTCGTCATGCAGCCGCGAAGCAAAATTGCCGTACCGTGGG
GACACGAGGGAAAGATGAACCTCAACTTCAGATCTAAACATCAGCTATTTGTCTTGCGCTACGTAAGCGATTTAC
CCTCAAAGGAGTCCAGGTCCGTTTTCCAGTTTGTAGGCATTCTTGAGCTCAAGCAAGAGAACGCTAAGGCTATCT
CACACTTGCAAGCCTTGAAAACGTCTCGCTTTGAACCCAGAGCGATCGGAAAAGACACGTTCGTCAACTATCGGCC
CATCACGCCTTTGAAGGTC 
>g1513_chr03_Ss 
ATGAAGACCTTCACGCTCCTCCTGCCCCTCGTGGCCGCCGCCATGTGCACTGCCGAACGAGTCATCGACAAGCTCT
ACCCCACTACTGTCGGCGGCGACTGCAACCAGAACTCGTACGATGTTGTATGGAATCAGACTCAGCAGACTCCCCT
CAACCAAACCGTGGGAGGACTGGGCAGCTCGGTCTCTGGCTACTTCCCTAAGATGTCCAAGAAGAAAATCGGCTT
GGGCTGCGGTCTCAACTGGAAGGACGGCCAGCTGCACGCCGGCTTCGATGGCGGTGACCCCGATAACGGTATCGGC
GGAGGCTTCGATTGGACTCCCAATGCACTCAGCGGTATTGTTGGTGTCCACTTCCAGAACACCAAGATCAATCTTA
ATGTCACTATCACGGAAGAGAACCAGGTACTGTTCAATGTGAATGGCAAGGATTTGGACTGGGAGAGGGTTCTCC
AGCAGGAATCGCCCAAGGAGCCCAAGGAGGCAGGTGAAGGATACAACGGCGAAGGATACAACGGCGAAGGATACA
ACGGCGAAGGATACAACGGCGAAGGATACAACGGCGAAGGACACAACGGCGAAGTTCAAGTCGGCTACTATGATC
GCAAGCCTGATGCGGGTGCCGTCAAGCCTGAGATACTGCCT  
>g2666_chr06_Ss 
ATGCGCACCTTTTTGTTCACTCTTCTCTCCTTGCTTATCGGTGCTAGCTACGTGCTGGCCAATAACGTGCCACCGG
CCGTGGAGCATGGCCAAAGGATCATCAACGAAGCATTGGCTAACATTCCTGTGGCCCAAAGGTCCTATAATCTCA
TGATGCAGATCCAACGATTGAAGCAGCTTGCAAGGGACCCCGAGAAGGAAATGATGGCAGGGATGACTGACTCAA
CAGCAATTCTCGTAGCTGCTCATGTGATCGAAAGGTACGCCGAGGAACGGTACAAGCCGGTAAGGGACCCAGCCG
TCAGAGAGTCCGTCTATCAATACCTGCGAAGGCCGCGGAACGAAGGCCTGCTTCTGAACAATCCCAACGCCGAGGA
GGAAGTTAGATCCCGCCTTTATCCCCCTCGCATACAGCGTCGTTTGCAG 
>g3890_chr10_Ss 
ATGAAGCTCACCACCCTCTTCCTCACCCTCTGCGCCATCCTCGCTGGCGCTGTGATCACCGAGGCAGCCACGATCG
GCCGTGCGGGTCCCTGGTCCAAGATCCACAACAAGAAGGGCATCAAGCACTACAAGATCTTTGCCGAGCACCACGG
CGCTGACCTTGGCAAGGCTAAGCCGGTTTACGACAAGTGCACCATCCTCAGCGGGCAAGCCAAGGCGGTCGACAAC
AAGCTTTTCTCGCAGACCAAATTCCTGGAGTTCCAGAGTCTCGGTCGCAAGACTGTGGGCATCAACTGCCCCGATT
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GCACACCCCAGGAGCTGGGCAACATCTACCTGACCCAGCTGAACATGAACTGCGATGTGCGGGATCGCAGGTCGGC
TGATTGGAAGCCCAAGGGTGGCAAC 
>g3970_chr10_Ss 
ATGAAGTTCCAAGCCTCTTTCGTGACACTTTTGGTCGTCGTCAGCGCCGCCATATCGGTCGCTGACGCCAAGACCC
CCGCCATGGCCAACAAGCGCCCTTCCAACCTCAACCGTCGCGATGAGGCTGCTGCTCTCAACAAGCGTGGTGGTCT
TGGCGGTTTCGCCGGCCGCTTCTTCCGTCGCGACGGTGGTGCTTACGACGACAGCGCCAACCAGGACGCCGACGCT
AGCAACGGCGACATCTCCAACCCTAACGGCGCCGACGACGGCACCGAAAAGGAGGACTACATGCCTAAGAAGGGC
GGTAAGGGTTCTTCCGGTGAGAATGGCTCCGAGCCAGGGGGCTACGGTGACGGTGACGATGCTAATAAGCCCAAG
CCTAAGGACGGTCAACCTCAGCCACAGTGGCCCCAGCCTCAGGATGGTCAGCCCCAGCCTCAGGATGGTCAGCCCC
AGCCTCAGGATGGTCAGCCCCAGCCTCAGGATGGTCAGCCCAGCCTCAGGATGCCTCAGGATGGTCAGCCCCAGCC
TCAGGATGGTCAGCCCCAGCCTCAGGATGGTCAGCCCCAGCCTCAGGATGGTCAGCCCCAGTGGCCCCAGCCTCAG
GACGTAGGAGCCAAGCCGGAGGGATACGACAACAACGCTGAGCAGCCTCAGGGCCAGCAACCTCAGGATCAAGAC
GAGAAGCAGAAGGAGGACGACGTTCAGCGCAAGGAGCAGGAGAAGGAGCAGAAGCGTCAGCAAAAGGAGCAGGA
GCGTCAACAAAAAGAGCAGGAAAAGCAGCGGGAGAAGGAGGCGAAGCGTCTGCAGAAGGAGAAGGCTCGCGAGC
AAAAGGAGAAGGAGCGTCAAGAGAAGGAGCAGCAGCCTGGTCAGCACCTGCCCGAGTACAACCAGCCTCAGGACC
AGCCTTGGAACGTGCAGCCCGTCACCTCTGGCAACGGTGCTCAGCCTATCAACCCTGACCAGTTCAAGCAGAGCCC
TATCCCCGTCAATGGTCAGGATGGTGCTGGTTCCGACAACTGCCCCAAGTTCCCTAAGAAGGGTGGTGGCGTGGCT
GACGCTCCCTGCTTTGCCAAGGAGGCTAGCCGCAAGGACATCTGCTCGGCTCTGAAGCAGTTTGGCGTCGACACCC
AGCAGGCTGGCTGCTCGGATGAGGAGTGCAGCGAGGATGCAAAGGACTACTCGAACCACGCTTGCAACCAGAAGA
AGCAGTGCGACTTTGGTTGGGACAACAGCTGTGACTTCTACTTACACATGGGTTTCAGCAACGTCTCCAAGTTCG
GTTGCGGTGCCGCTGGCAGCCAGCAGCCTCAGCCTGGTCCTCAGGGCTTTAACCCCGGTTGGGACCTCACCGAACC
GAAGCCGAAGCAGCCTGGTCCTATCGGTGACACATTTGTGAAAGATGATCAGCCTGAATGCGAGACCGACGATGA
CCAGGACGGTGAGGATAGCAACCCTTACGGTGCTGGCCAGAACGGCGACGACAAGGCTGCTCCATACGGCGACAA
GCCCAACGGCGACGCTGAGAACAGCGACTCTCCTTACGGCGACAAGCCCAATGGCGACGCTGAGAACAGCGACTCT
CCTTACGGCGACAAGCCCAATGGCGACGCTGAGAACAGCGACTCTCCTTACGGCGACAAGCCCAATGGCGACGCTG
AGAACAGCGACTCTCCTTACGGCGACAAGCCCAATGGCGACGCTGAGAACAGCGACTCTCCTTACGGCGACAAGCC
CAATGGCGACGCTCAGAACAGCGACTCTCCTTACGGCGACAAGCCCAATGGCGACGCTCAGAACAGCGACTCTCCT
TACGGCGACAAGCCCAATGGCGACGCTCAGAACAGCGACTCTCCTTACGGCGACAAGCCCAATGGCGACGCTAGAA
CAGCGACTCTCCTTACGGCGACAAGCCCAATGGCGACGCTCAGAACAGCGACTCTCCTTACGGCGACAAGCCCAAT
GGCGACGCTCAGAACAGCGACTCTCCCTACGGCCGGTGGCAACGACGGTGCTGGCAACAACGATGATGACGCCACT
GGTGGCAAGGGTGCTGGTGGCAAGGACGACTACAATGGTGGGGGTGATGACACTACTGGTGGCAACGTTGACAAC
TTTGGCGACTATGTCACCGAAGACAAGACCACTGCAGGCGACAAGGCTGCTGGCGGTAAGGCTGATGACAACACC
CAGCCGGCTGACGACAAGACCCAGAAGCAGGAGGACTACTTGCAG  
>g4255_chr11_Ss 
ATGTTTGTCTCCCTCATCAAGCTATGTATCTCCTCGCCCGTCTTGGCATGCTGTCTGGTCTCTGCCGTTCCCATGT
GGCAGGACCCAAGACATGGCTATCGCTACCCGGATTCATCTCAGCGTTTGAACGCTGCGCAGACGTTGCAAGGCGG
TGGCAACCATGCTCAAGGCGGGCATTTTTGGAATGGTCATGAGTGGAAGGCATGGATCAAGTTGACAGCCGCAAC
AAAAAATCTCAACTTCCGTGAGCAATGGGACGAAAGTGTTCGTCAAGAACAAACACACTGGCCAGCTCCCGCCTC
GTTTCGACGACTCGAAATGCAGCAAGCCATGGGCAACTCAAAGATAGTTACCACAGTGCTCTTCTACAAGGACGC
CGATGAGGTGCAGCGTCGCATCAATTCGCAGCTTTTTGATGACAAGATCGCCTTCGTTCCGACAACTCGGATCCAA
CTCAAAGATGGAGGTTGGCGCAAAAGGTCGCCCCTGAACCTGCCAAGCCGTCCCTTGCCACCCATCTCCATATCAG
GATCAAGCAACGAGAAGGTGCAAGGCCGTGTATGCGTCATCAATGTTGCGCTAATCCACGGCCGTTGTTGTGTGC
CATCCTGGCTACAAGACATGCTGGTCGGTACGCTGTACGTCTTTGTTCTCTTCCTTGGTCTGGTCACCGGTTCACC
TGTGGGCAATCAGCAGGACCCGTGGGGAGAAGACTCTTTCCATTCTCTTCAGCCTTATCAACATGGAGTGCCGGAC
TCTCCGATTTGGCCTCCTGATGCGGTGCATTCCGCGCCACTGGCTTTTGCAGGATCGACACATCTCAGCCCGCCCG
AGCCTCCTCACTTGCTTCAGCCATACCCTCGTCTTATGGTGGCACCCTTTCCAAACTCGAACGTTGCCACTCTGGA
CCCGCCGAAAACCGATGGTGGCGAGGTAGAGGCGAGTCAAGTACGAAAGAAACGCAGAAATCACAGGCCAACCTT
CCCTCGAGCCAAGTCCATGGCAGAATGGACCCCCGAGCAGATAGGAAGAGAGTGGCTCCATTCCAACGACGATGC
ACGCAACGAGATCAACAAGCAAATCTTCAATGGCCGGTTGCACTGGTTAAAGCCTCGAGACTTTCCAGACATGGT
GCACAGATCCTTCAAAGCTATGGCGGTAAGGTTTAGCCGGGAGCTGCCCTCGGTAGAAGTGCCGGGTCCAGGGTT
GAACGCTCCCAAGAGGAGCGTTAGGATGATTACTCATGGAGGTAGCAATGATAATGACAGCTGGCGCGCTGGTTA
CATGCTGGACCATAAAACCTACTTCTCGTTCTGGAGCTTTGGCGACAAGGACAGGAAGGAAACTATGCCTTTGCA
CGTTCAACGACACGGCGTCGGGTACCTCGATCCAGATGACGTCGAGGGAGTCGACGCATTCCTCGGGGACAAGTTC
AAGGATCTCCCGCAAGTTCGAGAGACGAAAAAAATAAAATGGGGTTATGATGACGCCAGGGCAGCATCGCTTTCG
AGCAGTCGAGACTTGCATGCGCTCATGCACGCCAATTGGCAGACCAGTCACTTCCCTACTCATTGGGCCCCAGCTC
CGGGAATCACGAATGACTTTGCTACCTACACCTCGTCCGGACTCTGGGACTCGAACGTTGCGAGGTTCGAGCTAGG
AGCAGCCAGTCAAAACCACCTCTCTACGCTGCCTGCCACTTCGAGCGGCACTGGTACGTCTGATCGAGTCTCGCCA
TTTACCGAAGGCTCGCATGACGGATCTTTGGCCCTGGATCGACTCTCAAAACCTCAAGAACGTCGATATTACCAAG
AGCCGGAAGCGCTGAGGAGCCTGCCTCGGAGCACTTCGATTTTCCAAAGTTTTCGAGGAATACGCTATACGAACA
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CTGGAGAGGCTGAACGAAGCAAAATCAACAGCGATATCTTCGACGGTAAACTCAAGTGGGTGCAGCTGGATCGCA
CTAAACACCATCAAGCGAGGGCTTTCCAAGAGACCCGCGTGCTCCCATTTCTCGAATTTCCGGACCCGACTATAGA
GGGAGCGACTCGGAAGGTCAGGATCGCCGTCCATGGTGGTCTGCAAGCAAGACGCTCCACTGCCCAAGCCGATGTC
AGAAGTGCCCTGACTGGCAAAACTTACTGGTCCTTCTTCAGCTTGCCTGAATCCGCCAATGGAGCCGACAATCTGG
TCCACTGGCATGGAATGGGCCATCTGGACCTCAAAGACTATGGCCTTGTTGATGAGTTTTTGCGGAACAAGTTAG
ATGACGCCAAGAAGCTTCAAAGAATGCCACGA 
>g4549_chr12_Ss 
ATGCGAAGCTCAACTTTTCTCGTCTCTACCTTCGCTCTGGCAGTAGTGATGTTAAGAGGCGTCTCAAAGGACGGTC
TAGTCAGCTTGAACGGAAGCGATCTTCAGTATGCTCACGCTTACGTCAATCCTTCAAACCGCAATGAGGTGGCTA
TTGTTCTCGATAATGATGTCGGTACTGCTTTCCTTTATACCGATCATCACTCGGTCAGGGTGTCCTACGGCAACTC
TGCCGAGAGATGTGTCAGCTACATGGTTGAACCACTCGGCGAGGAAGTTGGATCCCCTTTCATGTCGTCATACTGT
CCATCTAAGTCACCTCAGGACCCCATCTTGATCAACAAT  
>g4554_chr12_Ss 
ATGCAGGCTCTTACCTCTGCTTTTATCGCTGGCATGCTCGCCATTGTGGCAATGCGCAGCAGCGTCGTTCGTGCTG
ATTACCTCGAAGGAGGATACGCGGCGTACTGCGAAACCCCATACGGACCACCTTCCGATTTGCTTTACATCTGTTT
CCATTCCGCGAGTGGCGAACCCAGTTGGGCTTCAGAAGATCTTCAGAACGCTCAGATCTTCAAACGTGCTACCGAC
GGCAGCAACTTTGTGGTCGTCTTTGATGGAAAGGATCCTTCGGCTCAATTTGACATCAATGGACGCAAGGGTAAT
GTCGTGCTCAATGACGACGGTAGTATGAAGTACTTTATCGAGCCTGGTACGACAGGTATTCACTTTGGATCCGCT
GATCCGGTCGAGATC 
>g5159_chr15_Ss 
ATGAGATTCCTTCTCCCTACCTTCTTTGGCGTGGCCACATTCTTGGCGAGCGTGCTTCTCTGGTCCCAGAGCTGTA
CTGCTTTCCACGGGGACAAAGCCTCCACCTCTATGACTCCGGTGCTGCCTCCGGCTGGCTCATCGGCAAGCACTCC
AGCGCGCAGTCCGCCTCGGATGCCGTTATTTCAAATGGAACGACCCGATGTAAACACATACATTAAAGACCACCTC
ACACCCAAAAAGCTCGAAGGTCTACAGTCTACCATAACTAGTGAACCGAAGCCCGAAATGCCTTTCGAAGGACCT
ACGCCGCTTTTGAACATCTTGGCCCCTACAAACGAAGTCAGACAAGCTCTTGTTGATTACGGTAGTATAGGCCTTG
TCGACCAGGAACGGGAAAAAGCATTGTATATCCAGCTACAAGGCGGAGGCATTTTGCCGATAAAGCCATCGGATG
AACAGACGCAGATGCTAGTGACGATGATGAAGCTGGACCCGAAGGTTCACAAACTCAAGAAAGCCATATTAGGCC
GCCTTGGTCCGATCCGTGCCATGTCTTCAGACGAGGTCGATGGACTGCCGCATGCTCTAGGTATACCCATACTAAC
ACGCGGTCACGACTCTTACGAAAACATGCTCGCTGCGTCGAGACAAGAGCCCAGAAGTTTTTGGCTTCAGCACGA
ACGCAGATGGCTCCTGATTCATCCTTATCAGGAAGTCTTGTTCGAAGAGGCTGTAAGTCATGCTACAGACGAGAT
CAACCAAGCCCTGAAAGGGTTTCGCGACTACAAAGACAGGTACGGAAGGGGGTACGCGGGGCTGCGTTGGGGCCG
CCCTCTGAATCTCGAAACTTGGCCGACTTCGATCAAGCGTCCAAACATTGAAAAGTACGAGCGTTTTGGTTCAGGC
TCAGCCAGTCGACAAGAGATGATCCAGGCTCTCAAGAAACATGGACGCTTCCGTCTCTACATCACCTCCCCTGCCC
AGTCTCAGAGTCGGGATGTGCCATTCAAGGCTTACAAGGCCATATTGCAACACAGTGTCTCTTCTGGCCATGGTCC
TTCGACGACGGAGGTCGTTATTCATCCTCTGACTCGCAAGGAACGTTTCTACGAATGGCTGGCGAAAACGGCGAA
AAGGATAAAGCTGCCAGCAATGATTCCCTTCGGGCAAGAGGAGGTGACTAACGTAGATACAATTCTGTCACCCGT
GCGAGGGGACGAATCCGAGCGGGAGGGGGAACTTGCGCAATCACTGCAAGCGGGCGAGAGCGTCGCAGGACACAT
CCACGTC 
>g6610_chr24_Ss 
ATGGTGACCAATGCCACTGCTGTACGTGGACTATTGTCGCTCTCCCTCGCTTCCTCCTCTCTCGCTGGGCTGGCAT
CGCCCTTGGTCCCTGGATCATCGATACCAAACGCTTTTACATCCATCAAAAGCGTCCACCCGTCCTCAGCAGCCAA
CCGTCCATCGCCTGCGCATCTTGCATCATCAGCTAGGTCCGCAACCACAAGCGACGAGTCTGGCTCTCATTCCGAC
GAGCTGCTGGAAGCATCATCACGCGCGGCGGCGGTGGTCTGTGGTGGTGATACGGATCGATCGTTCGACTCGCAGC
AGCCGGTTGCGAGCTCGTCCTCTGCTGGCGCTGATCGTCCAGCGGTGGCTCAAGCGCGAGGCCGATTCGCCGATCC
CACAAGCGATGATGCCACCCATCATGCCACCGACACGCTCGATGCGGCTAAACTGCCCATGAGCCTGCGTCAACTG
CTGCGCAATCCACCCTCGTCCGACCACATAGTTACCCAAGTATTGTCGCTCGATCCAAAACACGTCGAATCCGCGT
GGGAGTGGAGCACCGTCTTGCGCACCGCCTTGCAGATGCGTCGACAACAACAAACACTGCCACAGCAGCCCCACGG
ATCGAGATTCGCA  
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APPENDIX B. Candidate effector features 

 

Gene ID 
CDS 
size 
(bp) 

Protein 
size (aa) 

Molar 
weight 

(kD) 
Selection features * 

Genomic 
island 

Subcellular location 
NLS 

Cysteine 
% 

Repeats SNP 
Disorder 
Domain N-tag C-tag 

g2_chr01_Ss 711 236 26,290 SP, PE 5 dai, DE 200 dai x Nucleocytoplasmic Nucleocytoplasmic x 2,50 x x ✓ 

g1052_chr02_Ss 423 140 15,539 SP, Single., EE 200 dai, UF x ND ND x 2,86 x ✓ x 

g1084_chr02_Ss 930 309 34,473 SP, Single., EE 200 dai, UF ✓ ND ND x 0,00 ✓ x ✓ 

g1513_chr03_Ss 648 215 23,140 SP, PE 5 dai, DE 5 and 200 dai x Cytoplasmic Nucleocytoplasmic x 1,40 x x ✓ 

g2666_chr06_Ss 429 142 16,443 SP, Single., EE 200 dai, UF ✓ Nucleocytoplasmic Nucleocytoplasmic x 0,00 x x x 

g3890_chr10_Ss 408 135 14,860 SP, PE 5 dai x Nucleocytoplasmic Nucleocytoplasmic, x 3,70 x ✓ x 

g3970_chr10_Ss 2238 745 79,540 PE 5 dai, DE 5 and 200 dai x Aggregates Cytoplasm x 1,30 ✓ ✓ ✓ 

g4255_chr11_Ss 2301 766 86,484 SP, Single., EE 200 dai, UF ✓ ND ND 
Monopartite 

[Score 9] 
0,78 x x ✓ 

g4549_chr12_Ss 345 114 12,406 SP, Single., EE 200 dai, UF ✓ Nucleocytoplasmic Nucleocytoplasmic x 1,75 x x x 

g4554_chr12_Ss 396 131 14,068 SP, Single., EE 200 dai, UF ✓ Nucleocytoplasmic Nucleocytoplasmic x 1,53 x x x 

g5159_chr15_Ss 1293 430 48,247 SP, Single., EE 200 dai, UF ✓ Cell wall Cell wall x 0,23 ✓ ✓ ✓ 

g6610_chr24_Ss 624 207 21,596 SP, Single., EE 200 dai, UF x Aggregates Cytoplasm x 0,48 x x ✓ 

* All genes are induced during host interaction. bp: base pairs; aa: amino acids; dai: days after inoculation; SP: Signal peptide; PE: Prefferentially expressed; Single: S. 
scitamineum singleton; EE: exclusively expressed; UF: Unknown function; ND: non-determined. 
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APPENDIX C. Standard regression line of seven-point 10-fold serial dilution of S. scitamineum 
Ssc39 DNA. Threshold cycles (Ct) were plotted against DNA concentration of standard curves of known 
concentrations. 

 

 

 

APPENDIX D. Dissociation curve generated by RT-qPCR reactions for endogenous controls and 
target genes. Single peaks represent high quality primers. 
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APPENDIX E. Primer designed for S. scitamineum candidate effector gene expression analysis. 

 

Gene ID Forward sequence (5’ - 3’) Reverse sequence (5’ - 3’) 

g2_chr01_Ss CGTCACAACGGCGAGGACTG AGCCAAGTCGGAAGCGGAAA 

g1052_chr02_Ss GAGGCTTCAAAACGGCTGTC CCCAGTAATCCCAACCGCAA 

g1084_chr02_Ss GCTACATCGGGACATACGGGT GCGGGCAAGTGAATCATACG 

g1513_chr03_Ss GGTTCTCCAGCAGGAATCGC TACCGCTGAGTGCATTGGGA 

g2666_chr06_Ss TCTCTCCTTGCTTATCGGTGCT TCCCTGCCATCATTTCCTTCT 

g3890_chr10_Ss CAAGGCTAAGCCGGTTTACGA TGATGCCCACAGTCTTGCGA 

g3970_chr10_Ss GCCGGAGGGATACGACAACA TCCTTCTCCTGCTCCTTGCG 

g4549_chr12_Ss AAACCGCAATGAGGTGGCTAT GGGTCCTGAGGTGACTTAGATGG 

g4554_chr12_Ss CGTCGTTCGTGCTGATTACCT GACCACAAAGTTGCTGCCGT 

g5159_chr15_Ss CTCATCGGCAAGCACTCCA GTTCAAAAGCGGCGTAGGTC 

g6610_chr24_Ss CGACGAGTCTGGCTCTCATTC GGTGGCATCATCGCTTGTG 

g1237_chr02_Ss CAGTGTGACATTCCTCCTCGTG CCTCGGTGAACTCCATCTCG 

 

APPENDIX F. Primers for effector cloning into Gateway system 

 

Effector gene Forward primer (ΔSP) Reverse primer (Δstop) 

g2_chr01_Ss 
AGCAGGCTTCACCATGCTGCAGTGCAG

CCTGTCGAC 

GAAAGCTGGGTCCTTCAAAGCGGCCTG

GTAAAGGA 

g1052_chr02_Ss 
AGCAGGCTTCACCATGTCTGCCAACTG

GCTTCAAGG 

GAAAGCTGGGTCCTCCCACAGATAAGC

CG 

g1084_chr02_Ss 
AGCAGGCTTCACCATGGGATTCTGGGA

GCAGCTCG 

GAAAGCTGGGTCGACCTTCAAAGGCGT

GATGG 

g1513_chr03_Ss 
AGCAGGCTTCACCATGCGAGTCATCGA

CAAGCTCT 

GAAAGCTGGGTCAGGCAGTATCTCAGG

CTTGA 

g2666_chr06_Ss 
AGCAGGCTTCACCATGAATAACGTGCC

ACCGGCC 

GAAAGCTGGGTCCTGCAAACGACGCTG

TATGC 

g3890_chr10_Ss 
AGCAGGCTTCACCATGACGATCGGCCG

TGCGGGT 

GAAAGCTGGGTCGTTGCCACCCTTGGG

CTTC 

g3970_chr10_Ss 
AGCAGGCTTCACCATGACCCCCGCCAT

GGCCAACA 

GAAAGCTGGGTCCTGCAAGTAGTCCTC

CTGCT 

g4255_chr11_Ss 
AGCAGGCTTCACCATGTGCTGTCTGGT

CTCTGCC 

GAAAGCTGGGTCTCGTGGCATTCTTTG

AAGC 

g4549_chr12_Ss 
AGCAGGCTTCACCATGGACGGTCTAGT

CAGCTTG 

GAAAGCTGGGTCATTGTTGATCAAGA

TGGGGTCC 

g4554_chr12_Ss 
AGCAGGCTTCACCATGGATTACCTCGA

AGGAG 

GAAAGCTGGGTCGATCTCGACCGGATC

AGC 
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g5159_chr15_Ss 
AGCAGGCTTCACCATGTTCCACGGGGA

CAAAGC 

GAAAGCTGGGTCGACGTGGATGTGTCC

TGC 

g6610_chr24_Ss 
AGCAGGCTTCACCATGGGGCTGGCATC

GCCCTT 

GAAAGCTGGGTCTGCGAATCTCGATCC

GTGGG 

attB site 
GGGGACAAGTTTGTACAAAAAAGCAG

GCT 

GGGGACCACTTTGTACAAGAAAGCTGG

GT 

■ attB sites          ■ Kozak site          ■ Artificial methionine codon          ■ Effector sequence 

 

APPENDIX G. Vector list used in this work 

 

Vector name Description Source or reference 

pDONR221 Gateway donor vector Thermo Fisher Scientific 

pSITE_3NB 
Gateway binary vector for N-terminal YFP 

fusions 
Chakrabarty et al. 2007 

pSITE_4NA 
Gateway binary vector for N-terminal RFP 

fusions 
Chakrabarty et al. 2007 

SPDK1677 
Gateway binary vector for C-terminal Citrine 

fusions 

Provided by Dr. S. Dinesh-

Kumar (UC Davis) 
 

HC-Pro Potyvirus RNA silicing suppressor - 

mCherry 

plasmodesmata marker 
Plasmodesmata localized mCherry Nelson et al. 2007 

mCherry 

mitochondrion marker 
Mitochondria localized mCherry Nelson et al. 2007 

mCherry endoplasmic 

reticulum marker 
Endoplasmic reticulum localized mCherry Nelson et al. 2007 

mCherry peroxisome 

marker 
Peroxisome localized mCherry Nelson et al. 2007 

mCherry golgi marker Golgi localized mCherry Nelson et al. 2007 

mCherry plasma 

membrane marker 
Plasma membrane localized mCherry Nelson et al. 2007 
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APPENDIX H. Amplification plot showing IAC66-6 meristematic tissue at whip base (blue arrow); 
and IAC66-6 and SP80-3280 meristems from inoculated plants where no whips were produced (black arrows, 
respectively). 
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APPENDIX I. Hypersensitivity Response assay. The assay was conducted by the inoculation of Pst 
DC3000 over S. scitamineum candidate effector proteins expressed by agroinfiltration. 

 

 

 

 


