
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Vilanova et al. BMC Genomics          (2025) 26:996 
https://doi.org/10.1186/s12864-025-12160-1

BMC Genomics

*Correspondence:
Claudia Barros Monteiro-Vitorello
cbmontei@usp.br

Full list of author information is available at the end of the article

Abstract
Background  Sporisorium scitamineum is the causal agent of sugarcane smut, affecting global sugarcane production. 
Despite advances in smut genomics, the relationships between fungal genetic diversity, host adaptation, and 
virulence remain elusive.

Methods  We applied chromosome-level genome sequencing (Oxford Nanopore and Illumina technologies) of two 
haploid strains (MAT-1 x MAT-2) per isolate and high-depth transcriptomic profiling (Illumina) during early infection (48 
hpi) of a more virulent isolate (SSC04) in resistant (SP80-3280) and susceptible (IAC66-6) sugarcane genotypes.

Results  Despite the overall genomic similarity (99.9%), we identified nine highly polymorphic genomic islands 
(HPIs). The most variant HPI harbors the mating-type loci, where dense sequence variation, intrachromosomal 
rearrangements, and inversions, potentially linked to transposable element remnants, were observed. Additionally, 
the genome-wide analysis revealed non-synonymous single-nucleotide variants (SNVs) in 160 genes, including 
those involved in vesicular trafficking and candidate-secreted effectors. Transcriptomic profiling of the more virulent 
isolated revealed host-dependent transcriptional reprogramming in response to immune and metabolic cues, driving 
distinct infection strategies: in resistant plants, the fungus upregulated genes associated with detoxification, nitrogen 
starvation responses, and cell wall-degrading enzymes, while in susceptible hosts, it induced genes related to hyphal 
growth, lipid catabolism, and the unfolded protein response. The repertoire of expressed candidate effector genes 
also varied according to host and isolate genotypes.

Conclusions  These findings uncover genomic signatures and context-dependent transcriptional regulation shaping 
the adaptive landscape of S. scitamineum virulence, identifying targets for pathogen monitoring and breeding for 
resistance.
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Background
 Ustilaginaceae fungi are primarily known for their asso-
ciation with smut diseases, affecting several host plants, 
including grasses, and dicotyledonous plants [1, 2]. The 
causal agent of sugarcane smut is the biotrophic basid-
iomycete Sporisorium scitamineum (Syd.) Piepenbr. & 
Oberw. 2002 [3]. The disease holds economic signifi-
cance, causing substantial yield losses ranging from 12 
to 75% and, in severe cases, leading to total crop failure 
[4, 5]. Fungal colonization induces the development of a 
whip-like structure in the plant’s apical and lateral meri-
stems responsible for the sporogenesis and spread of 
teliospores [6]. The disease severely stunts the affected 
plants and results in slender canes with smaller narrow 
leaves and impacts sucrose content, juice quantity and 
quality, affecting productivity [4, 7].

Genomic studies have provided insights into virulence 
factors, the influence of secondary metabolism, host-
pathogen genotypes interactions, and adaptive evolution 
of Ustilaginaceae members [5, 8–12]. For most smut spe-
cies, genome sequences are available for a limited num-
ber of strains. However, Ustilago maydis stands out as 
a model organism with extensive genomic data [13, 14], 
alongside Ustilago hordei [15], providing insights into 
genetic processes. So far, complete genome sequences of 
six S. scitamineum strains are available in the NCBI data-
base [12, 16–18], but only the genome reported by Tani-
guti et al. (2015) [17] is assembled at the chromosome 
level.

Genome rearrangement events have been reported 
in smut species both before and after speciation [9, 12, 
16]. These rearrangements are thought to play a key 
role in the evolution of mating systems, contributing to 
the transition between tetrapolar and bipolar organiza-
tions observed in different smut fungi [19–22]. Most of 
the genetic diversity of S. scitamineum was reported for 
Asian isolates, including race descriptions and patho-
genic variants [23–28]. Genetic variation was described 
for Australian isolates [29] and a few reports from Bra-
zil described pathogenic variation [30, 31]. Although not 
yet thoroughly explored, understanding the relation-
ship between fungal genetic variability and pathogenic-
ity infecting different sugarcane genotypes is critical for 
improving the selection of resistant varieties [4, 11, 32].

Previous studies have explored smut disease biol-
ogy and global gene expression, primarily focusing on 
the plant’s response to infection [17, 32–36], with a few 
exceptions focusing on analyzing the fungal transcrip-
tome through RNA-seq [17, 37]. Dual-transcriptome 
analysis often faces challenges due to sequencing depth 

limitations, as fungal gene expression is typically detected 
at lower levels when compared to host expression [38].

Here, we sequenced, assembled and compared the 
chromosome-level genomes of mating-compatible cells 
(haplotype strains MAT-1 x MAT-2) from two S. scita-
mineum isolates (SSC04 and SSC39), each representing 
distinct haplotype groups within a collection of Brazil-
ian isolates [30]. In addition, we achieved an RNA-seq 
sequencing during in planta infection with a depth of 
approximately 10 times higher than our previous works 
[39] providing the most comprehensive view of the sug-
arcane smut fungus transcriptome to date. The enhanced 
resolution revealed key differences between gene expres-
sion when a more-virulent S. scitamineum isolate 
infected resistant and susceptible host genotypes. Our 
analysis focused on identifying single nucleotide variants 
(SNVs) within strains and between isolates, character-
izing structural variants in mating-compatible cells, and 
investigating differential gene expression from RNA-seq 
of the fungus in its interaction with susceptible and resis-
tant plants.

Results
The SSC04 isolate induces a higher incidence of whip in a 
susceptible sugarcane genotype
We employed a greenhouse experiment using needle-
bud puncture as an inoculation method to test differ-
ences in virulence levels between sugarcane smut isolates 
with distinct genetic backgrounds when inoculated in 
the susceptible genotype RB925345. We quantified fun-
gal DNA by qPCR at four time points (0, 48, 72, 120  h 
after inoculation) and found no significant difference 
(p < 0.05) in the mean DNA quantities between isolates at 
any of the measured time points (Additional file 1: Fig. 
S1). Morphometric comparative analyses revealed no sig-
nificant differences in plant height, culm diameter, and 
number of tillers in plants inoculated either with SSC04 
or SSC39 isolates. Notwithstanding, the two isolates dif-
fered with respect to the occurrence of whips. SSC04 
induced whips a month earlier (~ 60 days post-inocula-
tion) and in greater abundance than those plants inocu-
lated with SSC39 (16 vs. 4 plants with whip/total plants, 
respectively) (~ 90 days post-inoculation) (Fig. 1). Based 
on whip emission, which is the most detrimental symp-
tom of smut, we classified SSC39 as a less-virulent iso-
late (LV) and SSC04 as a more-virulent isolate (MV) for 
comparative purposes. Because S. scitamineum is dikary-
otic during the infection stage, we individually sequenced 
and analyzed the haploid strains (MAT-1 and MAT-2) 
derived from the SSC04 and SSC39 teliospores to assess 
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their collinearity and similarity, with a particular focus on 
polymorphic genes and their potential role in virulence.

The genomes of SSC04 and SSC39 are highly similar and 
collinear except at the mating-type loci
We assembled three new chromosome-level genomes 
from telomere-to-telomere (T2T) (SSC04 MAT-1 x 
MAT-2 and SSC39 MAT-2) through de novo assembly 
of a combination of long Oxford Nanopore MinION 
reads and Illumina high-quality short reads and used the 
SSC39 MAT-1 v.2 as the reference genome (Material and 
Methods). BUSCO analysis assessed the completeness 
of the assemblies, with all genomes exceeding 98%. The 
mitochondrial genome assembled to one contig for each 
strain is identical. Table 1 compares the basic features of 
the genome assemblies across all strains. Genomes com-
prised approximately 20 Mb, distributed across 26 chro-
mosomes with a GC content of ~ 55% and gene density 
ranging from 331 to 334 per Mbp (Fig.  2). Assemblies 
shared more than 99.9% average nucleotide identity 
(ANI) in any pairing combinations (Additional file 2: Fig. 
S1) and were highly collinear (Additional file 2: Fig. S2−3), 
except at the mating-type loci (Additional file 2: Fig. S4A-
D). Mating-type regions diverged between MAT-1 and 
MAT-2 strains of the same isolate and between strains of 
the same mating-type from different isolates. We found 
most contigs to be telomere-to-telomere complete across 
all assemblies (Additional file 2: Fig. S5−6). The mean 
length of telomeric repeats was 26 bp, ranging from 5 bp 
to 37 bp (Additional file 3: Table S1−3).

The sequenced genomes contained relatively few 
repetitive elements, with interspersed (related to trans-
posable elements) (~ 4%) and simple repeats (short 

single-nucleotide motifs) (~ 1.6%) being the most abun-
dant classified types. Noticeably, chromosomes 24, 25 
and 26 were amongst the shortest (< 100 kbp) with a 
lower GC content (~ 50%), lower gene density (Chr24: 
251.89 per Mb, Chr25: 170.24 per Mb, Chr26: 211.75 per 
Mb) and harbored larger amounts of repetitive elements 
(Chr24: 45.68%, Chr25: 22.84%, and Chr26: 23.39%) not 
detected extensively in other chromosomes (Additional 
file 2: Fig. S7). Despite having few annotated genes, 
we consistently detected the expression of 14 putative 
genes across all our tested conditions for both isolates 
(Additional file 2: Fig. S8). Using ab initio prediction, we 
annotated approximately 6,600 protein-encoding genes, 
representing 63% of the complete genome sequence in 
length. Most of them were part of single copy ortho-
groups among the four strains (Additional file 4: Table 
S1). By functionally re-annotating the reported proteome 
of Taniguti et al. (2015) [17], we expanded the set of can-
didate secreted effector proteins (CSEPs) to ninety-five 
putative proteins (Additional file 4: Table S2).

The mating-type loci a and b were tightly linked, 
approximately 50 kbp apart, in Chromosome 2. This 
region between the two loci contains genes with specific 
functions (Additional file 4: Table S3) alongside relics 
of transposable elements (TEs) (Fig.  3A). Additionally, 
CENPB-like (Centromere Protein B-like) sequences asso-
ciated with repeats were identified, suggesting poten-
tial centromere locations. These repeated sequences 
and CENPB-like elements were scanned across all other 
chromosomes, marking potential centromere-associated 
regions (Additional file 2: Fig. S7). The loss of collinearity 
between loci a and b among strains and isolates included 
five genes adjacent to remnants of TEs (Fig.  3A). These 

Fig. 1  Analysis of whip emissions in plant population. A Average number of whips among plants inoculated with two different S. scitamineum isolates 
(statistical significance was obtained through mixed-effect ANOVA followed by Tukey’s test, asterisk represent p-value < 0.001). B Inoculated plants with 
whips according to isolate and number of days after inoculation. C Total number of whips per plant, according to the inoculated isolate. Control group 
plants did not show whips during the experimental period
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genes encode homologs of a putative N-acetyltransferase 
(g972), an uncharacterized protein (g973), a fungal-spe-
cific membrane protein (g974), a cytoskeleton assembly 
control protein (Sla2 family; g976), and the RPN5–26  S 
proteasome regulatory subunit (g977). A second inver-
sion event altered the position of genes encoding homo-
logs of an uncharacterized protein (g985) and the DNA 
replication regulator SLD2 (g986). Additionally, the CKI 
kinase gene hhp1 (g979) exhibited an inversion only in 
the LV isolate SSC39 genomes, whereas the MV isolate 
SSC04 retained a conserved orientation in both strains.

Most genes within the mating-type loci were expressed 
under in vitro and in planta (48 h post-inoculation, hpi) 

conditions by both isolates (Fig. 3B) and only the actin-
related protein 2/3 complex subunit 5 (g983) was dif-
ferentially regulated. However, on the resistant cultivar, 
SSC04 MAT-1 expressed only the first copy of the mat-
ing pheromone g988.1 but not the second g988.2 (Fig. 3). 
The latter lacks the cysteine in the canonical Cys–A-A-
X sequence (where A represents aliphatic amino acids 
and X any amino acid) but has an upstream phero-
mone response element (PRE) sequence (sequences in 
Additional file 5: Fig. S1). By contrast, SSC04 MAT-2 
expressed both copies despite the absence of a canonical 
start codon (ATG) and the PRE sequence in one of the 
copies (Additional file 5: Fig. S1 & Table S1) (Fig. 3).

Using SSC39 MAT-1 v.2 as a reference, we identified 
single nucleotide variants (SNVs) in SSC04 distributed 
across chromosomes (Fig. 4). A total of 2,033 SNVs were 
identified between SSC04 and SSC39, corresponding to, 
approximately, 1 SNV per 10  kb. Bi-allelic and multi-
allelic variants, as well as multiple nucleotide polymor-
phisms (MNPs), were filtered out and corresponded 
predominantly to indels located in repetitive regions. 
The remaining 1,476 SNVs retained were categorized as 
shared by both MATs (907) or specific to a single MAT 
(569) in SSC04 and further classified based on their pres-
ence in coding (575) and non-coding regions (901) (Addi-
tional file 4: Table S4). Genetic differences were more 
pronounced between isolates (e.g., SSC04 vs. SSC39) 
than among strains of the same isolate (MAT-1 vs. MAT-
2) (Additional file 4: Table S4−5). The mating-type loci 
harbored 31.46% of all genomic SNVs (60 SNVs per 10 
kbp), approximately 60 times higher than the genome-
wide average (Fig. 4). Most SNVs within the mating-type 
loci were MAT-specific, detected between MAT-1 and 
MAT-2 strains of the same isolate (heterozygous-SNVs).

Besides these variants in the mating loci, we identified 
clusters of SNVs interspersed in various chromosomes. 
We designated these regions as ‘highly polymorphic 
islands’ (HPIs) 1–9, with HPI1 located on chromosome 
2, containing the mating loci, and HPI 2–9 distributed 
across chromosomes 4, 6, 10, 11, 16, and 19 (Fig. 4). Vari-
ants in HPIs affected over a hundred genes, either by 
directly altering their coding sequences or impacting the 
surrounding flanking regions (Additional file 4: Table S6).

The total of 575 SNVs located in coding sequences 
mapped to 258 genes, with 80 genes containing more 
than one SNV. These variants resulted in 303 non-syn-
onymous substitutions, 262 synonymous substitutions, 
and 10 additional variants classified as other types (e.g., 
splice-site or stop-gain; Fig.  5; Additional file 4: Table 
S4−5). Among the 303 non-synonymous substitutions 
identified between isolates, 160 genes carried homo-
zygous SNVs, meaning the same variant was present in 
both MAT-1 and MAT-2 nuclei of the same isolate. How-
ever, within the mating-type region, 50 SNVs across 10 

Table 1  Comparative overview of genomic features for four 
assemblies: SSC04 MAT-1, SSC04 MAT-2, SSC39 MAT-1, and 
SSC39 MAT-2. It includes metrics related to raw sequencing data 
(Nanopore and Illumina), assembly statistics (genome size, N50, 
number of contigs, GC content), and genome completeness 
(BUSCO scores in genome and proteome modes). Assemblies 
demonstrate high completeness and continuity, suitable for 
comparative genomic analyses between mating-types and 
isolates
Feature SSC04 

MAT-1
SSC04 
MAT-2

SSC39 
MAT-1

SSC39 
MAT-2

Estimated bases 
of raw Nanopore 
reads (Mb)

656.93 3,936.4 - 846.19

Estimated bases of 
raw Illumina reads 
(Mb)

1,611.4 2,647.6 1,590.4 2,043.6

Genome size (bp) 19,975,378 19,970,026 20,073,740 19,998,869
Largest contig (bp) 2,011,902 2,011,573 2,010,363 2,010,361
Illumina mean 
depth of coverage

65x 113x 71x 82x

ONT mean depth 
of coverage

19x 170x - 25x

Number of contigs 26 26 26 26
Number of mito-
chondrial contigs

1 1 1 1

Mitochondrial 
genome size (bp)

88,018 88,018 88,018 88,018

Genome N50 (bp) 870,864 884,916 876,086 864,988
GC content (%) 55.14 55.16 55.06 55.15
BUSCO complete-
ness (genome 
mode) (%)

98.4 98.4 98.4 98.3

Number of 
protein-encoding 
genes

6,659 6,677 6,693 6,680

BUSCO complete-
ness on predicted 
proteome (%)

98.2 98.1 98.2 98.2

Repeat elements 
(%)

6.06 5.74 5.75 6.13

Clustered rDNA 
copies

11 3 3 6

tRNAs 111 112 112 112
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coding sequences (g970, g971, g972, g974, g976, g982, 
g984, g985, g986, and g988) were heterozygous, exhibit-
ing sequence variation between the two nuclei of the 
same isolate. Only three other genes outside mating-loci 
exhibited heterozygous SNVs: g406, encoding a homolog 
of U. maydis UMAG_00389 (Hsk1-interacting molecule, 
Him1); g994, a homolog of the oligopeptide transporter 

4 (OPT4) (U. maydis UMAG_02387); and an aquaporin 
homolog (UMAG_10452).

A functional analysis of 160 polymorphic genes, which 
harbored homozygous SNVs leading to non-synonymous 
amino acid substitutions, revealed functions related to 
membrane trafficking, cell cycle regulation, signal trans-
duction, cell wall remodeling and stress response. Nota-
bly, these included genes involved in vesicular trafficking, 

Fig. 2  Circos plot displaying genome-wide features among the 26 chromosomes of Sporisorium scitamineum SSC04 MAT-1 genome. Track depict as 
follows: chromosomes (outermost ring), GC skew, coding sequence density on the plus strand, coding sequence density on the minus strand, genes en-
coding candidate secreted effector proteins, rDNA sequences, repetitive sequences (only DNA transposons and retroelements are shown), inner colored 
ribbons represent alignments of repetitive sequences using BLASTn (e-value < 1e-10 and identity of 95%) limited to chromosome ends (500 bp in length)
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especially related to the exocyst complex (g1974/Sec3, 
g4764/Sec6, and g5005/Sec34-like); intracellular traf-
ficking (g1876, Vps4-associated protein 1; g1877, Vps9; 
g1835, Vps16; g1888, Tgl2/syntaxin); metabolic adapta-
tion (g4284, class 3 lipase), and stress responses (g1971, 
ATR serine/threonine-protein kinase homolog; g4167, 
Mus42 homolog). Among those, the most variable were 
the Sec3 homolog (g1974) and DNA damage repair pro-
tein (g4167). We also identified various genes related to 
carbohydrate metabolism, comprising genes associated 
with galactose metabolism (g391 and g631), predicted to 
encode orthologs of a potential raffinose synthase and a 
galactose oxidase domain-containing protein, respec-
tively, fructose and mannose metabolism (g4283), and the 

regulation of 1,3-beta-glucan synthase activity (g2864). 
The full list, including the number and location of poly-
morphic sites, is provided in Additional file 4: Table S4−5.

We highlight twelve genes harboring more than four 
SNVs. This set includes eight genes encoding candidate 
secreted effectors (CSEPs): g1247, g3870, g4260, g4278 
with signal peptides and non-cytoplasmic domains; 
g5359, encoding a protein with an intrinsically disor-
dered region (Mobi DB-lite); and three others previously 
studied [40, 41], g1052, g4257, and g5159. Selected vari-
ants in these three genes were further validated by Sanger 
sequencing in a pool of over 40 isolates from Brazil and 
Argentina (Additional file 6: Fig. S1−4).

Fig. 3  Structural variation and expression profiling of mating-type genes among strains of SSC04 and SSC39 isolates. A Schematic representation of 
structural variants identified in the mating-type loci region on chromosome 2 across the four assemblies (SSC04 MAT-1 and MAT-2, SSC39 MAT-1 and MAT-
2). B Transcript counts for annotated ORFs in this region were obtained using featureCounts v1.6.0. Expression was considered detected for a gene if at 
least one count was observed in any biological replicate. A (g969) - U3 ribonucleoprotein complex (Sas10/Utp3 domain), B (g970) - B mating-type locus, 
bE allele, C (g971) - B mating-type locus, bW allele, D (g972) - N-acetyltransferase, E (g973) - Uncharacterized protein, F (g974) - Fungal-specific membrane 
protein, G (g976) - Cytoskeleton assembly control protein (Sla2 family protein), H (g977) - RPN5-26 S proteasome regulatory subunit, I (g979) - Serine/
Threonine protein kinase hhp1 (CK1 protein kinase), J (g982) - Fungal specific transcription factor domain, K (g983) - Actin-related protein 2/3 complex 
subunit 5, L (g984) - tRNA-splicing endonuclease subunit Sen15 domain-containing protein, M (g985) - Uncharacterized protein, N (g986) - DNA replica-
tion regulator SLD2, O (g988) - Chitin deacetylase, P (g988.1) - mating factor (pheromone), Q (g988.2) - mating factor (pheromone), R (g988.3) - Pheromone 
receptor, S (g988.4) - Rba protein, T (g989) - Pantoate-beta-alanine ligase (PanC superfamily), U (g990) - uncharacterized protein, V (g991) - CBP4 family 
protein, W (g988.5) - lga2, X (g988.6) - rga2

 



Page 7 of 23Vilanova et al. BMC Genomics          (2025) 26:996 

Sugarcane genotype influences fungal transcriptomes and 
uncovers adaptive pathogenic strategies
To achieve high-resolution insights into the transcrip-
tional dynamics of the more virulent isolate during 
early infection of sugarcane genotypes with contrasting 
resistance levels (smut-resistant SP8-03280 and smut-
susceptible IAC66-6), we performed high-coverage total 
RNA sequencing 48 h post-inoculation (hpi) with SSC04 
teliospores. Sequencing yielded 1,027,426,235 paired-end 
reads from inoculated plants, of which 868,330 mapped 
to the reference genome. Statistics regarding sequencing 
can be seen in Table 2.

Fungal quantification by qPCR confirmed SSC04 infec-
tion in both genotypes, revealing a statistically significant 
difference in fungal growth between them (p = 0.0392; 
Additional file 7: Fig. S1). Fungal reads accounted for 
0.1% of RNA-seq reads in the susceptible genotype and 
0.06% in the resistant genotype (Additional file 7: Table 
S1). A total of 5,391 predicted genes were expressed by 
SSC04 during plant infection, representing 81% of all 
predicted S. scitamineum genes (6,673) (Additional file 8: 
Table S1). In this context, we also performed transcrip-
tome sequencing of SSC04 cells grown under axenic 
conditions for comparative purposes. Sequencing pro-
duced 46,145,863 paired-end reads and we identified 
6,319 predicted genes during in vitro growth, represent-
ing 94% of coding sequences (Additional file 8: Table S7). 

Notably, we detected the expression of 41 CSEPs during 
biotrophic growth, representing 43.16% of our predicted 
effectorome (Additional file 7: Fig. S3−4). Among them, 
g1344, g1450, g2498, g3902, and g4839, harbored expan-
sin-like domains (Plant Cell Wall Expansin (IPR051477)/
DPBB_RlpA_EXP_N-like).

To explore differences in fungal activity between host 
genotypes, we performed differential expression analysis 
of SSC04 genes (SSC04-DEGs) (Fig. 6), comparing inocu-
lated smut-resistant vs. smut-susceptible plants. We pre-
pared two lists: one where we considered an FDR < 0.05 
and |log2FC| >1, resulting in 98 DEGs (Additional file 8: 
Table S2), and another with less stringent criteria con-
sidering p < 0.05 and |log2FC| >1, resulting in 710 DEGs 
(Fig.  6; Additional file 8: Table S3). This dual approach 
enabled the detection of potentially important genes that 
might have been missed under stricter filters, ensuring 
biologically relevant findings were preserved.

Among the induced SSC04-DEGs in the resistant geno-
type, we identified genes encoding cell wall-degrading 
enzymes (CWDEs), candidate secreted effector proteins 
(CSEPs), and biosynthetic clusters for mannosyleryth-
ritol lipids (MELs) and ustilagic acid (UA), as well as 
genes involved in xenobiotic metabolism and detoxifica-
tion (Table 3). Considering the CWDEs, we highlight an 
Egl1 homolog (g3790, endoglucanase) showing an 80-fold 
induction. Additionally, nine CSEPs were detected as 

Fig. 4  Single-nucleotide variant (SNV) density plot of both homozygous and heterozygous polymorphic sites across SSC04 MAT strains. SSC39 MAT-1 v.2 
was used as the reference genome. SNVs were identified using GATK v.4.5.0 and plotted in 10-kbp windows with CMplot v.4.5.1. The color gradient visu-
ally reflects variant density, from dark green (low density) to dark red (high density). The Highly Polymorphic Islands (HPIs 1 to 9) regions correspond to 
continuous genomic segments with a high density of adjacent single-nucleotide variants. Black downward arrows indicate subtelomeric polymorphisms
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DEGs upregulated in the resistant cultivar (Table 3). We 
also identified genes involved in the activation of nitro-
gen starvation responses, Nit2 (g5371), which showed an 
8-fold induction, and Opt2 (g5318), a peptide transporter 
upregulated 32-fold in the resistant genotype. The most 
highly induced gene (200-fold) was g3970, a CSEP pre-
viously described by Teixeira-Silva et al. (2020) [41] and 
Taniguti et al. (2015) [17].

In contrast, we emphasize the set of SSC04-DEGs 
upregulated in the susceptible genotype. Genes associ-
ated with growth and cell division, cell wall remodeling, 
and vesicle trafficking, including vacuolar sorting pro-
teins (VSPs), iron homeostasis, oxidative stress, DNA 
replication, membrane-associated components, and a 
distinct set of CSEPs, were upregulated (Table  4). The 
susceptible interaction also triggered significant activa-
tion of the unfolded protein response (UPR) pathway 
(GO:0051082, p = 0.0075). We identified highly expressed 
genes g3729, an UPR protein; g1608, a glutathione per-
oxidase; genes encoding proteins of chromatin regula-
tion, g2695 and g4330, related to histones acetylation and 
deacetylation (Table 4).

Candidate effector genes have contrasting expression 
profiles according to isolate virulence and host 
susceptibility
For comparative purposes, we analyzed the DEGs of the 
less-virulent strain SSC39 during infection of the same 
sugarcane genotypes, smut-resistant SP80-3280 and 
smut-susceptible IAC66-6, using RNA-seq data previ-
ously generated but not yet reported [39] (Additional 
file 7: Fig. S5). The SSC39 experiment yielded 47,902,014 
paired-end reads from inoculated plants, of which 99,341 
aligned to the reference genome and were included in 
this analysis (Additional file 7: Table S1). In infected tis-
sues, 52% of SSC39 genes (3,452) showed detectable 
expression, most of which (96%) were also expressed by 
the more-virulent SSC04 isolate under similar conditions 
(Additional file 8: Table S4).

Differential expression analysis revealed 22 SSC39-
DEGs (FDR < 0.05 and |log₂FC| >1) (Additional file 8: 
Table S5) and 419 SSC39-DEGs (p < 0.05 and |log₂FC| 
>1) (Additional file 8: Table S6) when comparing resis-
tant and susceptible genotypes. In this comparison, we 
focused only on candidate secreted effector proteins 
(CSEPs), identifying fourteen CSEP-DEGs in SSC39 and 
eleven in SSC04, with only three genes (g1450, g3870, 
g6107) shared between isolates but displaying opposite 
expression patterns. Among them, g3870 stands out as a 
particularly relevant effector candidate due to the pres-
ence of a non-synonymous SNV and its contrasting tran-
scriptional profile across genotypes and isolates.

Discussion
Resistance to smut is a quantitative trait with moderate 
heritability, influenced by environmental conditions and 
crop management practices, such as whether sugarcane 
is newly planted or ratooned [4, 5]. In our greenhouse 
study, using injury as the inoculation method, SSC04 
spores induced whip emergence significantly earlier than 
SSC39. Even though greenhouse conditions may not 
fully reflect genotype responses in the field, they offer 

Table 2  Comparative transcriptome profiling of Sporisorium 
scitamineum isolates SSC04 and SSC39
Features SSC041 SSC391

Total mapped paired-reads in planta 868,330 99,341*

Total mapped paired-reads in vitro 41,399,714 23,495,162**

Expressed in planta 5,391 (81%) 3,452 (52%)
Detected only in S plants 111 (1.66%) 4 (0.06%)
Detected only in R plants 18 (0.27%) 139 (2%)
Expressed in vitro 6,319 (94.74%) 6,301 (94.42%)
Detected only in vitro in SSC04 5 (0.07%) -
Detected only in vitro in SSC39 - 6 (0.09%)
Restricted to in vitro growth 529 836
1Data were analyzed independently for each isolate. Total gene annotation 
comprises 6,673 genes [17]
*Analyzed data obtained by Rody et al. (2019)
**Reanalyzed data obtained by Taniguti et al. (2015) [17]

Fig. 5  Stacked bar of genetic variation of SSC04 MAT strains. Plot showing 
the percentage distribution of genetic variants categorized as shared by 
both MAT (HOM: homozygous, n = 907) or specific to a single MAT (HET: 
heterozygous, n = 569) in SSC04 when the fungus exists in its dikaryotic 
form. The x-axis represents the variant types, while the y-axis shows the 
percentage of each variation type within the samples. Each color in the 
stacked bars corresponds to a different type of genetic variation
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Fig. 6  Volcano plot of differentially expressed genes (DEGs) in SSC04 isolate when comparing colonization of SP80-3280 resistant genotype and IAC66-6 
susceptible genotype. Red dots represent induced genes in the resistant genotype, while blue dots represent repressed genes in the resistant. Labeled 
points correspond to selected genes with the most significant expression changes
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Table 3  Functional categorization and expression levels of upregulated SSC04 genes during infection of the resistant sugarcane 
genotype
Gene ID Product Log2FC (R/S)
Cell Wall Degrading Enzymes (CWEDs)
g3790 Endoglucanase 1 (EGL1)* 6.34592
g4394 Endo-1,4-beta-xylanase Xyn11A 4.75559
g3529 Pectin lyase* 4.15459
g4463 Alpha-galactosidase 3.84324
g1655.1 Alpha-L-arabinofuranosidase I (ERC1) 4.58165
g5941 Endo-1,4-beta-xylanase b 3.54798
g2736 Ribonuclease U1* 2.09640
g141 Glucan 1,3-beta-glucosidase 1.23247
Candidate Secreted Effector Proteins (CSEPs)
g3970 RSP3 8.12969
g1513 PELE1 5.96570
g2338 PIT1 2.65485
g1777 SUC2-invertase 2.13904
g3870 Uncharacterized 1.41489
g1612 Uncharacterized 1.36606
g6107 Uncharacterized 1.34995
g6307 CMU1 1.08899
g1642 CPL1 0.77027
Ustilagic acid (UA) biosynthesis cluster
g4377 Glycosyltransferase UGT1 5.88036
g4379 ORF2 2.37989
g4380 Probable alcohol acetyltransferase ORF1 4.70479
g4381 Cytochrome P450 monooxygenase CYP1 4.12421
g4383 ABC-type transporter ATR1 1.66867
g4382 Acyltransferase UAT1 1.34499
g4384 Fatty acid synthase FAS2 2.97657
g4385 Cytochrome P450 monooxygenase CYP2 5.27931
Mannosylerythritol lipids (MELs)
g2945 Erythritol-mannosyl-transferase 1 EMT1 1.84090
g2946 Acyl-CoA-dependent acyltransferase MAC1 -
g2947 MFS-type efflux pump MMF1 1.02151
g2948 Acetyltransferase MAT1 -
Xenobiotic Metabolism
g1378 Related to TNA1 - high-affinity nicotinic acid plasma membrane permease 1.34758
g1559 Related to short-chain dehydrogenase 1.58631
g1791 Related to aminotriazole resistance protein 1.56008
g1841 Major facilitator superfamily (MFS) profile domain-containing protein 1.31837
g1945 Citrate transporter-like domain-containing protein 1.56460
g2927 ABC drug exporter AtrF 1.19145
g2947 MFS-type efflux pump MMF1 1.02151
g3013 YBT1-Vacuolar, ABC protein transporting bile acids 1.90188
g3328 Major facilitator superfamily (MFS) profile domain-containing protein 1.47902
g3346 Related to SNG1-protein involved in resistance to nitrosoguanidine and 6-azauracil 2.29307
g4240 Related to positive effector protein GCN20 1.73063
g4334 Cytochrome P450 1.23174
g5019 Putative aflatoxin efflux pump AFLT 4.11055
g5260 ABC transporter domain-containing protein 2.06738
g5863 Related to FLR1 - Putative H + antiporter involved in multidrug resistance 1.19183
g6414 Probable SNQ2 - ABC transporter involved in multidrug resistance 1.40560
*Protein-encoding genes also studied by Nalayeni et al. (2016)
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an opportunity to evaluate them comparatively in short 
periods [42]. SSC04 also induced symptoms approxi-
mately 30 days earlier than SSC39 (p < 0.001), affecting 
28% of infected stools, compared to ~ 6% of SSC39, sup-
porting its classification as a more virulent isolate [11, 
32]. Following Latiza’s (1980) [43] smut rating scale, the 
disease incidence caused by SSC04 classifies the geno-
type RB925345 as highly susceptible, contrasting with its 
previous classification as intermediately resistant when 
tested with SSC39 spores [44]. Smut-resistant plants 
respond to fungal infection and thus fungal development 

is delayed when compared to growth in smut-susceptible 
plants [45] as schematically demonstrated in Fig. 7. Host 
genotype-specific conditions, such as plant develop-
mental timing and capacity for immune responses may 
influence the underlying molecular landscape of S. scita-
mineum for infection. 

To investigate the molecular basis of our observed vari-
ation, we analyzed fungal genomic and transcriptomic 
data to propose a model in which S. scitamineum adopts 
distinct interaction strategies depending on whether the 
host genotype is resistant or susceptible.

Genomic variation signatures of more-and less-virulent 
isolates
This study represents a genome-wide assessment of 
genetic variation in S. scitamineum haploid strains (hap-
lotypes) derived of isolates with contrasting virulence 
levels. We generated chromosome-level assemblies of 
three haploid genomes (SSC04 MAT-1; SSC04 MAT-2; 
SSC39 MAT-2) and a revised version of a fourth genome 
(SSC39 MAT-1 v.2) [17] combining long- and short-read 
sequencing technologies. These assemblies revealed high 
genetic similarity (homozygosity) between strains of the 
same isolate and strains of different isolates (>99% aver-
age nucleotide identity), consistent with prior reports of 
genetic homogeneity in populations of S. scitamineum [9, 
25, 26, 30] and reflecting its predominant reproduction 
strategy [26]. The smallest chromosomes identified in our 
four assemblies shared structural features (% GC, repeti-
tive sequences, low gene density) with accessory chro-
mosomes observed in other plant-pathogenic fungi [46]. 
While accessory chromosomes are often linked to adap-
tive traits such as virulence [47], their characterization 
and functional role in S. scitamineum remains specula-
tive and warrants further investigation.

Despite this overall conservation, single nucleotide 
variations (SNVs) were identified among isolates, with 
most polymorphisms localized to non-coding regions 
(upstream/downstream of genes). Tendency for non-
coding variation may be a sign of purifying selection on 
coding regions, particularly those crucial housekeep-
ing genes [48]. Additionally, areas of the genome that 
are highly polymorphic may serve as hotspots for muta-
tion. A subset of polymorphic genes resulted in proteins 
with amino acid substitutions, including those associated 
with mating-type determination and candidate secreted 
effector proteins (CSEPs), functional categories linked to 
virulence in smut fungi [10, 37]. We also detected nine 
highly polymorphic islands (HPIs 1–9) in different chro-
mosomes comparing strains. HPI-1 encompasses the 
region containing the mating-type loci, where the accu-
mulation of polymorphisms is consistent with previously 
reported recombination suppression between these loci 
[49]. In contrast, the high density of variants observed 

Table 4  Functional categorization and expression levels of 
upregulated SSC04 genes during infection of the susceptible 
sugarcane genotype
Gene ID Product Log2FC 

(R/S)
UPR-related
g639 Pdi1 (Protein disulfide isomerase 1) 1.04483
g3729 Related to SPC3-signal peptidase subunit 3.85806
Cell-wall associated, cell-cortex growth and vesicle trafficking
g5897 Related to SPA2 protein 1.26549
g619 Related to CDC24-GTP/GDP exchange 

factor for Cdc42p
1.12074

g1850 Probable Chitin deacetylase 1.29402
g4597 F-actin 1.74618
g5512 C-terminal kinesin 5.17834
g5563 Myosin V 0.82535
g3892 Probable Chs8-Chitin Synthase 8 0.63336
g4585 Chitin Synthase 2 1.21343
g4702 Related to CHS7-control of protein export 

from the ER (Like chitin synthase III)
2.55353

Oxidative stress responses
g1608 Glutathione peroxidase 5.28040
g2735 Glutathione-S-transferase 1.90947
g4476 Probable PEX1-peroxisomal assembly 

protein-peroxin
1.83827

DNA replication, repair and chromatin regulation
g117 Related to DNA polymerase 6.12412
g2052 DNA polymerase 3.34422
g494 Related to MutS protein homolog 5 2.64399
g734 Related to RAD5-DNA helicase 2.30639
g1233 Histone acetyltransferase 1.02976
g2695 Related to histone acetyltransferase 

subunit HAT1
5.00893

g4330 Histone deacetylase 5.10873
g6310 Related to HOS3-Trichostatin A-insensi-

tive homodimeric histone deacetylase 
(HDAC)

1.13872

Candidate secreted effector proteins
g1450 Uncharacterized 0.898680
g2894 Uncharacterized 3.821870
g6254 Uncharacterized 5.071000
Iron homeostasis
g3634 L-Ornithine N5-oxygenase 4.58158
g4510 Probable glutaredoxin 2.04253
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in other chromosomal regions does not appear to cor-
respond to known compartmentalized genome segments 
in S. scitamineum [12]. These HPIs encompass differen-
tially expressed genes (DEGs) involved in DNA repair, 
lipid/nitrogen metabolism, and vesicular trafficking path-
ways, often located near polymorphic sites of non-coding 
sequences. While some overlap with DEGs, our study 
does not establish eQTLs, as expression-genotype associ-
ations at the population level were not assessed. Still, the 
localization of dense polymorphisms near functionally 
relevant genes raises important questions about the role 
of mutation and selection in shaping genome evolution in 
S. scitamineum.

The HPI-1 contains multiple polymorphisms across 
nearly all genes and intergenic regions. This pattern likely 
reflects suppressed recombination between mating loci, a 
mechanism that promotes divergence between homolo-
gous chromosomes while preserving allelic combinations 
critical for non-self-recognition [49]. Noteworthy, the 
presence of CENP-like sequences potentially marks the 
centromere linked to mating loci. The presence of cen-
tromeres between the two mating loci has been reported 
in other systems, where detailed studies have described 
the evolution of tetrapolar systems driven by centromere 
fission or translocations in centromere-flanking regions 
[20, 50–52]. The compact architecture of this region in 
S. scitamineum (50 kbp between a and b loci) contrasts 
sharply with the ~ 500 kbp TE-rich regions in Ustilago 
hordei and U. esculenta [53, 54], also with a bipolar 
mating structure, suggesting distinct evolutionary tra-
jectories. In S. scitamineum, fragmented transposable 
element (TE) relics, rather than intact LTR-type TEs, are 
interspersed among twelve predicted genes. The synteny 
breakpoint between the bipolar S. scitamineum and the 
closely related tetrapolar S. reilianum aligns precisely 
with transposable element remnants located between the 
fungal-specific transcription factor g983 and the serine/

threonine kinase gene hhp1 (g982) [17]. This spatial asso-
ciation strongly implicates TE-mediated structural rear-
rangements in driving architectural reorganization of the 
mating locus during speciation [49].

The hhp1 gene (g982) also exhibited a structural rear-
rangement: an inversion in the less-virulent isolate, 
contrasting with the conserved orientation in the more-
virulent isolate. The Hhp1 protein is a CKI kinase that 
regulates vesicular trafficking, DNA repair, and cell cycle 
progression [55, 56]. Although these and other rear-
rangements at mating loci did not significantly alter the 
expression of the affected genes under our experimental 
conditions, structural variation in mating loci is increas-
ingly recognized as related to adaptive evolution in plant 
pathogens [19]. Whether the observed inversion in hhp1 
and other intragenomic rearrangements alter expres-
sion during infection, potentially impacting host-patho-
gen interaction dynamics, remains a question for future 
investigation.

Functional annotation suggested that genes flanking 
the mating-type loci are associated with cell cycle regula-
tion and filamentous growth, both critical for fungal mat-
ing and host colonization [57, 58]. We did not identify 
DEGs among most of these genes, except for an actin-
related protein 2/3 complex subunit 5 (g983), significantly 
induced during infection of the susceptible sugarcane 
genotype, possibly associated with fungal proliferation 
[59]. However, we observed variations in expression 
levels in some of the genes across host genotypes and 
isolates. This variability suggests a context-dependent 
regulation, suggesting fine-tuning dimorphic transitions 
in response to host-specific cues. Alongside hhp1, other 
genes in this region may contribute to fungal growth and 
colonization. For instance, g986, which encodes a homo-
log of SLD2, plays a pivotal role in G1 phase progression 
by assembling the pre-replicative complex [60] and has 
been shown to interact with G1 cyclins/CDKs during 

Fig. 7  Host genotype-specific fungal development. Schematical representation of Sporisorium scitamineum development when infecting smut-resistant 
(SP80-3280) and smut-susceptible (IAC66-6) sugarcane genotypes based on Peters et al. (2017) [45]. Created in BioRender. Vilanova, P. (2025) ​h​t​t​p​​s​:​/​​/​b​i​o​​
r​e​​n​d​e​​r​.​c​​o​m​/​e​​a​t​​z​x​x​m

 

https://biorender.com/eatzxxm
https://biorender.com/eatzxxm
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mating-type switching in S. cerevisiae [61]. Although the 
role of SLD2 in mating remains uncharacterized in Usti-
laginaceae, its CDK dependence, key regulators of mating 
progression, suggests potential functional conservation 
[57]. Similarly, g974, which likely encodes a protein with 
a SUR7/Rim9-like domain (IPR009571), has been associ-
ated with cell morphogenesis [62]. The clustering of these 
genes positioned between mating loci may reflect an evo-
lutionary strategy that links morphological adaptability 
with mating and host colonization processes.

We also identified non-synonymous mutations in 
vesicular trafficking genes, particularly in components of 
the exocyst complex and in endosomal trafficking genes, 
in the more virulent S. scitamineum isolate. Given the 
known roles of the exocyst in polarized effector secretion 
and hyphal growth [63], these polymorphisms may rep-
resent candidate genetic variations relevant to virulence 
[64]. The class 3 lipase (g4284), for instance, may have a 
dual role of hydrolyzing host lipids for nutrient scaveng-
ing while disrupting plant membrane integrity, a recog-
nized virulence strategy in phytopathogens [65].

Although we did not detect DEGs for all the polymor-
phic genes mentioned in our transcriptome experiment 
48 hpi, this does not preclude their functional relevance 
to other infection phases (e.g., sporulation) or under 
unexamined stressors (e.g., nutrient deprivation). They 
represent high-priority candidates for functional valida-
tion to dissect how genetic variation shapes isolate-spe-
cific virulence strategies.

Transcriptome dynamics reflecting host-specific 
adaptation
The in-depth RNA sequencing of smut-inoculated sug-
arcane at 48  h post-inoculation (hpi) with SSC04 telio-
spores revealed host-dependent transcriptional profiles, 
highlighting genotype-specific interactions between 
sugarcane and S. scitamineum. While a large number 
of DEGs were identified, we focused our discussion on 
genes with known or putative functions relevant to smut 
fungi biology. Uncharacterized DEGs, although not 
addressed individually here, remain valuable targets for 
future functional studies.

In resistant plants, we detected strong induction of 
genes encoding secreted CAZymes, including cell wall-
degrading enzymes (CWDEs) such as Egl1 (g3790, 
80-fold), essential for breaching host barriers [66]; Erc1 
(g1655.1), involved in suppressing β-glucan-triggered 
defenses [1]; and Xyn1 and Xyn11A (g5941 and g4394, 
respectively), both associated with fungal virulence [67]. 
A homolog of U. maydis pit4, encoding a protein con-
taining an expansin domain, was the third most highly 
induced gene (~ 64-fold). Expansins act via a non-enzy-
matic mechanism to loosen host cell walls and facilitate 
penetration [68, 69]. In addition, we identified induced 

genes encoding known effectors Cpl1 (g1642) and Rsp3 
(g3970) of smut fungi. In U. maydis, these proteins 
appear to interact to defeat host immune responses at 
the cell wall level [13, 70]. Altogether, the induction of 
CWDEs, expansin-like proteins, and effectors in resis-
tant sugarcane genotypes supports a layered infection 
strategy by S. scitamineum, combining mechanical pen-
etration with active immune suppression [66, 71]. More 
recently, g1642 was named SsPE15 and described in S. 
scitamineum to hijack the host’s vesicular trafficking sys-
tem to avoid immune detection [72].

In parallel, SSC04 upregulated nit2 (g5371, 8-fold), a 
master regulator of nitrogen assimilation and virulence 
[73], and opt2 (g5318, 32-fold), a peptide transporter 
associated with biotrophic development [74]. Nutri-
ent availability, particularly nitrogen, is a key regulator 
of fungal pathogenicity, influencing mating and biotro-
phic development in smut fungi [75]. These responses 
coincided with the expression of the UA and the MEL 
biosynthesis pathways, which facilitate adhesion under 
nitrogen-limited conditions [16, 76] and underline that 
nitrogen scarcity primes smut fungi for pathogenic devel-
opment [77].

Finally, we observed induced genes related to xenobi-
otic metabolism encoding transporters, such as ATP-
binding cassette (ABC) efflux transporters and members 
of the Major Facilitator Superfamily (MFS), that may act 
in the excretion of toxic compounds or nutrient uptake 
[18]. These may reflect stress responses triggered by the 
resistant genotype, which, over time, negatively affects 
fungal colonization [78]. Peters et al. (2017) [45] reported 
hydrogen peroxide accumulation in resistant sugarcane 
genotypes at several point post-infection, including 48 
hpi, however, we did not detect fungal DEGs involved in 
reactive oxygen species (ROS) detoxification at this stage. 
The proposed model for the strategies used by S. scita-
mineum during infection of the smut-resistant genotype 
can be seen in Fig. 8.

In contrast, when infecting a susceptible host, S. sci-
tamineum SSC04 induced genes related to hyphal pro-
liferation and stress adaptation. The induction of genes 
related to polarized growth emphasizes the dependence 
on tip-focused vesicle transport and cell wall remodel-
ing for hyphal spread [79]. In the susceptible genotype we 
identified genes linked to host-derived toxin neutraliza-
tion, probably responding to distinct stress cues beyond 
canonical oxidative stress [80, 81]. Furthermore, the 
activation of fatty acid catabolism pathways highlights 
the pathogen’s reliance on host lipid reserves to sustain 
hyphal growth and colonization.

One of the most significant processes activated in the 
susceptible genotype was that related to the Unfolded 
Protein Response (UPR) pathway. The UPR is critical to 
maintaining cellular homeostasis under stress conditions. 
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UPR activation is related to excess misfolded proteins in 
the endoplasmic reticulum (ER) [82]. In our dataset, we 
observed the induction of several UPR-related genes, 
including Pdi1 (g639) and Spc3 (g3729), both impli-
cated in ER stress responses in fungi [83, 84]. UPR acti-
vation was previously linked to cell cycle progression 
and vesicle trafficking and the exact timing of UPR is 
required for virulence and controls the switch from bud-
ding to filamentous growth [85]. In U. maydis, the UPR 

synchronizes release from cell cycle arrest and expres-
sion of effector genes, since they contain UPR elements 
in their promoter regions and thus have their expression 
activated in an ER stress-dependent manner [86].

Other genes involved in iron acquisition and DNA rep-
lication were induced probably to sustain hyphal prolif-
eration [87], alongside chromatin regulators ensuring 
genome integrity during rapid growth and fine-tuned 
transcriptional remodeling [88]. In general, we have seen 

Fig. 8  Model illustrating strategies employed by Sporisorium scitamineum during infection of a smut-resistant sugarcane genotype. Simplified schematic 
representation of molecular events occurring during infection of a smut-resistant sugarcane genotype, based on transcriptional profiling at 48 h post-
inoculation (hpi). Functional pathways are inferred from S. scitamineum homologs with characterized roles in other smut fungi systems. Host responses 
are illustrated based on previous studies [45]. Created in BioRender. Vilanova, P. (2025) ​h​t​t​p​​s​:​/​​/​b​i​o​​r​e​​n​d​e​​r​.​c​​o​m​/​g​​4​w​​s​c​p​8
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a group of molecular events related to fungal prolifera-
tion as the major effect in susceptible plants inoculated 
with SSC04 and we compiled these events in a model 
demonstrated in Fig. 9.

Host genotype influences effector gene expression in S. 
scitamineum isolates
While mating-associated genes provide the basis for 
sexual reproduction and dimorphic switching related 
to pathogenicity, effector diversification and their con-
text-dependent expression are potential strategies for S. 
scitamineum to overcome host defenses. In this study, 
comparative transcriptomic analyses of two fungal 

Fig. 9  Model illustrating strategies employed by Sporisorium scitamineum during infection of a smut-susceptible sugarcane genotype. Simplified sche-
matic representation of molecular events occurring during infection of a smut-susceptible sugarcane genotype, based on transcriptional profiling at 48 h 
post-inoculation (hpi). Functional pathways are inferred from S. scitamineum homologs with characterized roles in other smut fungi systems. Suppression 
of host genotype immune responses is based on effector-triggered susceptibility (ETS). Created in BioRender. Vilanova, P. (2025) ​h​t​t​p​s​:​​​/​​/​b​i​o​r​e​​n​d​e​​​r​.​c​​o​​m​/​​
v​e​​0​3​s​2​0
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isolates with contrasting virulence profiles, SSC04 (more 
virulent) and SSC39 (less virulent), infecting the same 
sugarcane genotypes revealed host-genotype-specific 
expression patterns of candidate secreted effector pro-
teins (CSEPs). Some of them were CSEPs with unknown 
functions, specific to S. scitamineum, that have been 
recurrently observed in inoculated plants across dis-
tinct sugarcane genotypes [40, 41]. For example, g1052 
and g5159, which were previously detected as differen-
tially expressed in smut-resistant and -susceptible sug-
arcane in other studies had the ability to suppress PTI/
ETI responses [40]. The effector repertoire also included 
homologs of known virulence factors from related 
smut fungi, suggesting conserved mechanisms for host 
manipulation. Notably, g3970, encoding the CSEP Rsp3 
homolog, was strongly upregulated (200-fold) in resis-
tant plants inoculated with SSC04. In U. maydis, Rsp3 
interacts with Cpl1, as previously discussed, and pro-
tects fungal hyphae from host antifungal proteins [89]. 
Other homologs such as Cmu1, Pit1, and Suc2 were 
also detected and are known to modulate host metabo-
lism and nutrient acquisition [68, 90]. Additionally, 
SsPele1 (g1513), previously shown to attenuate recep-
tor-mediated immunity in S. scitamineum [10], was 
induced in our dataset. We also uncovered a pool of 
novel expressed candidate effectors in planta contain-
ing expansin-like domains, a feature similar to cerato-
platanin (CP) proteins. These CSEPs may be acting on 
mechanical penetration, chitin-binding to suppress chi-
tin-triggered responses or fungal cell wall remodeling 
[91]. Importantly, the expression profiles of CSEPs dif-
fered between resistant and susceptible genotypes 48 h 
post-inoculation.

Conclusions
This work proposes a detailed overview of the complex 
interplay between Sporisorium scitamineum genetic 
diversity and sugarcane host responses, indicating criti-
cal insights of fungal pathogenicity. The comparative vir-
ulence assay of two isolates demonstrated the impact of 
haplotype-specific variation. Genomic analyses revealed 
high similarity among isolates, yet identified polymor-
phisms in coding regions, including effector genes and 
vesicular trafficking components, alongside with struc-
tural rearrangements in mating loci. Notably, two new 
findings suggest mechanisms driving pathogen diversi-
fication: the compact mating region in S. scitamineum 
strains shaped by TE-mediated rearrangements and 
presumed accessory-like chromosomes. Transcriptomic 
profiling highlighted host-dependent fungal strategies: 
the more virulent isolate SSC04 adopts stealthy tactics 
in resistant genotypes, upregulating detoxification and 
effector genes while shifting to aggressive hyphal prolifer-
ation and stress adaptation in susceptible hosts. Because 

resistant plants respond to pathogen perception, smut 
development in planta is delayed. Effector diversifica-
tion, nutrient scavenging, and UPR pathway activation 
emerged as central to infection. Moreover, we uncovered 
various candidate effectors opening future perspectives 
for studies on their functional role in suppressing the 
host immune response. Although polymorphic genes 
among isolates frequently differed from those differen-
tially regulated genes in our tested conditions, the same 
functional categories arose, suggesting that processes, 
such as vesicle trafficking, may be hallmarks of S. scita-
mineum plasticity. These findings emphasize the role of 
genetic variation and transcriptional flexibility in fungal 
virulence, which we should further explore to consider 
efficient smut management strategies.

Materials and methods
Fungal strains and mating-type confirmation
SSC04 and SSC39 teliospores, referred to as “BR_04” 
and “BR_39” by Benevenuto et al. (2016), were isolated 
following the methodology previously described. SSC04 
MAT-1 (formerly BR_04B) and SSC04 MAT-2 (BR_04A) 
haploid cells were deposited in The Environmental and 
Health Fungi Collection of Oswaldo Cruz Foundation 
(FIOCRUZ) (CFAS 40478 e CFAS 40479, respectively), 
whereas SSC39 MAT-1 (BR_39B) and SSC39 MAT-2 
(BR 39 A) were deposited previously (INCQS 40413 and 
INCQS 40412, respectively) (Taniguti et al., 2015) [17]. 
Mating-type in vitro confirmation was conducted accord-
ing to Taniguti et al., (2015) [17] in YM solid medium (3 
g/L of yeast extract, 3 g/L of malt extract, 5 g/L of pep-
tone, 10 g/L of glucose, 17 g/L agar) (Additional file 9: 
Fig. S1). Molecular determination of mating-type was 
performed according to Agisha et al. (2022) [32] (Addi-
tional file 9: Table S1). A schematic representation of 
the sexual mating process can be seen in Additional file 
9: Fig. S2. Haplotype confirmation is described in Addi-
tional file 9: Table S2.

Fungal virulence evaluation
We used 10-month-old sugarcane plants of the suscep-
tible genotype RB925345, kindly provided by the RIDESA 
Breeding Program. SSC04 and SSC39 teliospores were 
used in the fungal virulence evaluation. A total of 180 
single bud sets were disinfected, according to Taniguti 
et al. (2015) [17], and placed in a vermiculite-filled tray. 
Following Benevenuto et al. (2016) [30], fungal telio-
spores obtained with a germination rate of >= 70% were 
prepared in a suspension (10−7 teliospores. mL−1 in 0.85% 
sterile saline with 0.01% tween) for inoculation. Controls 
were mock-inoculated with saline and tween. Inocula-
tion of sugarcane single-bud sets followed the procedure 
described by Carvalho et al. (2016) [44]. Trays were 
kept in a growth chamber at 29 °C for seven days before 



Page 17 of 23Vilanova et al. BMC Genomics          (2025) 26:996 

transplanting each bud to a 3 L pot filled with BasePlant 
substrate and transferring to a greenhouse. The experi-
ment followed a randomized block design with three rep-
licates (Additional file 1: Fig. S2) and occurred between 
October and January. Plants were evaluated monthly for 
the following traits: plant height, culm diameter, and the 
number of tillers. For whip emission, we assessed daily. 
All plants were measured from the substrate to leaf + 1 to 
determine plant height. Disease incidence was calculated 
as the proportion of plants that emitted whips relative to 
the total number of plants assessed [4, 42, 92].

A mixed-effect ANOVA followed by Tukey’s test (p 
< 0.05) to determine statistical differences for each tar-
get trait was used. Normality of the data was assessed 
using the Shapiro-Wilk test [93]. We examined the fixed 
effects of isolate, time, and interaction (isolate × time), 
and incorporated random effects associated with the dif-
ferent blocks. Statistical analyses were conducted in R 
v.4.2.1 (http://www.R-project.org/) using tidyr v.1.3.0 and 
emmeans v.1.8.4 packages.

qPCR-based quantification of fungal DNA in infected 
plants
We conducted an experiment with a similar design 
as described above but using qPCR to quantify fun-
gal growth of both isolates at five time points: 0, 48, 72, 
and 120 h after-inoculation. We used a pool of 6 culms 
from the RB925345 sugarcane genotype per biological 
replicate. We used three biological replicates and three 
technical replicates for three different treatments: plants 
inoculated with more-virulent SSC04, less-virulent 
SSC39 and mock-inoculation. We inoculated plants by 
bud-piercing, as described in Carvalho et al. (2016) [44].

DNA was extracted from 100 mg of infected plant tis-
sues (buds) using the CTAB method [94]. Fungal genomic 
DNA was obtained from teliospores using a modified 
Doyle & Doyle (1987) protocol [30] and used to establish 
the standard curve. DNA concentration and quality were 
verified in NanoDrop® 2000 (Thermo Fisher Scientific, 
Wilmington, DE, USA) and by electrophoresis. Detection 
and quantification were performed in a 7300 Fast Real-
Time PCR System (Applied Biosystems, Waltham, MA) 
using GoTaq® qPCR Master Mix (Promega Corporation). 
The Intergenic Spacer (IGS) of S. scitamineum ribosomal 
locus was used as a target for pathogen detection (FP: 5’-​
C​G​G​C​T​A​T​T​G​T​C​G​C​A​C​A​T​C​T​C-3’; RP: 5’-​C​C​A​A​A​C​G​
C​A​G​G​T​C​A​C​A​G​T​C​T-3’) [45]. Standard regression lines 
were obtained from the fungal DNA dilution series by 
plotting the threshold cycle (Ct) versus logarithmic val-
ues of known DNA concentrations. Fungal DNA quantity 
was calculated in infected plants at each time point in 
100 ng of total DNA (Additional file 1: Fig. S1) regarding 
the virulence assay. Levene’s test was used to evaluate the 
homogeneity of variances between samples to proceed to 

Student’s t-test to assess the statistical significance of the 
observed differences (p < 0.05). All tests were performed 
using the scipy.stats module from SciPy v.1.11.4 [95].

We conducted a second experiment using SSC04 
inoculated in a smut-susceptible sugarcane genotype 
IAC66-6 and a smut-resistant genotype SP80-3280, both 
of which are widely used as model genotypes for studying 
sugarcane smut responses [39, 44, 45]. The experiment 
was conducted in three replicates, combining ten buds 
of inoculated plants per replicate and three replicates of 
ten buds for mock-inoculated plants. We used qPCR to 
quantify fungal growth in both sugarcane genotypes 48 
after inoculation, as described above (Additional file 7: 
Fig. S1).

DNA extraction, library preparation, and sequencing 
strategies
A modified Doyle & Doyle (1987) [94] protocol and the 
Genomic-tip 20/G (QIAGEN, Hilden, Germany) kit were 
used to extract DNA for short read Illumina platform 
paired-end sequencing and Oxford Nanopore MinION 
platform (Oxford, UK), respectively. Library construc-
tion was performed using the Illumina DNA Prep kit, 
followed by sequencing on the NextSeq 2000 Sequencing 
System with 2 × 150 bp runs at the Functional Genom-
ics Center, ESALQ, University of São Paulo, Piracicaba, 
Brazil. For long reads, MinION libraries and sequencing 
were performed in-house using the Ligation kit (SQK-
LSK109) (Oxford Nanopore Technologies, Oxford, UK), 
NEBNext Ultra II End-prep reaction/FFPE DNA Repair 
(New England Biolabs, Ipswich, MA, USA), Ligation Buf-
fer (LNB), NEBNext Quick T4 DNA Ligase, and Adapter 
Mix (AMX), following manufacturer’s instructions. The 
final library was quantified and used to load the flow cell 
(MinION Flow Cells (R9.4.1). We used Guppy v. 6.2.1 
(Oxford Nanopore Technologies, Oxford, UK) super 
accuracy mode for base-calling long-read sequencing. 
Additional file 10: Table S1 shows data obtained from 
each sequencing platform and SRA accession numbers to 
raw data.

Sanger sequencing of polymorphic candidate effectors 
among Brazilian and Argentinian strains
DNA from S. scitamineum strains from different Bra-
zilian states and Argentina was obtained according 
to Benevenuto et al. (2016) [30]. Specific primers for 
annealing to candidate genes of interest were designed 
using the S. scitamineum reference genome [17] and can 
be found in Additional file 6: Table S1. Gene amplifica-
tion was performed using Taq DNA Polymerase (Thermo 
Fisher Scientific Inc). Reactions were conducted in a Ver-
iti® 96-Well thermocycler (AppliedBiosystems, Waltham, 
MA) and PCR products purified with the Wizard® SV Gel 
and PCR Clean-Up System kit (Promega Corporation). 

http://www.R-project.org/
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The sequences obtained were assembled using the 
Sequencher v.5.0.0 software (Gene Codes Corporation) 
and subsequently aligned in the CLC Genomics Work-
bench v.20.0.4 (QIAGEN) using reference genomes from 
Brazil, Australia [17], China [18] and South Africa [12] to 
detect polymorphic sites (Additional file 6: Fig. S1−4).

Comprehensive genome assembly and annotation 
workflow
De novo assembly using Nanopore reads was conducted 
with Canu v.2.2 [96] with “genomeSize = 20 M” and 
“-nanopore-raw” parameters. Illumina short-reads were 
used to polish the genomes with Medaka v.1.2.2 and 
Pilon v.1.24. We used the genome reference from Tani-
guti et al. (2025) [97] referred as “SSC39 MAT-1 v.2” for 
variant discovery and gene annotation using the Fun-
GAP [98] pipeline to predict genes using RNA-seq data 
from in vitro expression studies [17] and U. maydis as a 
sister proteome [99]. Genome completeness was veri-
fied by BUSCO v.5.4.7 using the “basidiomycota_odb10” 
database (1,764 orthologs) as a reference [100]. For com-
parative purposes, ab initio gene prediction was executed 
with Augustus v.3.3.3 [101] in all assemblies. We kept the 
original annotation of Taniguti et al. (2015) [17] as a ref-
erence for further functional annotation and expression 
analysis. Canonical telomeric repeats in the assembled 
contigs were detected using the Tandem Repeat Finder 
Tool (https://tandem.bu.edu/), the Telomere ​I​d​e​n​t​i​f​i​c​a​t​
i​o​n toolKit (tidk) (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​t​o​l​k​​i​t​​/​t​e​​l​o​m​​e​r​i​c​​-​i​​
d​e​n​t​i​f​i​e​r) with the canonical sequence “TTAGGG” [17] 
and were also manually inspected. Average nucleotide 
identity was assessed using the OrthoANIu algorithm 
[102] and dotPlotly (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​t​p​o​o​​r​t​​e​n​/​d​o​t​P​l​o​
t​l​y) was used to produce dot plots comparing assemblies. 
We used barrnap v.1.2.2 (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​t​s​e​e​​m​a​​n​n​/​b​
a​r​r​n​a​p) and tRNAscan v.0.4 with the “eukaryotic” option, 
as implemented in the Galaxy web platform (usegalaxy.
org) [103] to scan genomes for rDNA copies and tRNAs, 
respectively.

Discovery and functional annotation of variants
High-quality reads were aligned to the S. scitamineum 
SSC39 MAT-1 v.2 reference genome using the Burrows-
Wheeler Aligner (BWA-MEM) 0.7.17-r1188 with default 
parameters [104]. Aligned reads were sorted and indexed 
using SAMtools sort v.1.3.1 [105]. Variant calling was 
performed using the Genome Analysis Toolkit (GATK) 
v4.5.0.0 with the ploidy parameter set to one [106], con-
sidering that the DNA was extracted from haploid cells. 
Pipelines are available at GitHub (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​l​m​t​
a​​n​i​​/​s​-​​s​c​i​​t​a​m​i​​n​e​​u​m​-​p​i​p​e​l​i​n​e​s). To create a diploid phased 
VCF, we used a custom script also available at GitHub (​
h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​l​m​t​a​​n​i​​/​s​y​​n​t​h​​e​t​i​c​​-​d​​i​p​l​o​i​d). This script 
combines variants from two haploid VCF files into a 

single diploid one, ensuring accurate phasing. We uti-
lized SnpEff v.5.2c [107] to functionally annotate variants 
from the diploid VCF files, using gene predictions gen-
erated with extrinsic evidence by FunGAP as previously 
described. The SnpSift toolbox [107] was then employed 
to parse these variant annotations.

Functional annotation and mating-type analyses
To improve the reference data, the predicted SSC39 
MAT-1 proteome [17] was reanalyzed using PfamScan 
with Pfam v.35.0 [108] and InterProScan v.5.55.88 [109] 
with the following parameters: SMART v.7.1, SUPER-
FAMILY v.1.75, CDD v.3.18, TIGRFAM-15.0, Pfam 
v.34.0, and Gene3D v.4.3.0. Distributions of euKary-
otic Orthologous Group (KOG) terms were assigned 
using the eggNOG-mapper [110] online tool against 
the eggNOG v.5.0 database [111]. Carbohydrate-active 
enzymes (CAZymes) were predicted using the dbCAN2 
HMM profile database v.7.0 [112] and hmmscan from 
HMMER v.3.1b2 (http://hmmer.org). Lipases were ​p​r​e​d​
i​c​t​e​d using HMM profiles from the Lipase Engineering 
Database v.3.0 [113] and hmmscan. Significant matches 
for CAZymes and lipases were parsed using thresholds 
set as e-value = 1e-4 and coverage = 0.35. Proteases were 
predicted using the predicted proteins as queries and the 
MEROPS database v.12.1 [114] with BLASTp run locally 
(thresholds set as e-value = 1e-4, minimum identity = 
0.40, coverage = 0.85). The predicted secretome was 
defined by a signal peptide and absence of transmem-
brane domains using SignalP v.4.1 and Phobius v.1.01, 
and subcellular localization was predicted using TargetP 
v.2.0 and EffectorP v.3.0. Finally, OrthoFinder v.2.5.4 
[115] was employed to establish the orthologous relation-
ships among the predicted proteomes.

Genes of mating-type loci of all four genomes were 
manually examined through the Integrative Genomics 
Viewer (IGV) [116] using gene predictions from Augus-
tus v.3.3.3 [101]. and aligned RNA-seq expression data. 
We used BLASTx and ExPASy [117] for unpredicted 
ORFs. Repeated elements were manually analyzed to 
determine their lengths and potential relevance for 
rearrangements.

RNA extraction and transcriptome sequencing of in vitro 
fungal cultures
Total RNA was extracted from mating-compatible hap-
loid cells from the SSC04 isolate individually grown in a 
YM liquid medium (3 g/L of yeast extract, 3 g/L of malt 
extract, 5 g/L of peptone, 10 g/L of glucose) for 15 h at 
28  °C under 200  rpm. Cells were pooled and centri-
fuged at 8,000 rpm for 15 min. The concentration of each 
mating-type sample was stoichiometrically adjusted. 
TRIzol®Plus RNA Purification Kit (Life Technologies, 
Carlsbad, CA, USA) protocol was used, followed by a 

https://tandem.bu.edu/
https://github.com/tolkit/telomeric-identifier
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DNAse I treatment (Sigma Aldrich, St. Louis, MO, USA). 
All samples were evaluated for RNA integrity both by 
RNA integrity number (RIN) ≥ 8 (Agilent 2100 Bioana-
lyzer, Agilent Technologies, USA) and gel electrophoresis 
(Additional file 7: Fig. S2) and quantified using a Qubit 4 
fluorometer (Life Technologies, Thermo Fisher Scientific, 
USA). Paired-end RNA libraries were prepared accord-
ing to the manufacturer’s instructions for the Illumina® 
Stranded mRNA Prep Ligation kit, and RNA paired-end 
sequencing was performed by NextSeq 2000 (Illumina) 
in 2 × 100  bp runs at the Functional Genomics Center, 
ESALQ, University of São Paulo, Piracicaba, BR. Approx-
imately 30  million reads per replicate were obtained 
(Additional file 7: Table S1).

RNA extraction and sequencing of inoculated smut-
resistant and smut-susceptible sugarcane
S. scitamineum isolate SSC04 teliospores suspended in 
saline solution with 0.1% Tween 20, at a final concentra-
tion of 10−7 teliospores.mL−1 (>70% germination rate) 
were used to inoculate single-bud sets of smut-resistant 
(SP80-3280) and smut-susceptible (IAC66-6) sugarcane, 
according to Taniguti et al. (2015) [17]. The experiment 
was conducted in three replicates of ten buds for both 
inoculated and mock-inoculated plants. Forty-eight 
hours post-inoculation buds were collected in liquid 
nitrogen for RNA extraction with a similar experiment 
design as described by Rody et al. (2019) [39]. Total RNA 
was extracted using the LiCl-based method [118]. RNA 
concentration was determined using a NanoDrop® 2000 
(Thermo Fisher Scientific, Wilmington, DE, USA) and 
the Qubit RNA HS Assay Kit with Qubit 4 fluorom-
eter (Life Technologies, Thermo Fisher Scientific, USA) 
fluorometric method. The RNAseq experiment used a 
depletion of rRNA from the fungus and the plant before 
library preparation and sequencing of total RNA, accord-
ing to Morlan et al. (2012) [119] and Miranda et al. (2023) 
[120]. TruSeq Stranded mRNA library prep, Ligation kit, 
and RNA was sequenced on the Illumina NovaSeq 6000 
platform at Genoma (Centro de Estudos do Genoma 
Humano e Células Tronco), USP, São Paulo, BR to pro-
duce 2 × 100 bp. Data regarding RNAseq experiments 
can be found in Additional file 7: Table S1.

Differential expression analysis
FastQC v.0.11.5 [121] was used to assess the quality of 
sequencing reads. Low-quality reads (Q < 20), reads 
containing ambiguous bases (N >0), and library adapt-
ers were removed using Cutadapt v.4.9 [122]. Transcripts 
were mapped to the reference genome SSC39 MAT-1 
[17] using Hisat2 v.2.1.0 [123]. Read counts were gener-
ated with featureCounts v.2.0.6 from the Subread package 
[124]. Genes with at least one count per million (CPM) 
in all three biological replicates of a given treatment were 

considered expressed. Genes detected uniquely in one 
condition were defined as those with at least one CPM 
in all replicates of a specific treatment and no detectable 
counts in the compared treatment (Additional fFile 11: 
Tables S1-9).

Differentially expressed genes (DEGs) in planta were 
analyzed within sequencing batches for SSC04 and SSC39 
to minimize batch effect biases. DEGs were identified 
using the likelihood ratio test in edgeR v.4.0.16 [125, 126] 
from R Bioconductor. For in planta comparisons (fungus 
infecting a smut-resistant x smut-susceptible genotypes), 
DEGs were divided into two lists: one accepting p < 0.05 
and |log₂FC| >1, and another with more stringent crite-
ria of False Discovery Rate (FDR) < 0.05 and |log₂FC| >1. 
Finally, DEGs from all experiments were cross-referenced 
to the reference annotation [17] using reference gene IDs 
for functional comparisons.
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