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A B S T R A C T   

Spot blotch disease, caused by the fungal pathogen Bipolaris sorokiniana, poses a significant threat to global 
production particularly wheat, and barley due to substantial yield losses. Similar to many fungal pathogens, the 
infection of host plants heavily depends on the pathogen’s ability to secrete effector proteins, which manipulate 
host defenses and aid disease progression. However, a critical knowledge gap exists in the comprehensive 
identification and characterization of effector candidates (ECs) in B. sorokiniana, requiring further research ef
forts. Therefore, study aimed to systematically identify and characterize ECs in B. sorokiniana by conducting 
pathogenicity tests to confirm disease symptoms on wheat leaves, utilizing a rigorous bioinformatics approach to 
predict ECs through sequence analysis and structural similarities, and validating effector expression profiles 
during infection using RNA sequencing (RNA-Seq) and quantitative real-time polymerase chain reaction (qRT- 
PCR). Pathogenicity testing confirmed the typical symptoms of spot blotch disease upon inoculation with 
B. sorokiniana. Through bioinformatics analysis, 81 ECs were identified, showing dynamic expression patterns 
during infection stages. Among these ECs, genes such as Cocsa1|129517, Cocsa1|141231, and Cocsa1|193443 
stood out due to their different expression patterns and structural similarities, indicating their potential roles as 
effectors. This study offers new novel insights into the effector repertoire of B. sorokiniana and its implications for 
spot blotch disease management. The identified ECs present promising targets for further investigation to clarify 
their specific roles in fungal virulence and host immune modulation.   

1. Introduction 

B. sorokiniana, also known as Cochliobolus sativus in its teleomorph 
form, is significant phytopathogenic fungus that affects a wild range of 
hosts across different genera and families, causing various destructive 
diseases such as wheat root rot, crown rot, leaf spot, spot blotch, and 
black points in different cereals like wheat and barley [1–3]. The impact 
of these diseases on wheat cultivation is substantial, with common root 
rot, for example, leading to significant yield losses in various 
wheat-growing regions. For example, in Canada between 1969 and 
1971, common root rot resulted in approximately 5.7 % wheat loss, 
amounting to $42 million [4]. Similarly, crown rot caused by 
B. sorokiniana in the Pacific Northwest has been estimated to cause up to 
35 % yield loss in wheat [5]. Spot blotch is the most significant disease 
caused by B. sorokiniana, and poses a substantial threat to wheat and 
barley cultivation, particularly in warm regions, where losses can range 
from 15 % to 25 % [6]. Additionally, seed infection by B. sorokiniana can 

lead to black point disease, impacting seed quality and potentially 
contributing to root rot and seedling blight [7,8]. 

Plants have developed defense mechanisms against pathogens to 
reduce pathogen damage, but pathogens have also evolved sophisticated 
strategies to circumvent these defenses by secreting effectors and me
tabolites. These effectors fall into two main categories: the host cell 
cytosol and the apoplastic space [9,10]. While oomycetes utilize 
conserved motifs like RxLR for effector entry [11], fungal effectors 
exhibit less uniformity, although certain motifs such as Y/F/WxC have 
been identified [12]. The majority of fungal effectors lack conserved 
domains, indicating their diverse mechanisms [13,14]. Convergent 
evolution has resulted in the targeting of a common host protein 
network by effectors from various pathogens, indicating a conserved 
mechanism of effector action across different microbial kingdoms [15]. 
Moreover, effector proteins can either induce or suppress plant immune 
responses, often leading to cell death or immune activation [16,17]. 
Certain effectors are specifically recognized by plant resistance proteins, 
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termed avirulence proteins, triggering a robust immune response in the 
host plant [18]. For example, avirulence proteins like AvrPrm3 in Blu
meria graminis and Avr2 and Avr3 in Fusarium oxysporum interact with 
corresponding resistance genes, impacting disease resistance breeding 
programs [19,20]. 

Given the critical importance of effectors in the pathogenicity of 
plant pathogens like B. sorokiniana, the identification of these effectors is 
paramount for devising effective disease management strategies. 
Consequently, few studies have been conducted to gain insights into the 
repertoire of effectors utilized by B. sorokiniana. For example, Condon 
et al. (2013) conducted a comparative analysis of candidate effector- 
coding genes across five Bipolaris species, identifying 289 putative 
small-molecular-weight secreted proteins in B. sorokiniana [21]. Pathak 
et al. (2020) further delved into this area by investigating the secretome 
of 196 proteins predicted to be present in B. sorokiniana through silico 
analysis [22]. Notably, Sudhir et al. (2020) identified the ToxA gene, 
which encodes a host-selective toxin functioning as an effector, within 
B. sorokiniana, shedding light on specific effector mechanisms employed 
by this pathogen [23]. In a recent study, a putative secreted protein, 
CsSp1, was identified as being induced during the early stages of 
infection. Through genetic manipulation, CsSP1 was found to play a 
critical role in fungal growth, spore production, and pathogenicity in 
wheat. Furthermore, functional analysis revealed CsSp1’s ability to 
suppress lesion formation caused by Phytophthora capsici, suggesting its 
importance in modulating host immune responses. Intriguingly, CsSp1 
was observed to localize within both the nucleus and cytoplasm of plant 
cells, indicating its multifaceted role in host-pathogen interactions [24]. 

Despite previous research efforts, there remains a gap in effectively 
identifying effectors in B. sorokiniana using robust bioinformatics ap
proaches and experimental validation such as expression analysis. To fill 
this gap, we designed the current study to comprehensively identify 
putative effectors in B. sorokiniana and validate their expression pat
terns. Our study employed a rigorous bioinformatics pipeline to filter 
and select candidate effectors based on specific criteria, followed by 
experimental validation using RNA-Seq data and qRT-PCR analysis. 
Through this integrated approach, we obtained insightful results that 
contribute to a better understanding of effector-mediated pathogenicity 
in B. sorokiniana, thus filling a crucial gap in the existing literature. 

2. Material and methods 

2.1. Isolation and purification of B. sorokiniana 

The isolation and purification procedure of B. sorokiniana started 
with collecting leaf samples exhibiting spot blotch, sourced from Gole
stan (Table 1). These samples underwent a preliminary treatment with 1 
% sodium hypochlorite for 2–3 min. Subsequently, the treated leaf 
samples were subjected to three consecutive washes with sterile distilled 
water. The prepared samples were maintained on the moist filter paper 
at 20 ◦C. Upon the appearance of conidiophore and conidia of 
B. sorokiniana, the conidia were collected from the leaves and then 
evenly spread on a water-agar culture medium, with a composition of 
15 g of agar per liter of culture medium. Following an incubation period 
of approximately 5–8 h, germinated conidia were transferred to peptone 
sucrose agar (PSA) culture medium (Fig. 1). Notable, we previously 
confirmed that the isolate used in this study produces ToxA by using 
BsToxA specific primers, following the methodology outlined in 

McDonald et al. (2018) [25]. 

2.2. Pathogenicity test, inoculation and sampling 

The pathogenicity test was conducted by inoculating seedlings of the 
susceptible Darab 2 wheat cultivar. Darab 2, classified as Triticum aes
tivum, has been previously identified as a susceptible cultivar [26]. In 
this regard, the PSA culture medium was incubated in dark conditions at 
a temperature of 22 ◦C for 8 days. Then, the concentration of the 
resulting conidial suspension was determined using a slide hemocy
tometer and adjusted to 5 x 106 per ml amended with 0.15 % Tween 20. 
Inoculation was carried out by applying the spore suspension onto 
15-day-old plants using a hand sprayer. = Subsequently, the inoculated 
seedlings underwent 24 h of darkness in conditions of saturated hu
midity, under transparent nylon covers. This experimental setup main
tained a temperature range of 20–22 ◦C with alternating cycles of 12 h of 
light and 12 h of darkness. Leaf sampling was conducted at specific time 
points: before treatment (referred to as time 0: control) and subse
quently at 1, 2, 3, 4, 5, and 7 days post-inoculation (DPI). The collected 
leaf samples were carefully enveloped in aluminum foil, immediately 
frozen in liquid nitrogen, and then stored at − 80 ◦C for subsequent RNA 
extraction procedures. 

2.3. Starvation test 

The investigation into nutrient deprivation utilized a minimal cul
ture medium to mimic conditions similar to the pathogen’s early stages 
of attacking the plant during pathogenicity, where limited nutritional 
resources are available. To achieve this, the culture medium B5 (Gam
borg) was prepared for experimentation. For the mycelium starvation 
test, mycelia were transferred to B5 culture medium, with three distinct 
treatments: 1) absence of a nitrogen source (B5–N), 2) absence of a 
carbon source (B5–C), and 3) absence of both nitrogen and carbon 
sources (B5–N, C). 

2.4. Identification and selection of ECs 

According to the availability of the B. sorokiniana genome on JGI 
website (https://mycocosm.jgi.doe.gov/Cocsa1/Cocsa1.home.html), 
the protein sequences corresponding to the genes were acquired from 

Table 1 
Geographic information of B. sorokiniana isolates collected in golestan.  

Isolate region Location 
code 

Isolate code Latitude Longitude 

B. sorokiniana Golestan- 
Bandar-e 
Gaz 

loc2-a 90M2AB5S1 36.48911 52.77124  

Fig. 1. The conidia of B. sorokiniana transferred to PSA culture medium.  
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the aforementioned database. After data retrieval, a systematic process 
was executed to filter and select candidate genes, involving the 
following steps.  

1. Selection of proteins with a size of less than 300 amino acids.  
2. Utilization of SignalP v.3.0 [27] software (http://www.cbs.dtu. 

dk/services/SignalP-3.0/) to identify secreted proteins. This 
method relies on the integration of artificial neural networks and 
hidden Markov models (HMM) to predict cleavage sites and the 
presence or absence of peptide signals [28]. 

3. Identification and removal of proteins containing N-terminal se
quences, such as mitochondrial target peptide (mTP), chloroplast 
transition peptide (cTP) through TargetP v1.01 software (http 
://www.cbs.dtu.dk/services/TargetP-1.0/) [29].  

4. Recognition and elimination of membrane proteins using TMHMM 
v.2.0 software (http://www.cbs.dtu.dk/services/TMHMM/) [30].  

5. Employment of Big_PI (http://mendel.imp.ac.at/gpi/fungi_server. 
html) to exclude proteins attached to the cell wall. This software is 
proficient in identifying and removing proteins featuring a GPI an
chor [31].  

6. Manual selection of proteins containing 6 or more cysteine amino 
acids.  

7. Assessment of the presence or absence of the remaining proteins in 
other fungi through homology search. Subsequently, functional 
investigation of the proteins was carried out using Pfam (htt 
p://pfam.xfam.org/) and InterPro (https://www.ebi.ac.uk/int 
erpro/) software [32,33].  

8. Utilization of the EffectorP 2.0 website (http://effectorp.csiro.au/) 
to predict fungal effectors [34]. 

9. Implementation of LOCOLIZER (http://localizer.csiro.au/) to deter
mine the localization of effector proteins in plant cells [35]. 

2.5. RNA-seq data analysis 

The assessment of expression for identified ECs involved the retrieval 
and analysis of RNA-Seq data from the European Nucleotide Archive 
(ENA) accessible through the BioProject accession numbers 
PRJNA743515 (https://www.ebi.ac.uk/ena). The previous study has 
described sampling, RNA extraction, and sequencing methods [24]. 
Briefly, in this study, wheat cultivar Aikang 58, a cultivar known to be 
susceptible to B. sorokiniana, verified in previous research [3,24,36], 
was utilized as the experimental subject. Aikang 58 samples were sub
jected to infection with or without the B. sorokiniana WT strain Lankao 
9-3 at the seedling stage. The experimental conditions and procedures 
for the infection were previously reported by Kang et al. (2020) [36]. 
Specifically, clean stem bases and rootssamples were meticulously 
collected at two-time points, 5 and 15 days after inoculation for RNA 
extraction. Wheat RNA samples, each replicated twice, were subse
quently sent to Novogene (Tianjin Novogene Bioinformatic Technology 
Co., Ltd) for sequencing. 

The selected dataset underwent examination on the Galaxy website 
(https://usegalaxy.eu) [37]. Initial quality assessment of reads was 
performed using FastQC (v.0.11.8; https://www.bioinformatics.ba 
braham.ac.uk/projects/fastqc/), followed by the removal of 
low-quality bases and adapter contamination through the application of 
the Trimmomatic tool v.0.38 [38]. Trimmomatic parameters included 
the pruning of bases with a quality score < Q30 and the elimination of 
reads with lengths <50 bp. Subsequently, high-quality clean reads were 
mapped to the B. sorokiniana genome reference genome using STAR 
v2.7.10b [39]. The transcripts associated with the reference genome 
were assembled using StringTie v.2.1.1 [40]. Differential expression 
analysis on the gene read count data matrices was conducted with the 
assistance of the Python script prepDE.py. The generated matrices were 
uploaded to the IDEAMEX website [41] for analysis. DESeq2 [42] soft
ware was then employed to identify differentially expressed genes 
(DEGs), utilizing screening parameters of FDR ≤0.015, log2 fold change 

(logFC) ≥ 2, and CPM = 1. 

2.6. Primer design 

Following the identification of candidate genes, gene-specific 
primers were carefully designed to facilitate the examination of gene 
expression (Table 2). The primer design process involved the utilization 
of Oligo, Primer3 (http://primer3.ut.ee/), and IDT-OligoAnalyzer soft
wares (https://eu.idtdna.com/calc/analyzer). Subsequently, 
NCBIPrimer-BLAST software (http://www.ncbi.nlm.nih.gov/tools/prim 
er-blast/) was employed to validate the primers’ specificity. The 
designed primers exhibited a length ranging between 18 and 23 nucle
otides, with a GC percentage falling within the range of 40–60 %. 
Furthermore, the optimal length of PCR product for qRT-PCR reactions 
was stipulated to range between 150 and 200 bp. 

2.7. RNA extraction and cDNA synthesis 

RNA isolation was executed using the CTAB extraction method [43]. 
To reduce potential variability arising from inter-individual in
consistencies in gene expression, leaves from three plants were 
collected, pooled and subjected to RNA extraction for each sample. The 
concentration and purity of extracted RNA were assessed using a 
NanoDrop Spectrophotometer (NanoDrop Technologies) and agarose 
gel electrophoresis. Subsequently, the RNA samples underwent quanti
fication and the initiation of cDNA library preparation followed. In the 
context of reverse transcription quantitative polymerase chain reaction 
(RT-qPCR), the procedure commenced with the treatment of isolated 
RNA samples using DNase I enzyme to eliminate genomic DNA 
contamination. Specifically, 2 μg of total RNA was subjected to incu
bation with 1 U of DNase I (Thermo Fisher Scientific) at 37 ◦C for 30 min, 
followed by heat inactivation at 75 ◦C for 10 min. After this enzymatic 
treatment, the DNase I-treated RNA was subjected to reverse transcrip
tion using Moloney Murine Leukemia Virus Reverse Transcriptase 
(M-MLV RT). The reaction mixture, comprising 2 μg of DNase I-treated 
RNA, 200 U M-MLV RT, 500 μM dNTPs, 5 μM random hexamer primers, 
10 mM DTT, and 20 U RNase inhibitor, was incubated at 37 ◦C for 1 h, 
followed by enzyme inactivation at 70 ◦C for 15 min. 

2.8. qRT-PCR analysis 

To validate the expression profiles of selected genes, qRT-PCR was 

Table 2 
Primer information for gene expression analysis.  

Gene IDs  Primer sequence (5′–3′) TM Amplification 
length 

Cocsa1| 
117287 

F TTGGAAGAGGCACCAGAGAA 58.6 184 
R GCTTCGAGAAGTCGATGTGG 58.7 

Cocsa1| 
129976 

F CCAGAGCATCCCAAACTGTG 58 167 
R ATGCCTTTCAAGCAGGACAA 59 

Cocsa1| 
141231 

F TTGGCGATTTTGTTGACTGC 56.4 169 
R GCAAGGAGAAAAACTACGCTGA 60 

Cocsa1| 
181176 

F CTCTGGAAAGTGCCCGTATG 58.3 173 
R GCTCCCGGAAATATGGTGAA 57.7 

Cocsa1| 
125559 

F CAGCACAGGGCTCGATCA 60 181 
R TGGGAAGTTGATTCCACAGG 60 

Cocsa1| 
203267 

F AACCCCATTCACGCTCGTA 59 181 
R GCGGGTTATCACTTCTTTAGCA 58.7 

Cocsa1| 
193443 

F CCGCAGGGAGATCTGTATGA 58.7 194 
R TCTCAGCACGGCAATCTACA 59 

Cocsa1| 
131280 

F CACCGACAAGCTCCAGTGA 59.5 162 
R TTCATGGGAAGTGTCCTTGC 58.4 

Cocsa1| 
189555 

F TATTATGCCCCGAGGAGGAC 58.4 196 
R CCGACTTTCAATCTTCGCAGT 58.9 

Cocsa1| 
119439 

F GCCACCAGCATTACACATCC 59.3 179 
R CAGATTGGCAACGGCTACG 59.3 

GAPDH F GGCAACGCTTAGGAGTCAGGA 62.1 118 
R GCCTAGCCAGAAGTTCCGAGAAT 62.3  
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employed for the quantitative evaluation of candidate gene expression 
in leaf tissues across diverse time points. In this further experiment, we 
used susceptible wheat cultivar Darab 2 for the qRT-PCR validation. This 
approach aimed to verify that the identified effector candidates are not 
cultivar-specific, thereby confirming their broader applicability. The use 
of different cultivars allowed us to ensure that the observed gene 
expression profiles are consistent across susceptible wheat varieties. The 
qRT-PCR experiments were conducted in a StepOne Real-Time PCR 
system, with a final reaction volume of 15 μL. This volume encompassed 
7.5 μL of SYBR Green Master Mix (BioFACT, Korea), 2 μL of diluted 
cDNA, and 0.1 μL of each primer (10 pM), supplemented with PCR- 
grade water to reach the specified volume. The qRT-PCR protocol 
involved an initial denaturation step of 5 min at 95 ◦C, followed by 40 
cycles consisting of 10 s at 95 ◦C, 20 s at the primer-specific annealing 
temperature, and 20 s at 72 ◦C, concluding with a melting curve pro
gram. The subsequent statistical analysis of gene expression adhered to 
the 2− ΔΔCt method [44,45], employing GADPH as the internal reference 
(housekeeping) gene. 

2.9. Structural modeling of EC 

In this regard, the EC protein tertiary structures were predicted uti
lizing the Swiss model. The prediction focused on the most highly 
expressed EC members. Subsequently, the predicted EC protein tertiary 
structures underwent screening against the RCSB PDB database using 
the Dali server [46] to identify proteins with analogous folds. Hits with a 
Z-score of ≥2 were considered as having significant similarity. The 
alignment and visualization of protein tertiary structures were carried 
out using PyMol v2.5, along with the alignment plugin tool CEalign 
[47]. To explore similarities further, the TM-align method [48] was 
employed to calculate the root-mean-square deviation (RMSD) value. 
Lastly, the investigation into the general fold of confidently predicted 
protein tertiary structures was conducted using RUPEE [49,50], 
comparing them against the SCOPe v2.08 database [51]. Proteins 
identified with a knottin fold in the SCOPe database underwent assess
ment using Knotter 3D to ascertain the presence of a genuine knottin 
structure. 

3. Results 

3.1. Pathogenicity test 

The outcomes of the pathogenicity test elucidated the pathogen 
responsible for the spot blotch disease, demonstrating its capacity to 
induce characteristic symptoms. Initial symptoms appeared 48 h post- 
inoculation as localized green islands gradually turned into chlorotic 
spots. Over time, these chlorotic areas gradually expanded and dark
ened, transitioning into necrotic spots as the infection progressed. Ul
timately, seven days post-inoculation, necrotic lesions coalesced 
together, covering the majority of the leaf area and forming extended 
blotches, which constitute a signature symptom of the disease (Fig. 2). 

3.2. Identification of ECs 

To identify ECs, first, a total number of 12,250 genes was obtained 
from B. sorokiniana isolate ND90Pr genome. After the exclusion of pro
teins exceeding 300 amino acids length, a subset of 4758 proteins was 
derived. SignalP v.3.0 software facilitated the identification of 491 
secreted proteins. Through the utilization of TargetP v1.01 software, 39 
proteins characterized by an N-terminal presequence were identified 
and subsequently excluded. The application of Big-PI for the removal of 
cell wall-associated proteins resulted in the exclusion of 48 proteins. 
Employing TMHMM v.2.0 software revealed 49 membrane proteins, 
which were also excluded. Manual calculation of cysteine amino acids 
within mature proteins led to the selection of proteins containing 6 or 
more cysteine amino acids. Following preliminary analysis, a final set of 

81 secreted proteins, possessing the desired characteristics, was identi
fied (Table S1). 

3.3. Evaluation of ECs expression using RNAseq data 

Based on the findings derived from the analysis of gene expression, a 
total of 391 differentially expressed genes (DEGs) were detected, out of 
which five, including Cocsa1|166818, Cocsa1|116197, Cocsa1|182966, 

Fig. 2. The progression of disease stages and the development of burn spots 
caused by B. sorokiniana observed (from left to right) on the first, second, third, 
fourth, fifth, and seventh days after inoculation. 

Fig. 3. Heatmap illustrating the expression levels of five ECs identified as DEGs 
through RNA-Seq data analysis. 
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Cocsa1|191966, and Cocsa1|129517, were found to be among the 81 
ECs identified through the bioinformatics pipeline (Fig. 3). The tran
scriptional analysis conducted in this study revealed intricate patterns in 
gene expression across three different experimental conditions: Aikang. 
Con (pre-inoculation), Aikang.Ino.5D (post-inoculation after 5 days), 
and Aikang.Ino.15D (post-inoculation after 15 days). The transcripts 
that were identified, distinguished by their unique identifiers, displayed 
significant changes in their expression levels. Notably, Cocsa1|116197 
exhibited the highest level of expression after 5 days of inoculation, 

while Cocsa1|182966 showed the lowest expression level during the 
same time. After 15 days, all genes, except for Cocsa1|129517, 
demonstrated a decrease in their expression levels. 

3.4. Gene expression profile using qRT-PCR 

Gene expression analysis was conducted using qRT-PCR to evaluate 
five additional newly identified ECs. The analysis was performed in 
three replicates each for biological and technical purposes. The samples 

Fig. 4. Relative expression of five ECs at intervals of 1, 2, 3, 4, 5, and 7 days after inoculation with B. sorokiniana and samples subjected to the mycelium star
vation test. 
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were divided into two distinct groups for analysis (Fig. 4). The first 
group consisted of wheat leaves collected at intervals of 1, 2, 3, 4, 5, and 
7 days after inoculation with B. sorokiniana. The second group 
comprised samples subjected to the mycelium starvation test. This 
approach allowed for a comprehensive evaluation of the ECs, as it 
encompassed four different levels of analysis. However, Cocsa1|117287 
gene did not exhibit a proprietary amplification, rendering it unsuitable 
for further analysis and subsequently excluded from the study. Besides, 
Cocsa1|189555 did not indicate any expression during all time points. 

The temporal expression pattern of Cocsa1|141231 gene, among 
those evaluated, exhibited a dynamic profile. Initially, at 1 day post- 
inoculation, the expression level was relatively low. However, there 
was a noticeable increase in gene expression at 2 dpi, followed by a 
substantial increase at 3 dpi. The expression levels remained relatively 
high at 4 dpi before declining at 5 and 7 dpi. On the other hand, the 
Cocsa1|131280 gene did not show any expression at the early time 
points (1, 2, and 3 dpi), but there was a notable increase at 4 dpi, 
reaching its peak expression at 5 dpi. Subsequently, the expression levels 
returned to baseline at 7 dpi. In contrast, the Bs9 gene displayed minimal 
expression throughout the early time points (1–4 days) and exhibited a 
substantial increase at 5 dpi, followed by a slight decrease at 7 dpi. These 
observed expression dynamics suggest that Cocsa1|131280 and Cocsa1| 
193443 genes exhibit a responsive behavior during the later stages of 
infection. Notably, the analysis of these gene expressions in the RNA-Seq 
data revealed a noteworthy rise in the expression levels of Cocsa1| 
141231, Cocsa1|189555, and Cocsa1|117287 from 5 days post- 
inoculation to 15 days (Fig. 5). However, the expression of Cocsa1| 
131280 and Cocsa1|193443 did not exhibit consistent expression during 
the inoculation period. 

In further investigation, the gene expression profiles of four genes 
were assessed under varying nutrient conditions, including a rich 
nutrient source (B5), absence of nitrogen (B5–N), absence of carbon 
(B5–C), and absence of both nitrogen and carbon (B5–N,C). Cocsa1| 
141231 exhibited a significant upregulation in expression under con
ditions of nitrogen and carbon deprivation, suggesting a regulatory role 
influenced by these nutrients. Conversely, Cocsa1|189555 displayed 
heightened expression in the rich nutrient source, while experiencing 
notable downregulation in nutrient-deprived conditions, indicating a 
dependence on nitrogen and carbon availability. Cocsa1|131280 

exhibited had a low expression, particularly in the absence of both ni
trogen and carbon sources, highlighting its sensitivity to nutrient vari
ations. Cocsa1|193443 displayed relatively low expression levels across 
all conditions, with a modest increase in the absence of carbon. 

3.5. Predicted structural similarity to other effector proteins 

To understand the potential roles of ECs, we utilized the Swiss-model 
to predict their three-dimensional structures. Subsequently, we 
compared these structures with known proteins of characterized tertiary 
structures, and in certain instances, their functions, using the Dali 
server. Notably, this investigation focused particularly on the most 
abundantly expressed ECs. Interestingly, some ECs exhibited structural 
similarity to one or more ECs or Avr effector proteins from different 
plant-pathogenic fungi, whose tertiary structures have been elucidated. 
The structural examination identified a significant similarity between 
Cocsa1|129517 and AVRA6, AVRA10, and AVRA22 from Blumeria gra
minis f. sp. Hordei, with a z-score of approximately 5 and an RMSD of 
about 2.2. Additionally, a similarity was observed with an RNase-like 
effector from the fungal pathogen B. graminis, with a z-score of 4.3 
and an RMSD of 2.9. It is important to note that despite sharing similar 
topology, these proteins exhibited substantial diversity at the amino acid 
level, with a maximum sequence identity of 15 %. Cocsa1|141231 was 
also found to exhibit structural similarity to the LysM effector known as 
EXTRACELLULAR PROTEIN 6 (Ecp6) originating from Fulvia fulva, 
displaying a z-score of 18.9, RMSD of 1.58, and a notable identity per
centage of 36 %. Cocsa1|193443 was anticipated to exhibit structural 
homology with Avr3 (SIX1) sourced from Fusarium oxysporum f. sp. 
lycopersici, with a calculated z-score of 3.2 and RMSD of 4.55. Further
more, through structural analysis, it was determined that Cocsa1| 
117287 displayed a remarkable structural similarity to LECTIN-C (C- 
type lectin effectors). This was supported by a strong z-score of 5.9 and a 
RMSD of 4.1. Importantly, the alignment of their sequences unveiled a 
substantial 32 % identity, providing additional evidence for their 
structural similarity. 

4. Discussion 

The significance of B. sorokiniana in cereal cultivation, especially in 
wheat production cannot be overstated, as it is responsible for a range of 
diseases including root rot, crown rot, leaf spot, and black point [7,52, 
53]. These diseases have substantial economic implications, leading to 
significant yield losses in various wheat-growing regions [2]. Despite 
previous research efforts yielding valuable insights into putative effec
tors [22–24], proteins pivotal in the pathogenicity of plant pathogens by 
modulating host defense mechanisms, our current understanding re
mains inadequate. Hence, the adoption of robust bioinformatics meth
odologies, coupled with rigorous experimental validation, is imperative 
to achieve a comprehensive identification and characterization of ECs in 
B. sorokiniana. Therefore, we utilized an advanced and accurate sys
tematic bioinformatics pipeline to pinpoint potential ECs in 
B. sorokiniana. While several computational pipelines have been devised 
to predict fungal secretomes, including Secretool [54], Fungal Secre
tome Database (FSD) [55], FunSecKB [56], FunSecKB2 [57], and 
Aspertome [58], the pipeline by Mueller et al. (2008) offers a refined 
approach [59]VVM. Thus, we utilized the Mueller et al. (2008) pipeline 
with several modifications to augment its effectiveness in predicting 
secretory proteins in B. sorokiniana. These pipelines offer rapid pre
dictions of potential secretory proteins, providing valuable insights into 
the secretomes of various fungi. 

Based on our pipeline, a total of 81 ECs were detected, out of which 
33 were found to align with the findings reported by Pathak et al., in 
2020. It is noteworthy that our approach differed from that of Pathak 
et al. (2020) in several aspects. Specifically, while Pathak et al. relied on 
a criterion based on the presence of more than 5 cysteines, we imposed a 
more stringent threshold requiring the presence of more than 6 cysteines 

Fig. 5. Heatmap illustrating the expression levels (in RNA-Seq data) of five ECs 
evaluated by qRT-PCR. 
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in our analysis. Furthermore, Pathak et al. (2020) did not utilize the 
EffectorP 2.0 website (http://effectorp.csiro.au/) for predicting fungal 
effectors within secretory proteins, a tool that we incorporated into our 
methodology. Additionally, we employed LOCOLIZER (http://localizer. 
csiro.au/) to evaluate the localization of effector proteins, instead of 
ProtComp [60] undertaken in the study conducted by Pathak et al. 
(2020). Further investigation for the 81 ECs identified in our study 
revealed compelling findings. Through a comprehensive analysis, we 
conducted a BLASTp search against the fungi secretome database [61], 
which significantly hitted for 73 out of the 81 ECs. These hits under
scored the potential relevance of these ECs as secreted proteins within 
the fungal kingdom. Upon comparison with the predicted secretome 
from FunSecKB2, all 73 ECs that showed significant hits in the fungal 
secretome database were designated as “highly likely” secreted proteins 
with WoLF PSORT scores ranging between 17 and 27. This alignment 
between our identified ECs and the highly probable secreted proteins in 
FunSecKB2 further validates the robustness of our computational 
approach in predicting fungal secreted proteins. 

In addition to robust and accurate bioinformatic analysis, expression 
validation serves as a crucial step in confirming the findings. In our 
study, we applied two expression methods, RNA-Seq and qRT-PCR, to 
validate the results obtained through bioinformatics. Intriguingly, five 
of ECs were identified via the RNA-seq data analysis [24] as highly 
expressed genes during wheat leaf infection with B. sorokiniana. Inter
estingly, among these five ECs, Cocsa1|129517 exhibited structural 
similarity with previously identified effector proteins from B. graminis 
[19,62], a fungal pathogen known to cause powdery mildew disease in 
various cereal crops. The structural examination of B. graminis AVR 
effector proteins, including AVRA10, AVRA22, and AVRA6, show a com
mon structural scaffold shared among these effector proteins, charac
terized by two β-sheets and a central α-helix. The first β-sheet is 
composed of two or three anti-parallel β-strands, with two contributing 
to an N-terminal β-hairpin in AVRA10, AVRA22, and AVRA6, while 
another β-strand is located at the very C-terminus of these proteins. The 
second β-sheet comprises three or four antiparallel β-strands, with at 
least two packing against the α-helix to stabilize the conformation of the 
β-sheet [63]. The structural similarity of Cocsa1|129517 with B. graminis 
AVR effectors implicates its potential involvement in host-pathogen 
interactions and fungal virulence. The conserved structural features 
observed in Cocsa1|129517, including the presence of key residues such 
as the Y/F/WxC-motif [12,64], suggested a possible role in stabilizing 
the common RNase-like effector family (RALPH) fold shared by these 
effectors. In cereal powdery mildew (PM) fungi, an extreme expansion of 
an RNase-like effector family, termed RALPH, dominates the effector 
repertoire, with some members recognized as avirulence (AVR) effectors 
by cereal NLR receptors [63]. The observed structural similarity be
tween Cocsa1|129517 and an RNase-like effector from the fungal 
pathogen B. graminis provides further evidence supporting its potential 
association with the RALPH. The significant structural resemblance, as 
indicated by a z-score of 4.3 and an RMSD of 2.9, suggests a common 
structural scaffold shared between Cocsa1|129517 and the RNase-like 
effector from B. graminis. Thus, the structural comparison supports the 
notion that Cocsa1|129517 may indeed belong to the RALPH effector 
family, contributing to the understanding of its potential role in fungal 
pathogenesis and host-pathogen interactions. 

In addition to employing RNA-Seq, we complemented our study by 
evaluating gene expression using qRT-PCR, thereby enhancing the 
robustness of our findings. Through this approach, several genes 
exhibited significant responses to infection, such as Cocsa1|141231. Our 
analysis revealed a dynamic expression pattern for Cocsa1|141231, 
characterized by a gradual increase in expression from 1 to 3 days post- 
inoculation, reaching peak levels at 4 dpi before declining towards the 
later time points (5 and 7 dpi). Furthermore, structural analysis unveiled 
striking similarities between Cocsa1|141231 and the well-characterized 
effector protein Ecp6 originating from F. fulva. Turning to Ecp6, it serves 
as a pivotal chitin-binding effector in F. fulva, crucial for evading 

recognition by host immune receptors and suppressing chitin-triggered 
immune responses in tomato plants [65,66]. Ecp6 achieves this by 
sequestering chito-oligosaccharides released from fungal hyphae, 
thereby preventing their recognition by extracellular chitin-binding re
ceptors on the plant cell surface. Structural studies have elucidated the 
mechanism underlying Ecp6-mediated chitin sequestration, revealing 
intrachain dimerization of its lysin motif (LysM) domains, particularly 
domains 1 and 3, which mediate chitin binding. Additionally, LysM 
domain 2, although not directly involved in sequestration, has been 
implicated in perturbing chitin-triggered immune responses [67–69]. 
Moreover, the presence of LysM domains in Ecp6, along with its ho
mologs found throughout the fungal kingdom, underscores the funda
mental role of chitin scavenging in fungal pathogenicity [65,70]. The 
wide occurrence of LysM effectors in various fungal pathogens high
lights their significance in modulating host immune responses and 
promoting fungal infection. The proteins containing the LysM domain 
that act as virulence factors through interactions with chitin were pre
viously identified in the secretome of B. sorokiniana [71]. Interestingly, 
recent investigations by Pathack et al. (2020) identified three ECs, 
including jgi|Cocsa1|28281, jgi|Cocsa1|156991, and jgi|Cocsa1| 
141231, containing the LysM domain, with only jgi|Cocsa1|141231 
being identified in our study. Given the structural similarity observed 
between Cocsa1|141231 and Ecp6, and the established role of Ecp6 in 
fungal pathogenesis and host-pathogen interactions, it raises intriguing 
possibilities regarding Cocsa1|141231 function as a potential effector. 
Indeed, the identification of Cocsa1|141231 as a putative EC un
derscores the importance of further research to elucidate its precise role 
in fungal pathogenesis and host immune evasion mechanisms. 

Our integrated bioinformatic and expression analysis highlighted 
Cocsa1|193443 as another significant player among ECs in our study. 
This gene exhibited distinct expression dynamics during infection, 
particularly showing a responsive behavior during the later stages of the 
infection process. Notably, the analysis of these gene expressions in the 
RNA-Seq data revealed a noteworthy rise in the expression levels of 
Cocsa1|141231, Cocsa1|189555, and Cocsa1|117287 from 5 days post- 
inoculation to 15 days. Besides, structural analysis further revealed that 
Cocsa1|193443 shares homology with Avr3 (SIX1) sourced from 
F. oxysporum f. sp. lycopersici. Avr3 is a well-characterized effector 
protein that plays a pivotal role in the interaction between the fungus 
and its host plant, particularly in eliciting effector-triggered immunity 
(ETI) and disease resistance. Avr3, along with other effectors such as 
Avr1 (SIX4) and Avr2 (SIX3), is recognized by tomato immunity re
ceptors (I, I-2, and I-3, respectively), leading to the activation of ETI and 
subsequent disease resistance [20,72]. The Avr3 protein comprises 
distinct structural domains that contribute to its function in 
host-pathogen interactions. Specifically, Avr3 consists of an N-terminal 
domain (N-domain) and a C-terminal domain (C-domain), each exhib
iting unique structural features. The N-domain of Avr3 comprises an 
N-terminal α-helix followed by five β-strands, while the C-domain 
adopts a β-sandwich architecture involving seven or eight β-strands. 
Moreover, Avr3 exhibits a unique two-domain fold, representing a new 
structural class of fungal effectors termed the FOLD effectors. This 
distinctive structural arrangement is essential for the role of Avr3 in 
modulating host immune responses and promoting fungal infection. The 
functional significance of Avr3 in fungal pathogenesis and host immune 
evasion mechanisms highlights its importance as a key virulence factor 
in F. oxysporum f. sp. lycopersici [73–75]. Moreover, it is noteworthy that 
Cocsa1|193443 was also identified in a previous study by Pathack et al. 
(2020), further supporting its potential significance as an EC [22]. This 
convergence of evidence underscores the importance of further inves
tigation into Cocsa1|193443 to elucidate its precise function in fungal 
pathogenesis and host immune modulation. Understanding the role of 
Cocsa1|193443 may offer valuable insights into developing effective 
strategies for disease management and crop protection against fungal 
pathogens. 
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5. Conclusion 

In conclusion, through a combination of pathogenicity assay, bio
informatics analysis, and expression profiling, we identified a set of 81 
secreted proteins coupled with experimental validation in fungal path
ogenesis. Notably, several ECs, including Cocsa1|129517, Cocsa1| 
141231, and Cocsa1|193443, exhibited significant responses to infec
tion and demonstrated structural homology with characterized effec
tors, suggesting their potential involvement in modulating host immune 
responses. By elucidating the precise pathogenesis, we can develop 
effective control measures for disease management, ensuring sustain
able wheat production and global food security. 
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