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Highlight 9 

The grapevine rust fungus Neophysopella tropicalis deploys effectors whose expression aligns 10 
with early infection and immune suppression, revealing key virulence mechanisms and guiding 11 
effector-informed strategies for grapevine rust resistance. 12 

Abstract 13 

Germination of urediniospores represents a critical early stage in the life cycle of Neophysopella 14 
tropicalis, the causal agent of Asian grapevine leaf rust in Brazil. Rust fungi deploy diverse 15 
effector proteins to manipulate host immunity and establish infection. This study identified and 16 
functionally characterized secreted proteins expressed during early fungal development using 17 
RNA-seq analysis of in-vitro-germinated urediniospores. Effectorome analysis revealed 386 18 
putative secreted proteins with hallmarks of fungal effectors, designated as N. tropicalis effector 19 
candidates (NtECs). Fifteen highly expressed NtECs were selected for expression profiling by 20 
RT-qPCR across infection stages. Fluorescence microscopy with WGA-FITC staining defined 21 
key phases of pathogenesis. Although identified during germination, seven NtECs showed 22 
elevated transcript accumulation during the penetration and early biotrophic phases, suggesting 23 
roles in host entry and establishment. To evaluate immune-suppressing activity, nine NtECs were 24 
delivered into Nicotiana benthamiana using the Type III Secretion System of Pseudomonas 25 
fluorescens EtHAn. Three effectors (NtEC-05, -09, and -10) strongly suppressed AvrB-triggered 26 
cell death, and three others (NtEC-11, -12, and -13) showed moderate suppression. This work 27 
provides the first characterization of N. tropicalis effectors, offering insights into rust 28 
pathogenesis and supporting future effector-informed strategies for grapevine resistance. 29 
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Introduction 32 

Grapevine (Vitis spp.) ranks among the world’s most important fruit crops and, in recent years, 33 

has gained increasing prominence in Brazil (de Oliveira et al., 2020). For fresh fruit 34 

consumption, the American Vitis labrusca cultivars predominate in Brazilian vineyards, mainly 35 

due to their vegetative traits well adapted to the country’s environmental conditions (Santos et 36 

al., 2020a; da Silva et al., 2022). However, maintaining this crop requires significant investment 37 

in integrated disease management combining cultural and chemical control (Gramaje et al., 38 

2018). The problem is especially acute for V. labrusca, which is vulnerable to a wide range of 39 

filamentous plant pathogens (Primiano et al., 2017; Santos et al., 2020b). Among these, 40 

Neophysopella tropicalis, the causal agent of Asian grapevine leaf rust (AGLR), stands out as 41 

one of the most destructive threats to the crop (Rasera et al., 2023). AGLR was initially 42 

attributed to species within the genus Phakopsora, but has since been reassigned to the genus 43 

Neophysopella based on morphological and phylogenetic analyses (Ji et al., 2019).  44 

A survey of Brazilian Neophysopella isolates associated with AGLR revealed that all 50 45 

monouredinial cultures from the south-central region were identified as N. tropicalis, whereas six 46 

isolates from the northeast were classified as Neophysopella meliosmae-myrianthae (Santos et 47 

al., 2020a). Therefore, N. tropicalis is the predominant causal agent of AGLR in Brazil and the 48 

sole species found in the southern and southeastern regions, which together account for 75% of 49 

the nation’s grape production (IBGE, 2024). Despite its high prevalence and destructive 50 

potential, the molecular basis of N. tropicalis virulence remains unexplored, particularly the 51 

effector proteins deployed during early infection stages that may suppress host immunity and 52 

facilitate colonization. 53 

A hallmark of rust fungi is their large secretome, encompassing hundreds of predicted genes 54 

encoding secreted proteins, including effectors relevant to establishing infection and 55 

manipulation of the host immunity and physiology (Lorrain et al., 2019; Figueroa et al., 2021). In 56 

N. tropicalis, urediniospore germination represents the initial and critical step in pathogenesis, 57 

marking the onset of infection. Understanding the molecular events occurring during this stage is 58 

thus essential to elucidate how filamentous pathogens penetrate and colonize their hosts (Shen et 59 

al., 2017; He et al., 2020). 60 
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To investigate these early infection processes, germinating structures from obligate biotrophic 61 

pathogens grown in vitro provide valuable material for RNA sequencing (RNA-seq) studies, 62 

particularly when public reference genomes are unavailable. This approach allows isolation of 63 

pathogen RNA free from plant biomass. Moreover, candidate effector genes identified from 64 

cDNA libraries constructed from germinating urediniospores frequently exhibit transcript 65 

accumulation in planta between 24 and 72 hours post-inoculation (Maia et al., 2017), confirming 66 

that germlings serve as a valuable biological source for identifying effectors induced during plant 67 

infection. 68 

In this study, we developed a robust RNA-seq strategy using germinating urediniospores of N. 69 

tropicalis to identify candidate effector genes expressed at early infection stages and functionally 70 

characterize their role in suppressing plant immunity. Our objectives include (i) pinpointing 71 

genes encoding secreted proteins during urediniospore germination, (ii) profiling their expression 72 

across infection stages, (iii) associating effector expression with specific pathogenesis phases, 73 

and (iv) establishing a protocol for transient expression of N. tropicalis secreted proteins in 74 

planta leaves using the Type III Secretion System of Pseudomonas fluorescens EtHAn. This 75 

comprehensive investigation fills a critical knowledge gap in N. tropicalis biology, providing 76 

novel insights into the molecular mechanisms underlying its pathogenicity and supporting future 77 

efforts to develop grapevine cultivars resistant to this destructive disease. Notably, no candidate 78 

effector sequences from N. tropicalis are currently available in GenBank or other public 79 

databases, highlighting the urgent need for genomic and transcriptomic studies to uncover its 80 

virulence factors. 81 

 82 

Material and methods 83 

Urediniospores germination 84 

Urediniospores from the single-pustule isolate Aglr64 of N. tropicallis (Jales-SP), kindly 85 

provided by the group of Professor Lilian Amorim (ESALQ-USP) and previously molecularly 86 

characterized by Santos et al. (2020a), were inoculated onto the abaxial surface of fully 87 

expanded, healthy leaves of Vitis labrusca cv. Niagara Rosada to promote multiplication under 88 

controlled growth chamber conditions, following Rasera et al. (2023). Ten days after inoculation, 89 
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leaves exhibiting a high density of sporulating pustules were harvested, and approximately two 90 

grams of fresh urediniospores were collected by gently brushing the abaxial surface of infected 91 

leaves. The urediniospores were then washed with sterile distilled water containing 0.05% Tween 92 

80 (Sigma-Aldrich), evenly distributed onto polystyrene Petri dishes with a thin film of sterile 93 

water, and incubated in darkness at 22°C. Germination was confirmed by light microscopy after 94 

16 hours of incubation. The resulting N. tropicalis germlings were collected, flash-frozen in 95 

liquid nitrogen, and stored at –80°C until total RNA extraction. 96 

RNA preparation and RNA-seq library for sequencing. Total RNA was extracted from 97 

germinated urediniospores using RNeasy Plant Mini Kit (Qiagen), according to the 98 

manufacturer’s instructions. Any contaminating of genomic DNA was eliminated from the 99 

extracted RNA using RNAse-free DNAse I, following the manufacturer’s protocol (Sigma-100 

Aldrich). RNA quality was assessed by a 2100 Bioanalyzer RNA Nano Chip (Agilent). Library 101 

construction was generated using the Illumina TruSeqTM Stranded mRNA Library Preparation 102 

Kit TruSeq (Illumina) and then paired-end sequenced on a NextSeq 500 platform (Illumina) at 103 

Functional Genomics Center, ESALQ, University of São Paulo (Piracicaba, São Paulo, Brazil).  104 

De novo transcriptome assembly and candidate effector proteins prediction 105 

FastQC v0.11.5 was applied to check the quality of the reads (Andrew, 2010). Then, we 106 

conducted the trimming and quality filtering using Cutadapt v1.18 (Martin, 2011) to remove the 107 

adapters and keep only the reads larger than 50 bp, with no “N” bases, and Phred quality score 108 

higher than 30 on average. For the assembly of the transcriptome, we used Trinity v2.14 109 

(Grabherr et al., 2011) with default parameters. The input used was the filtered FastQ files from 110 

the sequencing, biological triplicate. As this study focused on the identification of candidate 111 

effectors, we ran SignalP v4.1 (Petersen et al., 2011), TMHMM v2.0 (Krogh et al., 2001), and 112 

EffectorP v2.0 (Sperschneider et al., 2018) to predict the candidate effectors from N. tropicalis. 113 

We mapped the reads against the de novo transcriptome assembly using Hisat2 v.2.2.1 software 114 

(Kim et al., 2015) and generated a count table using the FeatureCounts from subread package 115 

v2.0.6 (Liao et al., 2014) to estimate the most expressed candidate effector genes in the 116 

germinated urediniospores from N. tropicalis. Subsequently, the final set of predicted effectors 117 

was annotated using BlastP against the nr-NCBI protein database.  118 

Selection and validation of the candidate effector genes using RT-PCR 119 
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We selected the fifteen most highly expressed candidate effector genes with complete open 120 

reading frames (ORFs) to validate the bioinformatic predictions through reverse transcription 121 

polymerase chain reaction (RT-PCR). For cDNA synthesis, 1.0�µg of total RNA extracted from 122 

germinated urediniospores of the pathogen was used as input, with the Oligo(dT)12–18 primer 123 

and the SuperScript First-Strand Synthesis System (Thermo Scientific) for RT-PCR kit. Gene-124 

specific primers were designed to amplify the ORF sequences, excluding the signal peptide, 125 

using the synthesized cDNA as a template. PCR amplification was performed using the Phusion 126 

High-Fidelity PCR Master Mix (Thermo Scientific). The resulting amplicons were subsequently 127 

used for cloning and downstream functional analyses (see section 4.7).  128 

Expression analysis of N. tropicalis candidate effector genes using RT-qPCR 129 

For RT-qPCR assays, inoculations were performed using a suspension of 1 × 10� urediniospores 130 

mL�¹, following Rasera et al. (2023). Total RNA was extracted from rust-infected grapevine 131 

leaves of V. labrusca cv. Niagara Rosada collected at 24, 48, and 72 h post inoculation (hpi) and 132 

at 7 days post inoculation (dpi), following a CTAB-based protocol (Iandolino et al., 2004). For 133 

each time point, three biological replicates, each consisting of independently infected leaves, 134 

were collected. Additionally, RNA from dormant and germinated urediniospores was isolated 135 

using the RNeasy Plant Mini Kit (Qiagen). Following DNase treatment, 1�µg of RNA from 136 

each sample was used for cDNA synthesis with the SuperScript First-Strand Synthesis System 137 

for RT-PCR (Invitrogen), using the Oligo(dT)12–18 primer in a final reaction volume of 20�µl. 138 

The quality and efficiency of cDNA synthesis were evaluated using endogenous genes from both 139 

the pathogen and the host (Supplementary Fig. S4).  140 

Relative gene expression was calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001), 141 

based on the average Ct values from three biological replicates and two technical replicates per 142 

time point. RT-qPCR reactions were carried out using the GoTaq RT-qPCR Kit (Promega) on a 143 

7300 PCR System (Applied Biosystems), with the following cycling conditions: initial 144 

denaturation at 95�°C for 2 minutes, followed by 40 cycles of 95�°C for 15 seconds and 60�°C 145 

for 60 seconds. Amplification specificity was confirmed by melting curve analysis, performed 146 

from 60 to 95�°C with a temperature increment of 1�°C every 30 seconds. 147 

Microscopy analyses of N. tropicalis infection stages 148 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2025. ; https://doi.org/10.1101/2025.10.22.683938doi: bioRxiv preprint 

https://doi.org/10.1101/2025.10.22.683938
http://creativecommons.org/licenses/by/4.0/


6 
 

Fluorescence microscopy was performed using a Leica DM4000 microscope. Fungal hyphae 149 

were visualized by staining with 20�μg/mL wheat germ agglutinin conjugated to fluorescein 150 

isothiocyanate (WGA-FITC; Sigma-Aldrich), following the protocol described by (Marrafon-151 

Silva et al., 2024). FITC fluorescence was excited at 488�nm, and emission was detected within 152 

500–550�nm range. To observe N. tropicalis infection structures, rust-inoculated grapevine 153 

leaves were collected at 24, 48, and 72 hpi, as well as at 5, 7, and 9 dpi. 154 

Cloning the N. tropicalis effector candidate genes into pEDV6 vector 155 

NtEC sequences were cloned into the pEDV6 vector (Maia et al., 2017) using the Gateway® LR 156 

Clonase™ II Enzyme Mix kit (Invitrogen), following the manufacturer’s instructions. The in-157 

frame fusion and sequence integrity of all pEDV6::NtEC constructs were verified by sequencing. 158 

Escherichia coli DH5α was used for propagation of all pEDV6::NtEC constructs. The pEDV6 159 

plasmids expressing NtECs were transferred from E. coli DH5α to P. fluorescens EtHAn by 160 

standard triparental mating, using E. coli HB101 (pRK2013) as the helper strain (Maia et al., 161 

2022). Empty pEDV6 vectors were maintained in E. coli DB3.1. Transconjugated P. fluorescens 162 

cells carrying the pEDV6::NtEC constructs were selected on solid Luria–Bertani (LB) medium 163 

supplemented with chloramphenicol (30 μg mL�¹) and gentamicin (25 μg mL�¹). 164 

Cloning the N. tropicalis effector candidate genes into pEDV6 vector 165 

To assess whether the NtECs can suppress plant immunity response, we employed an AvrB-166 

induced cell death suppression assay (Maia et al., 2022). Suspensions of P. fluorescens EtHAn 167 

carrying pVSP6::AvrB (Innes et al., 1993) and Pf EtHAn carrying pEDV6::NtECs were mixed in 168 

a 1:1 ratio to a final concentration of 2 × 10� CFU ml�¹ and co-infiltrated into leaves of 4–5-169 

week-old N. benthamiana plants using a needleless syringe. Co-infiltrations of Pf EtHAn 170 

(pVSP6::AvrB) with Pf EtHAn (pEDV6 empty vector) served as negative controls. Cell death 171 

suppression was considered to occur when an effector candidate reduced or prevented tissue 172 

collapse in at least 40% of the co-infiltrated leaves.  173 

Structural prediction of N. tropicalis effectors 174 

Three-dimensional structures of NtECs with plant immune suppression activity (excluding signal 175 

peptides) were predicted using AlphaFold v3 (Abramson et al., 2024) using default settings, 176 

selecting the top-ranked of five models (model_0.cif). High-confidence structures (pTM > 0.5) 177 
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were compared to known proteins via FoldSeek  (van Kempen et al., 2024), aligned using US-178 

align (Zhang et al., 2022), and visualized in PyMOL v3.1 (Schrödinger and DeLano, 2020). 179 

Results 180 

Urediniospore germination and de novo transcriptome assembly 181 

Fresh urediniospores of N. tropicalis  harvested from Vitis labrusca leaves (Fig. 1A), were 182 

washed and placed to germinate on polystyrene plates. After 16 hours of incubation, 88% of the 183 

urediniospores had developed long germ tubes (Fig. 1B, C). Germinated urediniospores were 184 

then collected for total RNA extraction (Supplementary Fig. S1) and subsequent RNA-seq 185 

library construction.  186 

High-throughput sequencing yielded over 90 million trimmed reads, which were assembled into 187 

contigs using the Trinity assembler. The final assembly consisted of 64,333 transcripts, of which 188 

28,968 (45.03%) exceeded 1,000 base pairs in length (Supplementary Table S1). BUSCO 189 

analysis revealed that 89.6% of the transcripts showed similarities with fungi sequences 190 

deposited in the fungi_odb10 database.  191 

Among the assembled sequences, transcripts DN4595_c0_g1_i2 and DN303_c3_g2_i3 encoded 192 

full-length open reading frames (ORFs) with strong similarity to β-tubulin. DN4595_c0_g1_i2 193 

(NtβTub1) shared 100% identity with a known N. tropicalis β-tubulin gene (GenBank accession 194 

UQJ88286.1), whereas DN303_c3_g2_i3 (NtβTub2) represents a putative novel β-tubulin gene 195 

not previously reported in this species, suggesting the existence of a second β-tubulin isoform. 196 

To assess their conservation, we aligned the deduced amino acid sequences of NtβTub1 and 197 

NtβTub2 to their respective top BLASTP hits (Supplementary Fig. S2). In addition, two other 198 

contigs, DN600_c1_g1_i2 and DN600_c1_g1_i4, encoded full-length ORFs with high similarity 199 

to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). These two sequences likely 200 

correspond to allelic variants of a single-copy gene, as they differ by only one non-synonymous 201 

substitution (Supplementary Fig. S3), consistent with reports of single-copy GAPDH genes in 202 

other filamentous fungi (Lima et al., 2009). Notably, no GAPDH sequence from N. tropicalis is 203 

currently available in the NCBI GenBank database. These full-length β-tubulin and GAPDH 204 

sequences identified here will serve as endogenous reference genes for N. tropicalis to normalize 205 

the relative expression of candidate effector genes in forthcoming experiments. 206 
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 207 

 208 

Candidate effectors identification from germinated urediniospores  209 

From those 64,333 sequences identified in the transcriptome of germinated urediniospores from 210 

N. tropicalis, 6081 (9.45%) encoding for predicted secreted proteins without transmembrane 211 

domains. Of those, 386 sequences were classified as candidate effectors using the EffectorP-2.0 212 

(P > 0.8). We selected the fifteen most expressed N. tropicalis effector candidate genes (NtECs) 213 

based on the higher number of reads mapped per transcript identified in the RNA-seq library 214 

(Table 1).  215 

Of the fifteen NtECs selected for further characterization, seven (NtEC-01, NtEC-07, NtEC-09, 216 

NtEC-11, NtEC-13, NtEC-14, and NtEC-15) showed no similarity to any sequences currently 217 

available in the NCBI non-redundant (nr) protein database, suggesting that they may represent 218 

species-specific genes unique to N. tropicalis (Table 2). Four candidates (NtEC-03, NtEC-05, 219 

NtEC-08, and NtEC-12) were homologous exclusively with sequences from rust fungi, indicating 220 

a potential specificity to the order Pucciniales. Three candidates (NtEC-02, NtEC-04, and NtEC-221 

06) showed taxonomically restricted similarity to members of the Basidiomycota phylum. 222 

Notably, NtEC-10 exhibited broader cross-phyla conservation, with significant similarity to 223 

sequences from both Basidiomycota and Ascomycota, pointing to a more evolutionarily 224 

conserved effector candidate (Table 2). 225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 
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Table 1: Fifteen Neophysopella tropicalis effector candidate genes (NtECs) selected from the 234 
germinated urediniospores transcriptome library based on their high transcript abundance (read 235 
count per contig).  236 

NtEC Contig ID ORF length Mature ORF No. of Reads Protein Size SignalP 6.0* 

NtEC-01 DN7996_c0_g1_i12 480 bp 426 bp 22,927 160 aas 0.981 

NtEC-02 DN490_c0_g1_i5 498 bp 444 bp 14,308 166 aas 0.9996 

NtEC-03 DN4194_c0_g3_i1 471 bp 402 bp 11,488 157 aas 0.9977 

NtEC-04 DN62_c0_g1_i24 681 bp 624 bp 8,101 227 aas 0.9695 

NtEC-05 DN470_c0_g1_i12 384 bp 324 bp 3,505 128 aas 0.9997 

NtEC-06 DN62_c0_g1_i8 540 bp 480 bp 2,305 180 aas 0.8636 

NtEC-07 DN2816_c0_g2_i23 531 bp 420 bp 1,287 177 aas 0.9941 

NtEC-08 DN1789_c0_g1_i7 693 bp 639 bp 1,098 231 aas 0.9997 

NtEC-09 DN8063_c0_g1_i13 474 bp 408 bp 1,066 158 aas 0.9998 

NtEC-10 DN507_c0_g1_i2 378 bp 318 bp 996 126 aas 0.9993 

NtEC-11 DN2062_c0_g1_i5 486 bp 414 bp 968 162 aas 0.9998 

NtEC-12 DN7996_c0_g1_i17 480 pb 429 bp 869 160 aas 0.9998 

NtEC-13 DN3898_c0_g1_i2 306 pb 246 bp 761 102 aas 0.9998 

NtEC-14 DN1304_c0_g1_i6 360 pb 294 bp 743 120 aas 0.9998 

NtEC-15 DN7682_c0_g3_i1 519 bp 459 bp 715 173 aas 0.9995 

*Signal peptide predicted using SignalP 6.0 (Teufel et al., 2022). 237 

Table 2: BLAST-based annotation of fifteen Neophysopella tropicalis effector candidate genes 238 
(NtECs) using the NCBI non-redundant (nr) database. 239 

NtEC 
BLASTP (top hit) 

Description Scientific name Accession E-value Taxonomy 

NtEC-01 No hit* - - - - 

NtEC-02 Hypothetical protein Puccinia triticina OAV92395.1 5,00E-75 Basidiomycota 

NtEC-03 Secreted protein Melampsora americana KAH9815948.1 4,00E-30 Pucciniales 

NtEC-04 Hypothetical protein Puccinia graminis f. sp. tritici KAA1101121.1 4,00E-123 Basidiomycota 

NtEC-05 Hypothetical protein Austropuccinia psidii MBW0508534.1 1,00E-15 Pucciniales 

NtEC-06 Hypothetical protein Puccinia graminis f. sp. tritici KAA1101121.1 4,00E-63 Basidiomycota 

NtEC-07 No hit* - - - - 

NtEC-08 Hypothetical protein Austropuccinia psidii MBW0480326.1 2,00E-90 Pucciniales 

NtEC-09 No hit* - - - - 

NtEC-10 Hypothetical protein Cronartium quercuum KAG0143304.1 8,00E-41 Basidiomycota/Ascomycota 

NtEC-11 No hit* - - - - 

NtEC-12 Hypothetical protein Austropuccinia psidii MBW0501908.1 6,00E-09 Pucciniales 

NtEC-13 No hit* - - - - 

NtEC-14 No hit* - - - - 

NtEC-15 No hit* - - - - 

*No significant similarity found 240 
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To experimentally validate the bioinformatic predictions of the fifteen N. tropicalis effector 241 

candidate sequences, we conducted reverse transcription polymerase chain reaction (RT-PCR) 242 

assays using complementary DNA (cDNA) synthesized from total RNA extracted from 243 

germinated urediniospores. Primers were designed to amplify the coding region of the mature 244 

protein, excluding the N-terminal signal peptide sequence predicted by SignalP 6.0. Fourteen of 245 

the fifteen NtECs produced amplicons of the expected size, consistent with the in silico 246 

predictions of mature ORFs (Fig. 2; Table 1). One exception was NtEC-06, which generated an 247 

amplicon of approximately 380 bp instead of the predicted 480 bp. This corresponds to an 248 

overall validation accuracy of 93.33% for our computational predictions. The fourteen 249 

successfully validated NtECs were further subjected to gene expression profiling analyses during 250 

the pre-biotrophic and biotrophic developmental stages of N. tropicalis to investigate their 251 

potential involvement in distinct phases of pathogenesis.  252 

Expression profiles of candidate Neophysopella tropicalis effectors 253 

We analyzed transcript accumulation of N. tropicalis effector candidate genes (NtECs) at distinct 254 

stages of the grapevine rust fungus life cycle. To this end, cDNA was synthesized from RNA 255 

extracted from both dormant and germinated urediniospores, as well as from infected grapevine 256 

leaves collected at 24, 48, and 72 hours post-inoculation (hpi), and 7 days post-inoculation (dpi). 257 

To verify the quality of the cDNA derived from these samples, RT-PCR was performed using 258 

primers targeting conserved fungal endogenous genes—NtβTub1 and NtβTub2 (β-tubulin), 259 

NtGAPDH (glyceraldehyde-3-phosphate dehydrogenase), and NtCytIII (cytochrome c oxidase 260 

subunit III), alongside the grapevine reference gene VvActin7 (Supplementary Fig. S4). All 261 

fourteen NtECs yielded a single amplification product in samples from urediniospores and/or 262 

germinated urediniospores. Notably, some NtECs were also amplified in infected leaf tissues, 263 

suggesting that a subset of these genes may be expressed during the biotrophic phase of infection 264 

(Supplementary Fig. S4). 265 

To further characterize their expression, we performed real-time quantitative PCR (RT-qPCR). 266 

The NtECs exhibited distinct expression patterns throughout the infection process and were 267 

classified into six groups based on their peak transcript accumulation (Fig. 3). Among them, 268 

NtEC-08 showed transcript accumulation in both dormant and germinated urediniospores (Fig. 269 

3A). NtEC-07 displayed a pronounced expression peak in germinated urediniospores and at 24 270 
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hpi, suggesting a role during the initial penetration phase (Fig. 3B). Six effector candidates 271 

(NtEC-02, -03, -10, -04, -11, and -13) were highly expressed exclusively in germinated 272 

urediniospores, indicating potential involvement in pre-biotrophic development (Fig. 3C). NtEC-273 

01 and NtEC-14 exhibited peak transcript accumulation restricted to 24 hpi, supporting their 274 

likely role in host penetration (Fig. 3D). Notably, NtEC-05 and NtEC-12 reached maximum 275 

expression at both 24 and 48 hpi, suggesting broader activity across early infection stages (Fig. 276 

3E). Finally, NtEC-09 and NtEC-15 displayed peak transcript levels at 48 hpi, possibly reflecting 277 

a role in sustaining biotrophic interaction (Fig. 3F). To corroborate the stage-specific expression 278 

of the effector candidate genes during N. tropicalis pathogenesis, we performed a microscopic 279 

time-course analysis.  280 

Microscopy analyses of the compatible Vitis labrusca–Neophysopella tropicalis interaction 281 

To visualize the grapevine rust fungus, infected host leaf samples were stained with wheat germ 282 

agglutinin (WGA) conjugated to fluorescein isothiocyanate (FITC), a lectin that binds 283 

specifically to chitin, a major component of the fungal cell wall (Marrafon-Silva et al., 2024). 284 

Microscopy analysis showed that N. tropicalis had reached the penetration stage at 24 hpi, as 285 

evidenced by the formation of elongated germ tube terminating in well-defined appressorium 286 

(Fig. 4A).  At this time point, fungal hyphae were also observed penetrating host tissue through 287 

stomatal openings (Fig. 4B). Most germ tubes had developed appressoria at 24 hpi (Fig. 4C–E), 288 

and similar infection structures remained evident at 48 hpi (Fig. 4F, G). Notably, intracellular 289 

infection hyphae were visible within host tissues at 48 hpi (Fig. 4H, I). Based on our 290 

experimental conditions, these findings suggest that N. tropicalis completes the penetration phase 291 

and transitions into the early stage of host colonization by 48 hpi.  292 

At 72 hpi, infection hyphae began proliferating within the grapevine leaf tissue, marking the 293 

onset of a well-established colonization stage (Fig. 5A–C). By 5 dpi, extensive radial growth of 294 

intercellular hyphae was observed, forming broad hyphal networks at the infection sites (Fig. 295 

5D). At this point, the coalescence of hyphal networks originating from individual urediniospores 296 

is also evident (Fig. 5E).  Based on these observations, the colonization phase of N. tropicallis 297 

was noticed as occurring between 72 hpi and 5 dpi.  298 

By 7 hpi, hyphal networks had further expanded, and both closed and partially opened uredia 299 

containing urediniospores were observed (Fig. 6A). At 9 dpi, all rust pustules exhibited fully 300 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2025. ; https://doi.org/10.1101/2025.10.22.683938doi: bioRxiv preprint 

https://doi.org/10.1101/2025.10.22.683938
http://creativecommons.org/licenses/by/4.0/


12 
 

mature, open uredia abundant in urediniospores (Fig. 6B, C), marking the reproductive phase of 301 

N. tropicalis. Having established a clear timeline for each infection stage, from penetration (24–302 

48 hpi), through colonization (72 hpi to 5 dpi), and up to reproduction (7–9 dpi), we can now 303 

correlate these developmental phases with the transcript accumulation profiles of individual 304 

NtEC genes. The next step is to functionally characterize these candidates to identify those that 305 

act as bona fide effectors.  306 

Neophysopella tropicalis effectors with plant immunity-suppressing activity 307 

To overcome the challenges of functional characterization in obligate biotrophic fungi such as 308 

rust pathogens, we employed a Type III Secretion System (T3SS)-mediated delivery method 309 

using Pseudomonas fluorescens EtHAn. This approach enabled us to individually test the ability 310 

of NtECs to suppress plant immune response. Specifically, we tested their capacity to inhibit 311 

AvrB-triggered cell death in Nicotiana benthamiana leaves (Maia et al., 2022). 312 

Nine NtEC coding sequences (NtEC-03, -05, -09, -10, -11, -12, -13, -14 and -15) , excluding 313 

their predicted native signal peptides, were cloned into the pEDV6 vector, and each 314 

pEDV6::NtEC construct was mobilized into Pseudomonas fluorescens EtHAn for in planta 315 

delivery. Six of the nine candidates tested were able to suppress AvrB-induced cell death (Fig. 316 

7A). Among these, three effectors (NtEC-05, NtEC-09, and NtEC-10) exhibited moderately high 317 

suppression activity, with consistent suppression frequencies ranging from 53% to 66% across 318 

three independent experiments (Fig. 7B; Table S4).  In addition, three effectors (NtEC-11, NtEC-319 

12, and NtEC-13) showed moderate suppression activity, ranging from 40% to 46% (Fig. 7B; 320 

Table S4). The remaining candidates (NtEC-03, NtEC-14, and NtEC-15) displayed suppression 321 

levels below 30% and were therefore considered to lack cell death suppression activity in our 322 

assay (Supplementary Fig. S5).  323 

Furthermore, the three-dimensional structures of the six cell death-suppressing NtECs were 324 

predicted using AlphaFold v3 (Abramson et al., 2024). Low-confidence predictions (pTM < 0.5) 325 

were obtained for NtEC-05, NtEC-09, NtEC-11, and NtEC-13 (Fig. 7C), while NtEC-10 and 326 

NtEC-12 yielded high-confidence models (pTM > 0.5). Notably, NtEC-10 exhibited both high 327 

structural similarity and significant sequence identity with a predicted glycan-binding protein 328 

Y3-like domain-containing protein from Phakopsora pachyrhizi (UniProt ID: A0A0S1MKU5) 329 

(Supplementary Fig. S6). Together, these results highlight a subset of N. tropicalis effectors with 330 
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potential roles in host immunity suppression and offer initial structural insights to guide future 331 

functional studies. 332 

Discussion  333 

To our knowledge, this is the first transcriptome analysis of N. tropicalis. We focused on the 334 

urediniospore germination stage because it represents a key moment when the fungus initiates 335 

the infection process (Shen et al., 2017; Lorrain et al., 2019). By examining this stage, we 336 

identified candidate effector proteins that are likely important for the establishment of infection 337 

and colonization of host tissue. From more than 64,000 assembled transcripts, we predicted 386 338 

secreted proteins with features typical of fungal effectors. This dataset considerably expands our 339 

understanding of the N. tropicalis secretome and provides a collection of high-confidence 340 

effector candidates suitable for functional assays to identify bona fide effectors with immune-341 

suppressing activity and broader relevance to grapevine–rust interactions. 342 

In addition to identifying secreted protein genes, our transcriptome assembly revealed full-length 343 

ORFs for a second β-tubulin gene (NtβTub2), not previously reported in N. tropicalis, as well as 344 

for a glyceraldehyde-3-phosphate dehydrogenase (NtGAPDH) gene. The availability of the 345 

complete β-tubulin sequence is particularly relevant because this gene is a well-known target of 346 

benzimidazole fungicides, and access to its full coding region will allow monitoring of mutations 347 

associated with fungicide resistance (Zhao et al., 2014). Beyond this applied relevance, both β-348 

tubulin and GAPDH also serve as reliable endogenous reference genes, making them useful for 349 

accurate normalization in RT-qPCR expression studies.  350 

From the 386 N. tropicalis candidate effectors (NtECs), we selected fifteen highly expressed in 351 

germlings and experimentally validated fourteen by RT-PCR. These were further characterized 352 

by their expression patterns at different stages of N. tropicalis pathogenesis using RT-qPCR. The 353 

results revealed diverse temporal expression profiles, suggesting functional differentiation within 354 

the effector repertoire (Jaswal et al., 2021). Eight NtECs (e.g., NtEC-02, -03, -04, -07, -08, -10, -355 

11, -13) were preferentially expressed in germinated urediniospores, pointing to roles in pre-356 

biotrophic development and preparation for host entry. Others, such as NtEC-01 and NtEC-14, 357 

showed peak expression exclusively at 24 hpi, consistent with a function in penetration and 358 

appressorium-associated processes. NtEC-05 and NtEC-12 displayed sustained expression across 359 

early stages, suggesting functions that extend from penetration through the initial establishment 360 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2025. ; https://doi.org/10.1101/2025.10.22.683938doi: bioRxiv preprint 

https://doi.org/10.1101/2025.10.22.683938
http://creativecommons.org/licenses/by/4.0/


14 
 

of biotrophy. Finally, NtEC-09 and NtEC-15 reached maximal expression at 48 hpi, indicating a 361 

role in sustaining the early stage of colonization. To further support these temporal expression 362 

patterns, we coupled gene expression profiling with WGA-FITC staining microscopy (Marrafon-363 

Silva et al., 2024). 364 

At 24 hpi, N. tropicalis had developed fully differentiated appressoria with clear septation and 365 

initiated host penetration, corresponding tightly with the peak expression of five NtEC genes 366 

(NtEC-01, -05, -07, -12, -14). Microscopy revealed that appressoria frequently formed directly 367 

above stomatal openings, suggesting that N. tropicalis may exploit these natural openings in 368 

grapevine leaves as entry points into host tissues. Stomata, however, are not merely passive entry 369 

sites but function as dynamic immune structures capable of perceiving microbial signals and 370 

activating defense responses (Melotto et al., 2024). Guard cells recognize fungal cell-wall-371 

derived chitin via the CERK1 receptor complex, triggering calcium influx, activation of S-type 372 

anion channels, and rapid stomatal closure to restrict pathogen ingress (Ye et al., 2020). Some 373 

fungi, however, circumvent stomatal immunity by converting chitin to chitosan oligosaccharides 374 

or secreting effectors that interfere with guard-cell signaling, thereby preventing closure or 375 

inducing guard-cell death. The high expression of these five NtECs during penetration suggests 376 

that they may contribute to the suppression of guard-cell–mediated defenses or alteration of 377 

stomatal signaling pathways, facilitating N. tropicalis entry through these openings. By 378 

interfering with stomatal immunity at this early stage, N. tropicalis likely achieves efficient 379 

penetration while minimizing host recognition and the energetic cost of direct cuticle 380 

degradation. Following successful entry, infection progressed rapidly: by 48 hpi, small infection 381 

hyphae were visible, marking the transition from penetration to early colonization and coinciding 382 

with maximal expression of NtEC-09 and NtEC-15. These findings demonstrate that germinated 383 

urediniospores produced in vitro represent a valuable biological source for identifying N. 384 

tropicalis candidate effector genes expressed during the initial stages of infection.  385 

Although no candidate effector was preferentially induced at later stages, WGA-FITC staining 386 

revealed that between 72 hpi and 5 dai, the fungus entered an active colonization phase 387 

characterized by extensive proliferation of infection hyphae within host tissues. By 7–9 dai, 388 

fungal growth was widespread, with expanding hyphal networks giving rise to rust pustules 389 

containing uredia. Together, these histological observations offer an unprecedented timeline 390 
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reported so far of the N. tropicalis–V. labrusca compatible interaction and establish a clear 391 

framework for interpreting candidate effector gene expression profiles in the context of fungal 392 

development.  393 

A significant advance of this study was the functional analysis of NtEC proteins, where we tested 394 

their ability to suppress AvrB-induced cell death in N. benthamiana leaves using P. fluorescens 395 

EtHAn-adapted effector detector vector system (Maia et al., 2022). Six effectors (NtEC-05, -09, -396 

10, -11, -12, -13) successfully suppressed AvrB-triggered cell death, with NtEC-05, NtEC-09, 397 

and NtEC-10 displaying the strongest activity. NtEC-05 appears to be specific to the order 398 

Pucciniales, NtEC-10 is broadly conserved across Basidiomycota and Ascomycota, and NtEC-09 399 

showed no homologs, suggesting that it may be unique to N. tropicalis. The capacity of 400 

numerous NtECs to suppress effector-triggered immunity supports the idea that N. tropicalis 401 

deploys a redundant and multilayered effector repertoire to ensure successful infection. These 402 

findings parallel functional studies in Phakopsora pachyrhizi, Hemileia vastatrix, and 403 

Sporisorium scitamineum, where bacterial Type Three Secretion System-based delivery systems 404 

have uncovered effectors that modulate cell death responses, underscoring the value of surrogate 405 

approaches for investigating obligate biotrophs (Qi et al., 2016; Maia et al., 2017; Teixeira-Silva 406 

et al., 2020; Maia et al., 2022).  407 

Structural predictions generated by AlphaFold v3 provide preliminary clues into N. tropicalis 408 

effector architecture. Although some models (NtEC-05, -09, -11, -13) yielded low-confidence 409 

outputs, NtEC-10 and NtEC-12 produced robust 3D predictions. Notably, NtEC-10 exhibited 410 

strong similarity to a glycan-binding protein domain predicted in P. pachyrhizi, suggesting a 411 

conserved biochemical role possibly linked to host cell wall interactions (Tanaka and Kahmann, 412 

2021). These predicted folds also offer a basis for comparative analyses with effectors from other 413 

rust fungi, enabling the identification of conserved structural motifs or domains associated with 414 

immune suppression (Le Naour-Vernet et al., 2025).  415 

Overall, this work provides a first step toward integrating effector biology into breeding for rust 416 

resistance in grapevine, extending strategies that have proven effective against other viticultural 417 

diseases (Paineau et al., 2025). The N. tropicalis effectors identified here could serve as 418 

molecular probes to screen grapevine germplasm for recognition-based resistance, accelerating 419 

the development of effector-assisted breeding programs. Cross-species comparisons of effector 420 
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repertoires may further reveal conserved virulence determinants that could act as durable 421 

resistance targets. As for future studies, the directions could be: (i) identifying the host targets of 422 

NtECs to elucidate their molecular mechanisms, (ii) validating their functions directly in 423 

grapevine through transient expression assays, and (iii) expanding genomic resources for N. 424 

tropicalis to contextualize effector evolution better. Collectively, these efforts will deepen 425 

knowledge of grapevine–rust interactions and advance the development of sustainable control 426 

strategies. 427 
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Figures & Legends 551 

 552 

 553 

Fig. 1: Asian grapevine rust fungus Neophysopella tropicalis. (A) Uredinial pustules of N. 554 
tropicalis isolate Aglr64 developing on the abaxial surface of Vitis labrusca cv. Niagara Rosada 555 
leaves. (B)  Light microscopy image of germinated urediniospores and elongating germ tubes on 556 
polystyrene after 16 hours of incubation at 22�°C. Scale bar = 120�µm. (C) Close-up view of 557 
germ tube emergence from urediniospores on the plate surface. Scale bar = 30�µm. 558 

 559 
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 562 

Fig. 2. Amplification of fifteen Neophysopella tropicalis effector candidate genes (NtECs) from563 
germinated urediniospores by reverse transcription polymerase chain reaction (RT-PCR).564 
Agarose gel electrophoresis (1.2%) showing RT-PCR products obtained using cDNA synthesized565 
from RNA extracted from germinated urediniospores as template. Each amplicon corresponds to566 
the mature open reading frame of the respective effector candidate gene, excluding the N-567 
terminal signal peptide sequence. Lane assignments: 1: NtEC-01, 2: NtEC-02, 3: NtEC-03, 4:568 
NtEC-04, 5: NtEC-05, 6: NtEC-06, 7: NtEC-07, 8: NtEC-08, 9: NtEC-09, 10: NtEC-10, 11:569 
NtEC-11, 12: NtEC-12, 13: NtEC-13, 14: NtEC-14, 15: NtEC-15. The primer sequences are listed570 
in Table S2.  571 
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 573 

Fig. 3. Expression profiles of selected Neophysopella tropicalis effector candidate genes (NtECs) 574 
identified from the germinated urediniospore transcriptome. Transcript accumulation of NtECs 575 
was assessed by real-time quantitative PCR (RT-qPCR) in samples obtained from dormant 576 
urediniospores (U), germinated urediniospores on polystyrene plates (G), and infected Vitis 577 
labrusca cv. Nagara Rosada leaves at 24, 48, and 72 hours post-inoculation (hpi), and 7 days 578 
post-inoculation (dpi). Genes were grouped into panels (A–F) based on shared expression 579 
patterns: (A) NtEC with highest expression in dormant and germinated urediniospores; (B) NtEC 580 
with highest peaks in germinated urediniospores and at 24 hpi; (C) NtECs with peak expression 581 
exclusively in germinated urediniospores; (D) NtECs with highest expression at 24 hpi; (E) 582 
NtECs peaking at 24 and 48 hpi; (F) NtECs with peak expression at 48 hpi. Bars represent mean 583 
relative expression levels, normalized using the mean transcript accumulation of four N. 584 
tropicalis endogenous genes: β-tubulin 1 (NtβTub1), β-tubulin 2 (NtβTub2), glyceraldehyde-3-585 
phosphate dehydrogenase (NtGAPDH), and cytochrome c oxidase subunit III (NtCytIII). Error 586 
bars indicate the standard error of the mean (SEM). The primer sequences are listed in Table S3.  587 
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 590 

Fig. 4: Neophysopella tropicalis development during early phases of infection. (A-E) Penetration 591 
phase at 24 hours post-inoculation (hpi). (F-I) Transition from penetration to early colonization at 592 
48 hpi. Fully expanded leaves of Vitis labrusca cv. Niagara Rosada were inoculated with 1 x 105 593 
uredinipospores/mL. After 24 hours of incubation in a dark, humid chamber, the plants were 594 
transferred to a controlled environment with a 12 h light/12 h dark photoperiod at 25�°C. Fungal 595 
structures: urediniospores (sp), germ tubes (gt), appressoria (ap), and infection hyphae (ih) are 596 
stained green with WGA-FITC. Time points are indicated by the black lines on the left. Stomata 597 
are indicated by white arrows. 598 
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 600 

Fig. 5: Neophysopella tropicalis colonization phase of infection. (A-C) Infected leaves at 72 601 
hours post-inoculation (hpi). (D-E) Infected leaves at 5 days post-inoculation (dpi). Fully 602 
expanded leaves of Vitis labrusca cv. Niagara Rosada were inoculated with a suspension 603 
containing 1 × 10� urediniospores/mL. Following 24 hours of incubation in a dark, humid 604 
chamber, the plants were transferred to a controlled environment maintained at 25�°C with a 12-605 
hour light/12-hour dark photoperiod. Fungal structures, including urediniospores (sp), germ 606 
tubes (gt), appressoria (ap), infection hyphae (ih), and hyphal network (n), were visualized by 607 
staining with WGA-FITC, appearing green under fluorescence. A black lines on the left denote 608 
each time point.  609 
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 613 

Fig. 6: Neophysopella tropicalis reproductive phase. (A) Infected leaves at 7 days post-614 
inoculation (dpi). (B, C) Infected leaves at 9 dpi. Fully expanded leaves of Vitis labrusca cv. 615 
Niagara Rosada were inoculated with a suspension containing 1 × 10� urediniospores/mL. 616 
Following 24 hours of incubation in a dark, humid chamber, the plants were transferred to a 617 
controlled environment maintained at 25�°C with a 12-hour light/12-hour dark photoperiod. 618 
Fungal structures—including urediniospores (sp), germ tubes (gt), hyphal network (n), and 619 
uredinia (u)—were visualized by staining with WGA-FITC (green fluorescence). Time points are 620 
indicated by the black lines at the top.  621 
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 624 

Fig. 7: Neophysopella tropicalis effectors exhibiting cell death suppression activity. (A) Six 625 
effectors suppress tissue collapse associated with AvrB-induced cell death in Nicotiana 626 
benthamiana. Bacterial suspensions of Pseudomonas fluorescens EtHAn co-expressing 627 
pVSP::AvrB and the empty vector pEDV6 (AvrB + empty vector) were mixed in a 1:1 ratio to a 628 
final concentration of 2 × 10� CFU mL�¹ and used as a negative control (black dotted circle). 629 
For experimental treatments, P. fluorescens EtHAn strains expressing pVSP::AvrB were co-630 
infiltrated with strains individually expressing each candidate effector (AvrB + NtEC) under the 631 
same conditions (red dotted circle). The upper panel shows leaf images captured 72 hours post-632 
infiltration, while the lower panel displays the same leaves after ethanol bleaching to enhance 633 
visualization of cell death. (B) Histogram showing the extent of cell death suppression observed 634 
for nine different pEDV6::NtEC constructs. Suppression levels were determined based on the 635 
percentage frequency across all co-infiltrated leaves, derived from three independent 636 
experiments with ten biological replicates each (see Supplementary Table S4). Suppression 637 
levels greater than 50% (black dashed line) were categorized as moderately high, whereas levels 638 
above 40% (gray dashed line) were regarded as moderate. (C) Structural predictions of the six 639 
NtEC cell death suppressors using AlphaFold v3. Structures are color-coded based on pLDDT 640 
scores: high confidence (dark blue), medium confidence (cyan), low confidence (orange), and 641 
very low confidence (yellow). The predicted TM-score (pTM) is shown for each model.  642 

 643 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 23, 2025. ; https://doi.org/10.1101/2025.10.22.683938doi: bioRxiv preprint 

https://doi.org/10.1101/2025.10.22.683938
http://creativecommons.org/licenses/by/4.0/


27 
 

Supplementary Figures & Legends 644 

 645 

 646 

Fig. S1: Evaluation of RNA quality from germinated urediniospores of Neophysopella tropicalis. 647 
(A) Capillary electrophoresis analysis enabled visual evaluation of RNA integrity. Lane 1: RNA 648 
ladder; Lane 2: total RNA extracted from germinated urediniospores. (B) The corresponding 649 
electropherogram displays well-defined 18S and 28S rRNA peaks, indicative of high-quality 650 
RNA. The RNA Integrity Number (RIN) exceeded 8.0, confirming that the sample is of excellent 651 
quality for downstream high-throughput sequencing. 652 

 653 
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 655 

Fig. S2. Alignment of deduced amino acid sequences of two β-tubulin genes identified in the 656 
Neophysopella tropicalis transcriptome. (A) Alignment of the full-length ORF represented by 657 
contig DN4595_c0_g1_i2 (NtβTub1) with the N. tropicalis β-tubulin protein (GenBank 658 
accession: UQJ88286.1), the top BLASTP hit (E-value = 0.0). (B) Alignment of the full-length 659 
ORF represented by contig DN303_c3_g2_i3 (NtβTub2) with the Puccinia triticina β-tubulin 660 
protein (GenBank accession: OAV96674.1), the top BLASTP hit (E-value = 0.0). 661 
Alignments were generated using Clustal Omega. Markers: “*” = identical residues; “:” = 662 
conserved substitutions; “.” = semi-conserved substitutions. 663 
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 664 

Fig. S3. Alignment of the deduced amino acid sequences from two full-length ORFs, represented 665 
by contigs DN600_c1_g1_i2 and DN600_c1_g1_i4, with the glyceraldehyde-3-phosphate 666 
dehydrogenase (GAPDH) protein from Austropuccinia psidii (top BLASTP hit; accession: 667 
MBW0504733.1; E-value = 0.0). The alignment was performed using Clustal Omega. Symbols 668 
indicate: “*” = identical residues; “:” = conserved substitutions; “.” = semi-conserved 669 
substitutions. 670 
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 673 

Fig. S4. Validation of cDNA synthesis. Reverse transcription-polymerase chain reaction (RT-674 
PCR) amplification of NtEC genes was performed using cDNA synthesized from dormant (U) 675 
and germinated (G) urediniospores, as well as from infected Vitis labrusca cv. Niagara Rosada 676 
leaves collected at 24, 48, and 72 hours, and 7 days post-inoculation with Neophysopella 677 
tropicalis isolate Aglr64. The N. tropicallis endogenous genes β-tubulin 1 and 2 (NtβTub1 and 678 
NtβTub2), glyceraldehyde-3-phosphate dehydrogenase (NtGAPDH), and cytochrome c oxidase 679 
subunit III (NtCytIII) served as positive controls for fungal gene expression, while the actin 680 
(VvActin7) gene was used as a positive control for grapevine. All real-time qPCR primer sets 681 
yielded a single, specific amplification product. In a few reactions, a faint secondary band 682 
appeared, representing residual by products from the PCR mixture. 683 
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 686 

Fig. S5: NtEC-03, NtEC-14, and NtEC-015 candidate effectors do not suppress AvrB-induced 687 
cell death in Nicotiana benthamiana leaves. As a negative control (white dotted circle), 688 
Pseudomonas fluorescens EtHAn strains co-expressing pVSP::AvrB and the empty vector 689 
pEDV6 were mixed in equal proportions (1:1) to a final concentration of 2 × 10� CFU mL�¹. 690 
For the experimental setup, P. fluorescens EtHAn strains expressing pVSP::AvrB were co-691 
infiltrated with individual strains expressing each candidate effector (AvrB + NtEC) under 692 
identical conditions (black dotted circle). The top row presents leaf images taken 72 hours after 693 
infiltration, while the bottom row shows the same leaves following ethanol-based clearing to 694 
better visualize cell death symptoms. 695 
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 696 

Fig. S6: Protein structure alignment of the Neophysophella tropicalis effector NtEC-10 with its 697 
top structural match. NtEC-10 exhibited strong structural similarity to the predicted glycan-698 
binding protein Y3-like domain-containing protein from Phakopsora pachyrhizi (Uniprot ID: 699 
A0A0S1MKU5), with TM-score of 0.95520, RMSD of 0.81 Å; and 53% sequence identity. 700 
Structural visualization was carried out using PyMOL v3.1.  701 
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