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ABSTRACT
Trichophyton verrucosum is a zoophilic dermatophyte and the primary cause of bovine dermatophytosis, 
a contagious and economically significant skin disease with zoonotic potential. Despite its importance, 
high-quality genomic and transcriptomic resources for this species remain scarce, limiting insights into its 
pathogenic mechanisms and antifungal responses. Here, we present a chromosome-level genome 
assembly of T. verrucosum OR056436.1, generated using single-molecule real-time (SMRT), Illumina 
paired-end and high-throughput chromosomal conformation capture (Hi-C) technologies, followed by 
comprehensive annotation and comparative analyses with six other fungal pathogens. Transcriptome 
profiling under itraconazole (ITR) and Xuanjing – Compound Chinese Herbal Spray (CCM) treatments 
revealed antifungal-responsive genes. The final 23.44 Mb genome comprises 7,936 protein-coding 
genes, with 4.98% repetitive sequences, and shows 98.8% completeness based on BUSCO analysis. 
Functional annotation identified 262 Kyoto Encyclopedia of Genes and Genomes pathways, 4,861 
Eukaryotic Orthologous Groups proteins, 34 secondary metabolite biosynthetic gene clusters, 1,157 
carbohydrate-active enzymes, 2,920 pathogen–host interaction genes, and 59 virulence factor genes. 
Comparative genomics identified 45,425 orthogroups including 393 core and 184 single-copy 
orthogroups, placing T. verrucosum closest to Trichophyton rubrum. Transcriptomic analysis highlighted 
differentially expressed genes enriched in amino acid metabolism, ABC transporters, drug metabolism, 
and stress response pathways. Notably, subtilisin-like proteases and LysM-domain proteins were sig
nificantly regulated under antifungal treatments. This integrative genomic-transcriptomic study provides 
the most complete T. verrucosum genome to date, identifies key genes involved in pathogenicity and 
antifungal adaptation, and offers valuable resources for diagnostics, therapeutic development, and 
improved strategies for bovine dermatophytosis.
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Introduction

Dermatophyte infections, commonly known as tinea or 
ringworm, are a major public health concern worldwide. 
Dermatophytes are among the most prevalent pathogenic 
filamentous fungi, with global infection rates estimated at 
20–25% [1]. Dermatophytosis is a contagious fungal 
infection caused by dermatophytes, a group of keratino
philic fungi that include anthropophilic, zoophilic, and 
geophilic species, of which only some are zoonotic [2,3]. 
These fungi infect keratinized tissues such as the skin, 
hair, and nails, leading to superficial infections [4]. They 
are widely distributed among humans, animals, and 
environmental reservoirs such as soil, and transmission 
occurs through direct contact or contaminated fomites 
[5]. Disease severity ranges from mild cutaneous infec
tions to more severe or systemic conditions, depending 
on the host immune status [6]. Zoophilic dermatophytes 
predominantly infect animals but can also cause highly 
inflammatory infections in humans, and they are often 
carried asymptomatically in animal hair, facilitating 
transmission between animals and humans [7]. 
Dermatophytes primarily invade the stratum corneum 
of the epidermis and are major causative agents of animal 
dermatophytosis [8,9]. Among these, Trichophyton men
tagrophytes, Trichophyton verrucosum, and Microsporum 
canis are the primary etiological agents of animal derma
tophytosis [10,11]. Geophilic species such as Nannizzia 
gypsea (formerly Microsporum gypseum) may also be 
involved, whereas infections caused by anthropophilic 
species such as T. rubrum are rarely reported in animals 
[12,13]. Dermatophytes belong to the phylum 
Ascomycota, class Eurotiomycetes, order Onygenales, and 
family Arthrodermataceae [10,14]. Based on recent multi
locus phylogenetic studies, this family comprises several 
genera, including Trichophyton, Microsporum, 
Epidermophyton, Nannizzia, Arthroderma, Paraphyton, 
and Lophophyton [10]. Host specificity varies among der
matophyte species; for example, M. canis is commonly 
associated with cats and dogs, T. verrucosum primarily 
infects cattle, and T. mentagrophytes infects a wide range 
of hosts, including rodents [15].

Trichophyton is a diverse genus comprising multiple 
recognized species, including anthropophilic, zoophilic, 
and geophilic members [10]. T. verrucosum is a zoophilic 
species that parasitizes keratinized tissues such as skin, 
hair, and nails in both animals and humans and is capable 
of degrading keratin, a key structural protein in these 
tissues [16]. In recent years, T. verrucosum has been 
increasingly associated with superficial infections in 
humans [17,18]. Infections are commonly acquired 

through direct or indirect contact with infected cattle or 
contaminated fomites, leading to inflammatory dermato
phytosis and posing significant public health concerns 
[17]. T. verrucosum is the primary causative agent of 
bovine trichophytosis (“bovine ringworm”) [19], 
a disease that is widely distributed worldwide and results 
in significant economic losses, including hide damage, 
weight loss, reduced meat and milk production, and treat
ment costs [20]. Understanding the genetic basis of the 
virulence of this pathogen is essential for improving treat
ment and control strategies [21].

The ability of fungi to recognize and adapt to host 
environments is critical for successful infection [22]. 
Pathogenic fungi detect host surface cues through cell 
wall components, monitor nutrient availability, and 
modify their cell walls to evade immune responses 
[23,24]. Adhesion to host tissues is mediated by carbo
hydrate-specific adhesins on the conidial surface and 
fibrillar projections that facilitate attachment to host 
cells [25]. Following adhesion, fungi establish infection 
by secreting enzymes such as lipases, phosphatases, and 
keratinolytic proteases that degrade host tissues [26]. 
The proteolytic breakdown of keratin releases oligopep
tides and amino acids, including cysteine, which is 
metabolized by cysteine dioxygenase into sulfite to pre
vent cellular toxicity [27,28]. Proteases play a crucial 
role in dermatophyte pathogenicity; for example, the 
subtilisin protease SUB3 is involved in the attachment 
of M. canis to feline epidermis [29], while early infec
tion stages of T. rubrum involve upregulation of genes 
encoding cell wall proteins such as Sowgp, highlighting 
their role in virulence [30]. Despite the increasing inci
dence of T. verrucosum infections, genomic insights 
into its pathogenic mechanisms remain limited, 
emphasizing the need for further investigation.

The advent of whole-genome sequencing has signif
icantly advanced fungal biology. The sequencing of 
Saccharomyces cerevisiae in 1996 marked a milestone 
in fungal genomics and provided a foundation for 
understanding eukaryotic microorganisms [31]. In der
matophytes, Trichophyton benhamiae and 
T. verrucosum were among the first species to be 
sequenced, with approximately 97% of their ~22.5 Mb 
genomes assembled [32]. Subsequently, additional der
matophyte genomes, including T. rubrum, 
Trichophyton tonsurans, Trichophyton equinum, 
M. canis, and N. gypsea, were reported [33]. 
Comparative genomic analyses have identified gene 
families associated with pathogenicity, such as pro
teases, kinases, secondary metabolites, and LysM-
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domain-containing proteins, which may help mask 
fungal cell wall components and evade host immune 
responses [33,34]. Advances in sequencing technolo
gies, particularly third-generation platforms such as 
PacBio, enable long-read sequencing and near- 
complete genome assembly, although with higher 
error rates compared to second-generation methods 
[35]. Hybrid sequencing approaches combining long- 
and short-read data improve assembly accuracy and 
facilitate comprehensive genomic analyses, including 
gene annotation, virulence factor identification, and 
host – pathogen interaction [36]. For T. verrucosum, 
such integrative approaches provide valuable insights 
into its adaptation and pathogenicity.

Transcriptome sequencing (RNA-seq) enables high- 
throughput and accurate quantification of gene expres
sion, allowing comparative analysis across different 
conditions [37–39]. In fungal research, RNA-seq has 
been widely used to identify differentially expressed 
genes in response to antifungal treatments, providing 
insights into drug mechanisms and resistance path
ways [40–44]. For example, transcriptomic analysis 
has been used to elucidate the inhibitory effects of 
ketoconazole on M. canis [44], while studies on 
T. rubrum have revealed transcriptional responses to 
antifungal agents such as acriflavine [45]. These 
approaches have significantly improved our under
standing of molecular mechanisms underlying fungal 
pathogenicity and drug responses [46,47]. 
Identification of key genes and pathways involved in 
host – fungus interactions provides potential targets 
for the development of novel antifungal therapies 
[48,49].

Despite the increasing prevalence and zoonotic 
potential of T. verrucosum, genomic and transcrip
tomic resources for this species remain limited. 
Compared to well-characterized dermatophytes such 
as T. rubrum and M. canis, the molecular basis of 
T. verrucosum pathogenicity and antifungal resistance 
is still poorly understood. To address this gap, we 
generated a chromosome-level genome assembly of 
T. verrucosum using SMRT, Illumina, and Hi-C 
sequencing technologies. Genes associated with viru
lence were functionally annotated, and comparative 
genomic analyses were conducted with other patho
genic fungi, including T. rubrum, M. canis, Candida 
albicans, N. gypsea, Aspergillus fumigatus, and 
T. tonsurans. Furthermore, transcriptomic profiling 
under itraconazole (ITR) and Xuanjing – Compound 
Chinese Herbal Spray (CCM) treatments identified 
differentially expressed genes involved in stress 
response, virulence regulation, and potential antifun
gal resistance. These findings provide a comprehensive 

genomic and transcriptomic framework for 
T. verrucosum, offering valuable insights for diagnosis, 
antifungal drug development, and disease control 
strategies.

Materials and methods

Isolation, culture, morphological and biochemical 
characterization of Trichophyton verrucosum

Trichophyton verrucosum was isolated from skin scrap
ings and dander of Bos taurus (beef cattle) showing 
clinical signs of dermatophytosis. A total of five cattle 
aged 6–10 months, all exhibiting alopecic lesions con
sistent with dermatophytosis, were included in this 
study. The animals showed localized skin lesions with
out other systemic clinical signs and had not received 
antifungal treatment prior to sampling. Information 
regarding dermatophytosis in in-contact humans was 
not available. Verbal consent was obtained from the 
farm owner during the diagnostic sampling process 
for the participation of the cattle in this study.

The fungal isolate was maintained at the College of 
Veterinary Medicine Laboratory, Sichuan Agricultural 
University (Chengdu, China). Small amounts of dander 
from the samples were inoculated onto DTM (derma
tophyte test medium; Qingdao Hope Bio-Technology 
Co., Ltd.) by applying tiny particles of dander onto the 
agar surface with sterilized forceps using the three- 
point inoculation technique. The inoculated plates 
were incubated at 28°C and monitored daily for colony 
development. Visible fungal growth appeared after 7–9  
days of incubation, while well-developed colonies were 
observed within 10–15 days. Emerging colonies were 
subsequently subcultured onto Sabouraud dextrose 
agar (SDA) and SDA supplemented with malt extract 
(SDAM) to obtain pure cultures. The SDAM medium 
provided a relatively nutrient-rich environment that 
may influence colony morphology, pigmentation, vege
tative hyphal growth, and sporulation patterns. No 
other fungal contaminants were observed, and pure 
cultures were successfully obtained following 
subculturing.

To assess temperature-dependent growth character
istics, cultures were incubated at both 28°C and 37°C 
for 15–21 days. Macroscopic colony morphology was 
evaluated based on growth rate, colony texture, surface 
appearance, elevation, and pigmentation under both 
temperature conditions. Microscopic characteristics 
were examined by preparing mounts stained with lac
tophenol cotton blue. Slides were observed under light 
microscopy to evaluate hyphal structure, limited con
idial formation, and diagnostic microscopic features
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such as chains of chlamydospores and antler-like 
hyphae.

Biochemical characterization was performed to 
further support species identification. Proteolytic activ
ity was assessed on bromocresol purple casein milk 
inositol (BPC) agar after 7 days of incubation, where 
the presence of a clear hydrolysis zone indicated 
a positive reaction. Urease activity was determined 
using Christensen’s urea agar after 3–5 days of incuba
tion, with a color change from yellow to pink indicating 
urease production. Morphological and biochemical 
characteristics were interpreted in conjunction with 
molecular identification to ensure accurate species 
confirmation.

DNA extraction and ITS sequencing

Genomic DNA was extracted using the fungal genomic 
DNA Rapid Extraction Kit (Sangon Biotech, Shanghai, 
Co., Ltd) following the manufacturer’s instructions. 
The internal transcribed spacer (ITS) region was ampli
fied with primers ITS1 (5”- 
TCCGTAGGTGAACCTGCGG-3”) and ITS4 (5”- 
TCCTCCGCTTA TTGATATGC-3”) in a 25 µL poly
merase chain reaction (PCR) containing ddH2 
O (8.5 µL), forward and reverse primers (1 µL each), 
DNA template (2 μL), and 12.5 µL Premix Taq (Ex Taq 
version2.0). A pan-dermatophyte-specific PCR assay 
was not performed; instead, molecular identification 
was based on ITS sequencing.

PCR conditions were an initial denaturation at 94°C 
for 10 min, followed by 30 rounds of denaturation at 
94°C for 30 s, annealing at 55°C for 30 s, extension at 
72°C for 1 min and 10 s, and finally a 72°C extension 
for 5 min. PCR products were visualized on 1.2% agar
ose gel containing Gold View dye (Accurate 
Biotechnology, Hunan, Co., Ltd)at 120 V for 20 min 
to check for target bands. The target band-containing 
amplification products were sent to Chengdu 
Shenggong Biotechnology Co., Ltd. for sequencing. 
Blast comparison with NCBI GenBank confirmed 
strain identity as T. verrucosum OR056436.1 and was 
kept in storage at the China Centre for Type Culture 
Collection. The phylogenetic tree of strain 
T. verrucosum OR056436.1 was constructed using 
Mega 12 (version 12).

PacBio-based genome sequencing and Assembly

For whole-genome sequencing, the quality and quantity 
of extracted genomic DNA were accessed using 
a NanoDrop 2000 spectrophotometer (NanoDrop 
Technologies, Wilmington, DE, USA), a Qubit 3.0 

Fluorometer (NanoDrop Technologies, Carlsbad, DE, 
USA), and 0.8% agarose gel electrophoresis. The 
SMRTbell library was constructed using the SMRTbell 
Express Template Prep Kit 2.0 (Pacific Biosciences). 
Genomic DNA (~15 μg) was mechanically snipped to 
fragments (15 kb) using a Covaris g-TUBE, followed by 
size selection using the BluePippin system (Sage 
Science). The quality and number of size-selected 
libraries were assessed using the Femto Pulse system 
and a Qubit fluorometer (Life Technologies, Carlsbad, 
CA, USA), respectively. The library was loaded with an 
on-plate concentration of 120 pM using diffusion load
ing. SMRT sequencing was performed using a single 8  
M SMRT Cell on the Sequel II System with Sequel II 
Sequencing Kit, 1800-minute movies by Frasergen 
Bioinformatics Co., Ltd. (Wuhan, China).

Initial assembly was performed using HiFiasm 
(v0.16.1) [50] with default parameters, and the gfa 
tools (https://github.com/lh3/gfatools) were used to 
transform sequence graphs to FASTA format, followed 
by assessment with Benchmarking Universal Single- 
Copy Orthologue (BUSCO, v5.2.2) [51].

Hi-C sequencing and chromosome assembly

Hi-C libraries were constructed following the protocol 
described by [52]. Briefly, T. verrucosum conidia were 
treated with 1% formaldehyde (v/v) to maintain DNA 
structure. Then, the cross-linked DNA was digested 
with restriction endonuclease MboI (New England 
Biolabs Inc., Ipswich, MA) to generate sticky ends. To 
reverse DNA cross-linking, the DNA fragments were 
ligated using 50 U T4 DNA ligase (NEB) and then 
digested with proteinase K (Thermo Fisher, Waltham, 
MA). The DNA was then purified and arbitrarily 
sheared into fragments of 300–500 bp. Biotin-labeled 
DNA was extracted by using streptavidin-interceded 
pull-down and PCR amplification, and Hi-C libraries 
were quantitated and sequenced on the Illumina Nova- 
seq platform (San Diego, CA, USA) or MGI seq plat
form (BGI, China).

Trimmomatic (v0.40) [53] was used to clean high- 
quality paired-end reads, and all filtered reads were 
matched to contigs using a juicer (v3, https://github. 
com/aidenlab/juicer) to measure the contact frequency 
[54]. By using default parameters, 3ddna (v180922) [55] 
was used for misjoin correction (-r2). The orientated 
scaffolds were utilized to create the interaction matrices 
to analyze and manually repair with Juicebox assembly 
tools (v1.11.08) [54]. Completeness was assessed by 
employing the fungi_odb10 gene set with BUSCO 
(v5.2.2) [51].
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Repeat and non-coding RNA annotation

We combined homology-based and de novo methods 
to identify the repeat sequences in the genome. 
A homology-based approach to homologous sequence 
prediction was based on the known Repbase repetitive 
sequence database (http://www.girinst.org/repbase) 
[56]. We used RepeatMasker software (open-4.0.9) 
[57], RepeatProtein Mask software [57], and an ab 
initio approach [58] to predict and identify known 
repeat-like sequences. We built an ab initio repeat 
sequence library using RepeatModeler software 
(http://www.repeatmasker.org/RepeatModeler/) [57], 
and identified LTR retrotransposons using LTR- 
FINDER software (v1.0.7) [59]. RepeatMasker software 
[57] was used to search for similar transposable ele
ments (TE) in the known Repbase TE library [56], and 
de novo repeat library. Tandem repeats were detected 
using Tandem Repeat Finder (TRF) with parameters (2 
7 7 80 10 50 2000) [60]. Sequence similarity searches 
were performed with an E-value threshold of ≤1e − 5. 
TE copy numbers were estimated from the output of 
RepeatMasker Sequence similarity searches were per
formed using an E-value threshold of ≤1e − 5. TE copy 
numbers were estimated based on repeat annotation 
outputs generated by RepeatMasker [57].

We used tRNAscan-SE (v2.0.9) [61], with default 
parameters to identify tRNA genes, which are adaptor 
molecules that bridge the genetic code in mRNA with 
the amino acid code in proteins. Potential pseudogenes 
were filtered out using tRNAscan-SE’s internal scoring 
criteria. Ribosomal RNA (rRNA) sequences were pre
dicted using RNAmmer (v1.2) [62]. Small nuclear 
RNAs (snRNAs) and microRNAs (miRNAs) were iden
tified using Infernal (v1.1.2) [63] against the Rfam 
database (v14.6) [64], with default parameters. 
Additionally, repeat sequences, including tandem 
repeats and high-copy tRNA families, were annotated 
using Tandem Repeat Finder (TRF) and RepeatMasker- 
based approaches to minimize interference from repe
titive regions and ensure that the tRNA predictions are 
not biased by repetitive elements.

Prediction of genetic structure was accomplished 
using the union of three methods: (1) homology- 
based prediction, which involves the comparison of 
genome sequence of the related species with the refer
ence genome using Tblastn (v2.11.0+) [65]. Then, the 
aligned sequences and their analogous proteins were 
cleaned and transmitted to the Exonerate (v2.4.0) for 
accurate alignment [66]. (2) transcriptome-based pre
diction, gene structures predicted by MAKER were 
refined by incorporating RNA-seq data through PASA 
(v2.4.1) [67]. PASA significantly improved the accuracy 

of gene annotations by adding untranslated regions 
(UTRs) and refining alternative splicing events, ensur
ing that the gene models were consistent with transcript 
evidence. (3) De novo prediction utilizing Augustus 
[68], Glimmer HMM [69], and Genscan [70] for the 
prediction of gene structure using preexisting probabil
istic model characteristics to predict gene features, such 
as exon-intron boundaries and UTRs. The integration 
of these three approaches through MAKER (v3.01.03) 
[71], resulted in a non-redundant and more compre
hensive gene set. Further refinements were made using 
PASA [67], in conjunction with transcriptomic data to 
ensure high accuracy in the gene structure predictions.

Gene functions were annotated by lining up protein 
sequences to many databases such as SwissProt (https:// 
web.expasy.org/docs/swiss-prot_guideline.html) [72], 
the National Center for Biotechnology Information 
(NCBI) Non-Redundant (NR) (ftp://ftp.ncbi.nlm.nih. 
gov/blast/db/FASTA/nr.gz), Gene Ontology (GO) 
(http://geneontology.org/page/go-database) [73], Kyoto 
Encyclopedia of Genes and Genomes database (KEGG) 
(http://www.genome.jp/kegg/) [74], InterPro (http:// 
www.ebi.ac.uk/interpro/) [75], and TrEMBL (https:// 
www.ebi.ac.uk/uniprot/) [72].

KEGG pathway analysis was conducted using the 
KEGG Automatic Annotation Server (KAAS) [76]. 
Functional gene classification was performed using 
the EuKaryotic Orthologous Groups (KOG) database 
[77]. Gene clusters for secondary metabolites were 
anticipated using the antiSMASH fungal version. The 
program identified many biosynthetic gene clusters, 
including non-ribosomal peptide synthetases (NRPS), 
polyketide synthases (PKS), terpenes (TC), and hybrids. 
The clusters demonstrate the potential of T. verrucosum 
to synthesize secondary metabolites with varying vari
ety [78].

Pathogenicity gene annotation

We used a variety of databases to annotate genes linked 
to pathogenicity in the T. verrucosum genome. 
CAZymes (Carbohydrate-Active Enzymes Database) 
(http://www.cazy.org) [79] was employed to annotate 
carbohydrate-active enzymes which included the 
enzyme families to catalyze carbohydrate breakdown, 
modification, and biosynthesis. They were divided into 
six main groups, which were Glycoside Hydrolases 
(GHs), Glycosyl Transferases (GTs), Auxiliary 
Activities (AAs), Carbohydrate Esterases (CEs), 
Polysaccharide Lyases (PLs), and Carbohydrate- 
Binding Modules (CBMs). We utilized the dbCAN-
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HMMdb-V7 version of dbCAN2 for the annotation of 
carbohydrate-related enzymes [80]. The Pathogen– 
Host Interaction Database (PHI-base) (http://www.phi- 
base.org) was used to analyze pathogen–host interac
tion (PHIs) genes [81]. Additionally, database of fungal 
virulence factors (DFVF) (http://sysbio.unl.edu/DFVF/) 
[82] was employed to reveal the distinct virulent genes 
in the genome.

Comparative genomics

Comparative genomic analysis was performed to explore 
the pathogenicity/resistance mechanism of T. verrucosum. 
The whole genomic protein sequences of T. rubrum, 
M. canis, Candida albicans, M. gypseum, Aspergillus fumi
gatus, and T. tonsurans etc. were downloaded from NCBI 
(https://www.ncbi.nlm.nih.gov/genome/), and the ortholo
gous protein sequences in the genome were analyzed using 
OrthoFinder [83]. The aligning of single-copy core ortho
logous proteins was performed using MAFFT [84], fol
lowed by species phylogenesis inference using the 
maximum probability method in IQ-TREE [85]. The One 
Step MCScanX module in TBtools (v1.1047) was used to 
investigate genome-wide replication events across spe
cies [86].

Genome-based taxonomic Validation

To confirm the taxonomic identity of the isolate at the 
whole-genome level, Average Nucleotide Identity 
(ANI) analysis was performed using FastANI. This 
method employs a Mashmap-based, alignment-free 
approach, where genome sequences are fragmented 
into 3 kb segments and compared in an all-versus-all 
manner to estimate genomic similarity.

In addition to ANI analysis, k-mer – based similarity 
analysis was conducted using sourmash (v4.0). Genomic 
signatures were generated using a k-mer size of 31 and 
a scaling factor of 1000 (MinHash approach), allowing for 
the estimation of Jaccard similarity between genomes based 
on shared k-mer content. This approach enables 
a comparison of genomes at the k-mer level, providing 
a more detailed view of genomic relationships.

Reference genomes of closely related dermatophyte spe
cies, including T. rubrum and T. mentagrophytes, were 
used for comparative analysis. The results from both the 
ANI and Mash distance analyses showed clear clustering of 
the isolate with T. verrucosum and distinct separation from 
both T. rubrum and T. mentagrophytes, confirming the 
taxonomic identity of the isolate as T. verrucosum.

Antifungal susceptibility testing

Antifungal susceptibility testing was performed using 
the broth microdilution method in accordance with the 
Clinical and Laboratory Standards Institute (CLSI) 
guidelines for filamentous fungi. Antifungal agents, 
including ketoconazole (KTZ), itraconazole (ITR), ter
binafine (TBF), amphotericin B (AMB), fluconazole 
(FCA), 5-fluorocytosine (5-FC), and ciclopirox olamine 
(CPX), were prepared as stock solutions at 
a concentration of 512 µg/mL.

The fungal spore suspension was prepared from fresh 
cultures and adjusted to a final concentration of 1 × 106 

CFU/mL. Minimum inhibitory concentrations (MICs) 
were determined using a two-fold serial dilution method 
in sterile 96-well microtiter plates. The MIC was defined 
as the lowest concentration of antifungal agent that 
inhibited visible fungal growth after incubation.

Antifungal treatment and transcriptomic analysis

For transcriptome profiling, the isolate was cultured on 
SDAM (50 mL), Itraconazole medicine (ITR) (0.5 μg/ 
mL), and Xuanjing – Compound Chinese Herbal Spray 
(CCM) (75 μg/mL) (Design Biotechnology, Co., Ltd). 
Two groups were used: wild type (WT) group cultured 
on SDAM; treatment groups exposed to ITR and CCM. 
Each treatment condition was performed in triplicate, 
with each replicate processed and sequenced individu
ally to ensure biological reproducibility. Samples were 
randomized across sequencing lanes to mitigate poten
tial batch effects. Itraconazole was selected for tran
scriptomic analysis based on its observed sensitivity 
against the isolate and its clinical relevance in derma
tophytosis treatment.

SDAM medium was prepared by dissolving 1.6 g 
glucose, 1 g peptone, 1.5 g agar and 0.6 g malt extracted 
in distilled water to a final volume of 50 mL. 
Itraconazole was first dissolved in dimethyl sulfoxide 
(DMSO) to prepare a stock solution at a concentration 
of 12,800 μg/mL by dissolving 51.2 mg in 4 mL of 
DMSO. The working solution was prepared by diluting 
the stock solution in Sabouraud dextrose agar medium 
to obtain a final concentration of approximately 
0.5 μg/mL.

Sophora flavescens, Densefruit Pittany Rootbark, 
Phellodendron chinense, Cortex Pseudolaricis, Cnidium 
monnieri, and other herbs were ground, sieved, and 
extracted with 70% ethanol (1:12) after soaking and 
ultrasonication to prepare CCM in the laboratory. The 
extract was concentrated to 1 g/mL and stored in 2%
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dimethyl sulfoxide (DMSO). CCM stock solution was 
prepared by dissolving 0.375 mL in 49.6 mL SDAM to 
achieve a final concentration of 75 μg/mL. The strains 
were incubated at 28°C and colony growth was 
observed and monitored daily for the duration of 
15–21 days. After 14th day incubation, the samples 
from all the cultures were scraped into 2 mL cryotube, 
immediately frozen in liquid nitrogen and stored at 
−80°C for RNA extraction.

Transcriptome sequencing and analysis

The two sets of samples: WT and treatment group 
obtained in the previous period were sent to 
Lianchuan Biotechnology Co., Ltd. (Qiantang, 
Hangzhou) for transcriptome sequencing. Total RNA 
was isolated with TRIzol reagent (Thermo Fisher) fol
lowing the manufacturer’s protocol and quantified 
using an RNA 6000 Nano LabChip Kit and 
Bioanalyzer 2100 (Agilent, CA, USA, 5067–1511). 
mRNA was purified from 5 µg of total RNA using 
Dynabeads Oligo (dT) (Thermo Fisher, CA, USA) for 
library preparation. Short mRNA fragments were cre
ated using the Magnesium RNA Fragmentation Module 
(NEB, cat. e6150, USA). Fragmented RNA was reverse- 
transcribed into cDNA using SuperScript™ II 
(Invitrogen), and U-labeled second-strand DNA was 
synthesized with DNA polymerase I, RNase H (NEB), 
and dUTP (Thermo Fisher). According to vendor’s 
recommended protocol, paired-end sequencing (2 ×  
150 bp, PE150) was performed on an Illumina 
NovaSeq™ 6000 platform (LC-Biotechnology Co., Ltd., 
Hangzhou, China). The reads generated for each library 
were filtered by using Cutadapt (v1.9, https://cutadapt. 
readthedocs.io/en/stable/) [87]. HISAT (v2.2.1, https:// 
daehwankimlab.github.io/hisat2/) was used to align 
high-quality reads to the T. verrucosum de novo gen
ome [87,88]. Mapped reads were assembled with 
StringTie (v2.1.6, http://ccb.jhu.edu/software/stringtie/) 
[89], and merged using gffcompare (v0.9.8, http://ccb. 
jhu.edu/software/stringtie/gffcompare.shtml) to gener
ate a comprehensive transcriptome. Transcript expres
sion levels were estimated as fragments per kilobase of 
transcript per million mapped reads (FPKM) using 
StringTie and Ballgown (http://www.bioconductor.org/ 
packages/release/bioc/html/ballgown.html) [90].

Differential expression and functional enrichment

Gene differential expression analysis was performed 
using DESeq2 to compare two groups, with 
T. verrucosum cultured on SDAM medium as the con
trol. The genes with the parameter of false discovery 

rate (FDR) below 0.05 and absolute fold change ≥2 
were considered differentially expressed genes (DEGs) 
[91]. Gene enrichment analysis (GO) and pathway 
enrichment analysis (KEGG) were performed by using 
Gene Ontology database (http://www.geneontology. 
org/) and KEGG database (https://www.kegg.jp/kegg/) 
for the functional annotation of T. verrucosum [73,92]. 
Gene set enrichment analysis (GSEA, v4.1.0) [93] was 
performed to determine whether genes associated with 
specific GO terms and KEGG pathways were signifi
cantly different between the two groups [94].

Quantitative real-time RT-PCR (qRT-PCR) Validation

qRT-PCR was performed to validate the expression of 
16 selected differentially expressed genes (DEGs) to 
ensure the reliability of transcriptome sequencing 
data. Specific primers for qRT-PCR were designed 
using Primer 6.0 software (Supplementary Table S1).

Total RNA was extracted from the samples, and 
first-strand cDNA was synthesized from 2 µL of 
DNase-treated RNA using a commercial kit from 
Accurate Biotechnology (Hunan, China). The qPCR 
was carried out using the SYBR Green Premix Pro 
Taq HS Kit (Accurate Biotechnology) on a Rocgene 
real-time PCR system. Each 20 µL reaction mixture 
contained 10 µL of 2× SYBR Green mix, 0.4 µL of 
each 10 µM primer, 1 µL cDNA, and RNase-free 
water. The cycling conditions were as follows: 95°C 
for 30 s, followed by 40 cycles of 95°C for 5 s, 60°C 
for 30 s, and 65°C for 5 s. GAPDH was used as the 
reference gene, and reactions were performed in tripli
cate. Gene expression levels were quantified using the 
2^−ΔΔCt method [93].

Results

Clinical features, morphological and biochemical 
characterization of Trichophyton verrucosum

The infected cattle exhibited typical clinical signs of 
dermatophytosis, including circular alopecic lesions 
with scaling and crust formation on the skin (Figure 1 
(A)). Colony morphology of the isolate was evaluated 
on SDAM under different temperature conditions. At 
28°C (Figure 1(B)), colonies were slow-growing, com
pact, centrally elevated, and restricted, forming dense 
button-like structures with smooth and well-defined 
margins. Mature colonies exhibited slight cream-to- 
pale yellow pigmentation in the central region. At 
37°C (Figure 1(C)), colonies showed comparatively 
increased radial expansion, appearing larger with 
a more diffuse and less compact peripheral zone while
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Figure 1. Clinical features, morphological, molecular, and genomic characterization of Trichophyton verrucosum. (a) Clinical presenta
tion of dermatophytosis in cattle showing circular alopecic lesions with scaling and crusting.(B – C) colony morphology on 
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retaining a slightly raised central morphology. These 
findings demonstrate temperature-dependent growth 
characteristics consistent with the known biology of 
Trichophyton verrucosum. Variations in colony mor
phology and pigmentation may occur depending on 
strain characteristics, culture medium composition, 
incubation conditions, and duration of growth.

Microscopic examination using lactophenol cotton 
blue staining revealed septate hyaline hyphae, abundant 
chains of thick-walled chlamydospores, sparse conidial 
elements occasionally observed, and branched antler- 
like (favic chandelier) hyphae (Figure 1(D)). Chains of 
chlamydospores represented the predominant micro
scopic feature observed under the present culture con
ditions. These findings are consistent with the 
established morphological variability reported for 
T. verrucosum.

Biochemical characterization confirmed enzymatic 
activities associated with pathogenicity. The isolate 
exhibited positive proteolytic activity, as evidenced by 
a clear hydrolysis zone on bromocresol purple casein 
milk inositol (BPC) medium after 7 days of incubation 
(Figure 1(G)). Urease activity was also positive, indi
cated by a color change from yellow to pink on 
Christensen’s urea agar after 3–5 days of incubation 
(Figure 1(H)). These findings, together with morpho
logical characteristics, are consistent with classical 
descriptions of T. verrucosum and support reliable spe
cies identification.

Molecular identification based on ITS sequencing

PCR amplification of the ITS region produced a clear 
single band of approximately 681 bp (Figure 1(E)), 
confirming successful amplification of fungal DNA. 
All samples showed identical banding patterns, indicat
ing reproducibility and genetic consistency of the iso
lates. The amplified ITS products were sequenced, and 
BLAST analysis against the NCBI GenBank database 
showed 99–100% similarity with T. verrucosum (acces
sion no. OR056436.1). Phylogenetic analysis 

demonstrated that the isolate clustered with reference 
T. verrucosum strains with high bootstrap support 
(Figure 1(F)), confirming its identity at the species 
level.

Genome assembly and quality assessment

PacBio sequencing generated 7,950,199,200 bp of sub
reads (332.9× coverage) from a single Sequel II SMRT 
cell. Based on HiFi read statistics, 5.51 Gb of sequence 
data were obtained, corresponding to a total genome 
size of 5,513,614,564 bp and 230.9× coverage. A total of 
308,142 reads were generated, with an average read 
length of 17,893 bp, an N50 of 18,034 bp, and a GC 
content of 46.5% (Supplementary Figure S1A).

The initial HiFiasm assembly produced 74 contigs 
with a total length of 26,374,647 bp (26.37 Mb) and 
a contig N50 of 5,797,948 bp (5.79 Mb). K-mer analysis 
(k = 17) (k depth = 271) estimated a genome size of 
24.17 Mb, with low heterozygosity (0.01%) and repeat 
content of 8.08%, indicating a highly homozygous 
genome.

After filtering low-quality sequences from the 
MGISEQ-2000 platform, 7,716,051,900 bp (7.71 Gb) 
of clean reads (230.9× coverage) were obtained, with 
97.01% mapping to the initial PacBio assembly. 
Following Hi-C scaffolding, the draft assembly size 
was 23.88 Mb with an anchoring rate of 98.16%. 
Following Hi-C–based correction, the final assembly 
size was 23.44 Mb (23,441,077 bp), comprising 14 con
tigs, of which four were anchored into three chromo
somes. Chromosome 1 consisted of two contigs, while 
chromosomes 2 and 3 each consisted of a single contig, 
with the remaining contigs unanchored. The final 
assembly achieved a contig N50 of 6.08 Mb and 
a scaffold N50 of 7.02 Mb (Table 1). The final genome 
size (23.44 Mb) is consistent with the k-mer estimate 
(24.17 Mb) and falls within the reported range for 
dermatophytes (22.5–24.17 Mb). The larger initial 
assembly size (26.37 Mb) likely reflects redundant or 
heterozygous contigs that were removed during Hi-C

Sabouraud dextrose agar supplemented with malt extract (SDAM): (b) slow-growing, compact, centrally elevated button-like colony 
with restricted radial expansion and slight cream-to-pale yellow pigmentation at 28 °C; (c) larger colony with increased radial 
expansion and diffuse peripheral growth at 37 °C.(D) Microscopic characteristics observed using lactophenol cotton blue staining: (a) 
sparse conidial elements, (b) conidial structures, (c) characteristic chains of thick-walled chlamydospores, (d) septate hyphae, (e – f) 
antler-like (favic chandelier) hyphae.(E) PCR amplification of the ITS region showing a ~ 681 bp band confirming fungal DNA 
amplification.(F) Phylogenetic tree based on ITS sequences showing clustering of the isolate with reference T. verrucosum strains.(G – 
H) biochemical characterization: (g) proteolytic activity on BPC medium; (h) urease activity on Christensen’s urea agar.(I) Heatmap of 
Average nucleotide identity (ANI) showing genomic similarity among T. verrucosum, T. rubrum, and T. mentagrophytes.(J) Mash 
distance matrix representing k-mer – based genomic distance among the three dermatophyte species.
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scaffolding and curation. The low heterozygosity 
(0.01%) and low BUSCO duplication rate (0.5%) sup
port a well-collapsed genome assembly without evi
dence of uncollapsed haplotigs.

Genome completeness was assessed using BUSCO 
v5.2.2 with the fungi_odb10 dataset. A total of 98.8% 
complete BUSCOs were identified, including 98.3% 
single-copy and 0.5% duplicated, with 0.3% fragmented 
and 0.9% missing, indicating high completeness 
(Table 1).

To validate the chromosome-level assembly, a Hi-C 
contact map was generated (Supplementary Figure 
S1C). The heatmap showed strong intra-chromosomal 
interactions along the diagonal and three distinct inter
action blocks corresponding to the three chromosomes, 
with weak inter-chromosomal signals. No obvious off- 
diagonal signals were observed after correction with 
3D-DNA and JuiceBox. The high read mapping rate 
(99.16%) and anchoring efficiency (98.16%) further 
support assembly accuracy. Alignment against the 
NCBI NT database showed that 50.16% of reads 
matched T. verrucosum, while the remaining reads 
aligned with closely related dermatophyte species, indi
cating minimal contamination and high data reliability.

Repeats and non-coding RNAs

Analysis of non-coding RNA identified 84 tRNA genes, 131 
rRNA. A total of 27 snRNAs were identified, comprising 18 
C/D-box, 5 H/ACA-box, and 4 spliceosomal RNAs 
(Table 1), which are key regulators of gene expression and 
cellular processes.

Various types of transposable elements (TE) have been 
identified in T. verrucosum, which exhibits notable discre
pancies in both abundance and diversity. Despite having 
a relatively low transposable element (TE) content, 
T. verrucosum contained two major classes of retrotranspo
sons: long interspersed nuclear elements (LINEs) and long 
terminal repeats (LTRs), with a minimal presence of short 
interspersed nuclear elements (SINEs). Combined results 
from both homology-based and de novo detection meth
ods, after redundancy removal, indicated that repeat 
sequences accounted for approximately 4.98% (1,189,375 
bp) of the genome, including 3.64% transposable elements 
(TEs). Among TEs, DNA transposons were most abundant 
(2.37%), followed by LTRs (0.73%) and LINEs (0.53%), 
while SINEs were rare (0.01%) (Table 2).

Gene structure and functional annotation

Using the MAKER and PASA pipelines, a total of 7,936 
protein-coding genes were predicted, with an average 
gene length of 1,481 bp and a mean exon count of 2.8 
(Table 1). Functional annotations across several key 
databases identified 7,539 genes (95.00%), leaving 397 
unannotated genes (5.00%) (Supplementary Table S1). 
The highest annotation rate was achieved by the NR 
database with 7,535 genes (94.95%), followed closely by 
TrEMBL (7,507 genes, 94.59%). KEGG_ALL annotated 
7,265 genes (91.54%), while GO annotated 5,668 genes 
(71.42%), and InterPro annotated 5,534 genes (69.73%). 
The KEGG_KO subset annotated 3,420 genes (43.09%), 
and SwissProt annotated 5,036 genes (63.46%).

A total of 3,420 genes were annotated across all 
seven databases, while 1,616 genes were annotated in

Table 1. Summary of genome assembly and annotation fea
tures of Trichophyton verrucosum..

Feature Trichophyton verrucosum

Assembly
Chromosomes 3
Largest chromosome length (bp) 10,334,313
Smallest chromosome length (bp) 6,084,903
Number of contigs 14
Final assembly size (bp) 23,441,077
Contig N50 (bp) 6,084,903
Scaffold N50 (bp) 7,022,361
GC content (%) 51.155
BGI reads mapping rate (%) 95.75
BGI reads coverage (%) 99.98
HiFi reads mapping rate (%) 97.01
HiFi reads coverage (%) 99.88
BUSCO completeness (%) 98.8
Complete (%) 98.3
Duplicated (%) 0.3
Fragmented (%) 0.3
Missing (%) 0.9
QV 52.1781
Gene Structure Information
Protein-coding genes in the chromosomes 7,936
Average gene length (bp) 1,481
Average CDS length (bp) 1,165
Average exons per gene 2.8
Average exon length (bp) 441
Average intron length (bp) 152
Non-coding RNA Information
rRNAs (copy) 131
tRNAs (copy) 84
snRNA (copy) 27
CD-box (copy) 18
HACA-box (copy) 5
Splicing RNA (copy) 4
scaRNA (copy) 0

Table 2. Identification of transposable element sequences in 
Trichophyton verrucosum.

Features
Combined TE Length 

(bp)
Combined TE in the Genome 

(%)

DNA 
Transposons

565,421 2.37

LTR 174,473 0.73
LINE 125,787 0.53
SINE 2121 0.01
Other 0 0.00
Unknown 29,166 0.12
Total TE 869,807 3.64
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six databases. Additionally, 1,597 genes were consis
tently annotated by NR, TrEMBL, and KEGG_ALL, 
while 242 genes were jointly annotated by NR and 
TrEMBL, and 28 genes were uniquely annotated by 
NR (Supplementary Figure S3).

The gene structure predictions were supported by 
PASA’s transcript evidence, with 99.88% of the pre
dicted genes refined by PASA annotations, and 0.11% 
being supported only by ab initio predictions. PASA 
introduced significant annotation edits, including the 
addition of UTRs and the refinement of alternative 
splicing events, ensuring higher accuracy and align
ment with transcript evidence.

KEGG pathway analysis of T. verrucosum identified 
262 functional metabolic pathways, with a high con
centration of genes in metabolic processes (Figure 2 
(A)). The most represented categories included carbo
hydrate metabolism (418 genes), amino acid 

metabolism (345), lipid metabolism (300), metabolism 
of cofactors and vitamins (265), nucleotide metabolism 
(260), glycan biosynthesis and metabolism (173), and 
energy metabolism (117). Key amino acid pathways 
were highlighted and encompassed tryptophan metabo
lism (118), lysine degradation (55), and tyrosine meta
bolism (48). Among the 418 genes involved in 
carbohydrate metabolism, the most represented path
ways were amino sugar and nucleotide sugar metabo
lism (90 genes), starch and sucrose metabolism (81), 
and butanoate metabolism (54). Many xenobiotic 
degradation pathways (201 genes), including those for 
benzoate (49), gamma-hexachlorocyclohexane, and 
caprolactam (24) were found in T. verrucosum. 
Furthermore, 183 genes were linked to pathways that 
produce secondary metabolites, such as anthocyanins, 
carotenoids, and flavonoids (Supplementary 
Table S3A).

Figure 2. Functional annotation and secondary metabolite biosynthetic potential of Trichophyton verrucosum Genome.(A) Kyoto 
Encyclopedia of genes and genomes (KEGG) pathway annotation. This panel displays the main KEGG pathways with their names and 
the total number of genes associated with each pathway. The x-axis indicates the number of genes (up to 500), while the y-axis lists 
the KEGG pathway in ascending order based on gene count. (B) EuKaryotic orthologous groups (KOG) classification. This panel shows 
the functional categorization of proteins in T. verrucosum based on KOG grouping. The x-axis represents the number of gene models, 
whereas the y-axis displays the KOG functional categories. Three primary KOG categories were listed with their functional id and 
total number of genes: cellular processes and signaling (1783), Information storage and processing (1369), and metabolism (1709), 
respectively. (c) Secondary metabolic gene clusters in seven fungal genomes including T. verrucosum. This panel compares the 
number of secondary metabolites biosynthetic gene clusters across seven fungal genomes. The x-axis indicates the fungal species, 
and the y-axis shows the number of gene clusters. M. canis exhibits the highest number (47), followed by T. verrucosum (34), and 
T. rubrum (31). The type of each cluster was listed: DMAT (dimethylallyl tryptophan synthase), hybrid clusters, NRPS (non-ribosomal 
peptide synthetases), NRPS-like, pks (polyketide synthases), PKS-like, and terpenes (TC).
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The KOG database annotated about 4,861 genes 
according to functional categories based on protein 
functions (Figure 2(B)). Cellular processes and signal
ing were linked to 1,783 genes, prominently featuring 
posttranslational modification, protein turnover, and 
chaperones (493 genes), signal transduction mechan
isms (487 genes), and intracellular trafficking, secretion 
and vesicular transport (306 genes). Functions of 
genetic information processing were delineated by 
1,369 genes, primarily related to transcription (391 
genes), RNA processing (317 genes), and translation 
(310 genes). The metabolism comprised 1,709 genes, 
with carbohydrate metabolism (267 genes), amino acid 
metabolism (257 genes), and lipid metabolism (256 
genes) representing the primary functional groups 
exhibiting considerable enrichment (Supplementary 
Table S3B). The findings demonstrate the sophisticated 
regulatory, metabolic, and structural genomic capaci
ties, which relate to its capacity for adaptability and 
pathogenicity of T. verrucosum.

Genomic analysis of T. verrucosum identified 34 sec
ondary metabolite biosynthetic gene clusters (BGCs) 
with diverse class composition: 3 DMAT (dimethylallyl 
tryptophan synthase), 3 hybrid clusters, 12 NRPS (non- 
ribosomal peptide synthetases), 5 NRPS-like, 7 PKS 
(polyketide synthases), 2 PKS-like, and 2 terpenes 
(TC) (Figure 2(C)). In comparison to other fungal 
genomes, T. verrucosum has a relatively high capacity 
for secondary metabolite production, however it is 
inferior to M. canis (47 BGCs) and superior to 
T. rubrum (31 BGCs) (Supplementary Table S3C). 
The substantial presence of NRPS and PKS clusters 
suggests the capacity to produce a diverse array of 
bioactive metabolites that may enhance the pathogeni
city and environmental adaptability of T. verrucosum 
and serve as a source of novel metabolites.

Pathogenicity-associated genes

A significant number of pathogenicity-associated 
genes were found to understand the pathogenic 
mechanism of T. verrucosum. Carbohydrate-active 
enzymes (CAZymes) may influence the life cycle 
and pathogenicity of dermatophytes, potentially 
revealing novel molecular targets for therapeutic 
and diagnostic applications. The CAZy annotation 
of the T. verrucosum genome identified 1,157 carbo
hydrate-active enzyme genes, including 562 (48%) 
glycoside hydrolases (GHs), 326 (28%) glycosyl 
transferases (GTs), 116 (10%) auxiliary activity 
enzymes (AAs), 100 (9%) carbohydrate-binding 

modules (CBMs), 44 (4%) carbohydrate esterases 
(CEs), and 9 (1%) polysaccharide lyases (PLs) 
(Figure 3(A)).

PHI-base analysis identified 2,920 pathogen–host 
interaction (PHI)-related genes, including 1,427 asso
ciated with reduced virulence, 918 with unaffected 
pathogenicity, 248 with loss of pathogenicity, 113 lethal, 
166 with increased virulence, and 17 linked to chemical 
drug interactions (Figure 3(B)).

Furthermore, the DFVF database provided insights 
into distinct virulence-associated gene families within 
the T. verrucosum genome. Analysis identified 15 
unique virulence gene families, exhibiting varying fre
quencies of occurrence and diverse functional roles 
(Figure 3(C)). Among these, SUB1_ARTGP (subtili
sin-like protease) was the most frequent, detected 12 
times, followed by SCPB_ARTOC (secreted cysteine 
protease), which appeared 10 times. These gene 
families are involved in protein degradation, particu
larly keratin, which is crucial for pathogenicity in 
dermatophytes. Other notable virulence factors identi
fied included CTSD_ARTOC, LAPI_ARTOC (lysoso
mal aspartic proteases), each appearing 6 times, 
followed by MEPI_ARTOC (metalloprotease), 
detected 5 times. Additional virulence factors such as 
NPIIA_ARTGP, SED1_ARTOC, DPP4_ARTOC, 
DPP5_ARTOC, ECM14_ARTOC, LAP2_ARTOC, 
MEP6_ARTOC, MCPA_ARTOC, MCPB_ARTOC, 
and CTSD_ARTOC were identified at lower frequen
cies (1–4 occurrences). These virulence factors are 
integral to the pathogenic mechanisms of 
T. verrucosum and may provide critical insights for 
future therapeutic strategies (Table 3).

A comprehensive analysis of pathogenicity-related 
genes was performed using the CAZy, PHI-base, and 
DFVF databases to explore the virulent mechanisms of 
T. verrucosum. The Venn diagram (Figure 3(D)) sum
marizes the overlap and unique contributions of these 
databases, identifying 437 genes unique to CAZy, 695 
genes shared between CAZy and PHI-base, 1,879 genes 
unique to PHI-base, and 16 genes unique to DFVF. 
This visualization highlights both core virulence factors 
shared between species and species-specific genes that 
may drive pathogenicity in dermatophytes.

Comparative genomics

Comparative genomic analysis promotes the under
standing of evolutionary links and gene function across 
many species by identifying gene sequences and their 
arrangement, classifying gene families, and evaluating 
genome collinearity. OrthoFinder grouped 54,808 genes 
from seven species into 45,425 orthogroups, with 82.9%
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of genes assigned to orthogroups containing two or 
more genes (G50 = 6). The largest orthogroup com
prised 3,557 genes (O50 = 3,557). Comparative investi
gations have found key orthogroups shared among 
dermatophytes, as well as species-specific genes that 
may promote host adaptation. A total of 393 core 
orthogroups were shared across all species, including 
184 composed of single-copy genes (Figure 4(A)). 
These core orthogroups represent a conserved genomic 
backbone across dermatophytes, indicating strong evo
lutionary conservation of essential functions. The pre
sence of 184 single-copy orthologs further supports 
their evolutionary stability and phylogenetic relevance, 
while variation in orthogroup composition may 

contribute to differences in host adaptation and 
pathogenicity.

The total number of orthogroups and species- 
specific orthogroups was 45,425 and 103, respectively, 
and the gene distribution across species is shown in 
Figure 4(A). Single copy orthogroups were used to 
construct phylogenetic trees, revealing that 
T. verrucosum is most closely related to T. rubrum, 
followed by M. gypseum and M. canis (Figure 4(B)). 
Significant collinearity was observed between the gen
omes of T. verrucosum and T. rubrum, supported by 
6,942 shared orthogroups. Collinearity block analysis 
further illustrates the chromosomal relationships 
between these two species. T. verrucosum contains

Figure 3. Summary of annotations for pathogenicity-related genes in Trichophyton verrucosum. (A) Carbohydrate-active enzymes 
(CAZys). Pie chart showing the distribution of different CAZyme families involved in host cell wall degradation. The categories 
include Glycoside Hydrolases (GHs, 48%), glycosyl transferases (GTs, 28%), auxiliary activities (AAs, 10%), carbohydrate-binding 
modules (CBMs, 9%), carbohydrate esterases (CEs, 4%), and polysaccharide lyases (PLs, 1%).(B) Pathogen-host interaction (PHIs) 
annotations. Bar chart illustrating the number of genes associated with different pathogenicity-related effects. The most prevalent 
categories include genes linked to reduced virulence (1,427), unaffected pathogenicity (918), and loss of pathogenicity (248), 
followed by lethal (113), increased virulence (166), and chemical resistance (17) categories. (C) Virulence-associated genes from the 
database of fungal virulence factors (DFVF). Bar chart showing the frequency of occurrence of specific virulence factors. The most 
frequently identified genes include SUB1_ARTGP (12), SCPB_ARTOC (10), CTSD_ARTOC (6), LAP1_ARTOC (6), and others involved in 
fungal virulence. (D) Venn diagram showing the overlap of pathogenicity-related genes from the CaZy, PHI-base, and DFVF 
databases. The diagram highlights core virulence factors shared across species and species-specific genes unique to 
T. verrucosum. 437 genes are unique to CaZy, 695 genes are shared between CaZy and PHI-base, 1879 genes are unique to PHI- 
base, and 16 genes are unique to DFVF.
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three chromosomes (Chr1, Chr2, and Chr3), each 
showing collinearity with chromosomes of T. rubrum. 
Specifically, Chr1 aligns with T. rubrum chromosomes 
1–6, while chromosomes 13–18 also exhibit collinearity 
with Chr1 (Figure 4(C)). The high collinearity between 
T. verrucosum and T. rubrum underscores their close 
evolutionary relationship and suggests shared patho
genic mechanisms among dermatophytes.

Genome-based confirmation of species identity

Average Nucleotide Identity (ANI) analysis demon
strated that Trichophyton verrucosum showed the high
est genomic similarity with T. rubrum (94.27%), 
followed by T. mentagrophytes (93.42%) (Figure 1(I)). 
While these values are below the commonly accepted 
species threshold of ~95%, they confirm that the isolate 
is a distinct species, separate from both T. rubrum and 
T. mentagrophytes.

To further evaluate genomic relatedness, k-mer – 
based Mash distance analysis was performed 
(Figure 1(J)). This analysis revealed variation in 
genomic similarity patterns compared to ANI, 
reflecting differences in genome composition 
among the species. While ANI indicated closer 

nucleotide-level similarity between T. verrucosum 
and T. rubrum, Mash analysis revealed distinct clus
tering patterns, highlighting the evolutionary diver
gence and genome-level variation among these 
dermatophytes. The Mash distance analysis rein
forces the finding that T. verrucosum is genetically 
distinct from both T. rubrum and T. mentagrophytes, 
despite sharing a certain level of genomic similarity.

Antifungal susceptibility profile of Trichophyton 
verrucosum

Antifungal susceptibility testing revealed that strain 
OR056436.1 was highly sensitive to ketoconazole and 
itraconazole, with low MIC values (1–2 µg/mL and 
0.5–1 µg/mL, respectively). Moderate susceptibility was 
observed for 5-fluorocytosine (MIC: 32 µg/mL). In con
trast, the isolate exhibited high MIC values for terbina
fine (64 µg/mL), amphotericin B (64 µg/mL), 
fluconazole (256 µg/mL), and ciclopirox olamine (16–
64 µg/mL), indicating resistance to these agents. Based 
on this susceptibility profile, itraconazole was selected 
for subsequent transcriptomic analysis. Detailed MIC 
values and interpretations are presented in 
Supplementary Table S4.

Table 3. Virulence genes, gene counts, families and functions in Trichophyton verrucosum.
Gene ID Number Family Function

SUB1_ARTGP 12 Peptidase 
S8

Secreted subtilisin-like serine protease with keratinolytic activity 
that contributes to pathogenicity.

SCPB_ARTOC 10 Peptidase 
S10

Extracellular serine carboxypeptidase that contributes to pathogenicity.

CTSD_ARTOC 6 Peptidase 
A1

Secreted aspartic-type endopeptidase which is secreted and contributes 
to virulence.

LAP1_ARTOC 6 Peptidase 
M28

Extracellular aminopeptidase which contributes to pathogenicity.

MEP1_ARTOC 5 Peptidase 
M36

Secreted metalloproteinase probably acting as a virulence factor.

NPIIA_ARTGP 4 Peptidase 
M35

Secreted metalloproteinase that allows assimilation of proteinaceous substrates. Shows high activities on basic 
nuclear substrates such as histone and protamine. May be involved in virulence.

SED1_ARTOC 3 Peptidase 
S53

Secreted tripeptidyl-peptidase which degrades proteins at acidic pHs and is involved in virulence.

DPP4_ARTOC 2 Peptidase 
S9B

Extracellular dipeptidyl-peptidase which removes N- terminal dipeptides sequentially from polypeptides having 
unsubstituted N-terminal provided that the penultimate residue is proline. Contributes to pathogenicity.

DPP5_ARTOC 2 Peptidase 
S9B

Extracellular dipeptidyl-peptidase which removes N- terminal dipeptides sequentially from polypeptides having 
unsubstituted N-terminal. Contributes 
to pathogenicity.

ECM14_ARTOC 2 Peptidase 
M14

Probable carboxypeptidase that may be involved in cell wall organization 
and biogenesis.

LAP2_ARTOC 2 Peptidase 
M28

Extracellular aminopeptidase that releases a wide variety of amino acids 
from natural peptides and contributes to pathogenicity.

MEP6_ARTGP 2 Peptidase 
M43B

Secreted metalloproteinase that allows assimilation of proteinaceous substrates. Plays a pivotal role as 
a pathogenicity determinant during infections and contributes to the ability of the pathogen to persist within 
the mammalian host.

MCPA_ARTOC 1 Peptidase 
M14

Extracellular metalloprotease that contributes to pathogenicity.

MCPB_ARTOC 1 Peptidase 
M14

Extracellular metalloprotease that contributes to pathogenicity.

CTSD_ARTOC 1 Peptidase 
A1

Secreted aspartic-type endopeptidase which is secreted and contributes to virulence.
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Transcriptional profiling of Trichophyton 
verrucosum

Transcriptional profiling of T. verrucosum was per
formed by culturing the isolate under three conditions: 
SDAM medium (control), ITR (treatment) and CCM 
(treatment). High-throughput RNA sequencing gener
ated an average of 42,938,807 raw reads and 41,369,622 
clean reads across all samples. Clean reads for the 
individual groups were 43,832,042 for WT (control), 
42,198,780 for ITR (treatment), and 38,078,044 for 
CCM (treatment) (Supplementary Table S5).

Sequencing quality was high and consistent across 
groups, with the alignment rates for each group being 
similar: 97.74% for WT, 97.97% for ITR, and 97.49% 
for CCM, indicating uniform alignment performance. 
Moreover, most reads were aligned to exonic regions, 

with percentages ranging from 71.49% to 78.42% 
(Supplementary Table S6). Additionally, a substantial 
proportion of paired-end reads mapped successfully, 
with rates ranging from 90.12% to 94.12%, further 
confirming the high integrity of the sequencing data. 
These findings demonstrate that alignment rates and 
read quality were uniform across the control and treat
ment groups, ensuring reliable data for downstream 
transcriptional analysis.

Analysis of differentially expressed genes (DEGs)

Differential gene expression analysis of WT, ITR, and 
CCM samples was conducted using the FPKM method 
to quantify transcript levels in T. verrucosum strains. 
Based on FPKM values, correlations between all

Figure 4. Comparative genomic analysis of animal pathogens associated with cattle bovine disease (CBD).(A) Summary of 
orthogroups across seven species. A flower plot showing the distribution of orthogroups among seven fungal pathogens. The 
central core contains 393 shared orthogroups, including 184 single-copy orthogroups. The inner rings represent the total number of 
genes within orthogroups for each species, while the outermost segments indicate the number of species-specific genes unique to 
each species (B) Phylogenetic tree analysis based on single-copy core orthogroups. This panel depicts the evolutionary relationship 
between Trichophyton verrucosum and six other CBD-associated pathogens, inferred from single-copy core orthogroups.(C) 
Collinearity between T. verrucosum and Trichophyton rubrum. this panel displays the synthetic relationship between the genomes 
of T. verrucosum (chromosome 1–3) and T. rubrum (chromosome 1–18), highlighting conserved genomic blocks and chromosomal 
rearrangements.
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samples were calculated. Pearson’s correlation coeffi
cients approaching 1 indicated strong similarity 
between samples. The three biological replicates of the 
same T. verrucosum strain exhibited the highest simi
larity, with most of the correlation coefficients generally 
exceeding 0.6. WT vs. ITR or CCM showed generally 
lower R-values (~0.2–0.5), indicating distinct gene 
expression patterns. Principal component analysis 
(PCA) was conducted to evaluate the distribution pat
terns of WT, ITR, and CCM samples (Supplementary 
Figure S4).

Comparison was performed between CCM vs. ITR, 
CCM vs. WT, and WT vs. ITR and observed 
a differential expression of genes among all three com
parison groups. A total of 1,880 were significantly 
expressed, of which 936 were significantly up- 
regulated and 944 were significantly down-regulated 
(Figure 5(A-C)). Total differentially expressed genes 
were 545 in group CCM vs. ITR, of which 334 were 
significantly up regulated and 211 were significantly 

downregulated. CCM vs. ITR had 431 differentially 
expressed genes, from which 135 genes were up- 
regulated, and 296 genes were down-regulated signifi
cantly. In the WT vs. ITR comparison, 904 genes were 
differentially expressed, with 467 significantly upregu
lated and 437 downregulated. A Venn diagram revealed 
21 DEGs shared across all three comparison groups 
(Figure 5(D)).

Functional enrichment analysis of DEGs

GO and KEGG enrichment analyses were performed to 
elucidate the biological functions of DEGs across all three 
comparisons (Figure 6). GO enrichment analysis revealed 
that DEGs were distributed across three categories: biolo
gical process, cellular component, and molecular function. 
Within biological processes, the most enriched terms were 
proteolysis (GO:0006508), methylation (GO:0032259), 
amino acid transmembrane transport (GO:0003333), and

Figure 5. Differential gene expression analysis across three pairwise comparisons using volcano plots and a Venn diagram. (A).CCM 
vs. ITR comparison. A total of 545 differentially expressed genes (DEGs) were identified, including 334 upregulated (red) and 211 
downregulated (blue) genes. The x-axis shows the log2 Fold change in gene expression, while the y-axis indicates the -log10 of the 
adjusted q-value, highlighting significantly regulated genes. (B). CCM vs. WT comparison. A total of 431 DEGs were observed, with 
135 genes upregulated and 296 genes downregulated. This indicates a predominance of gene suppression in CCM-treated group 
compared to the wild type.(C). WT vs. ITR comparison. This comparison revealed the highest number of DEGs (904), with 467 genes 
upregulated and 437 downregulated, reflecting extensive transcriptomic alterations in response to itraconazole treatment. (D).Venn 
diagram of DEGs across all comparisons. The Venn diagram illustrates the overlap of DEGs among the three pairwise comparisons. 
A total of 21 genes were commonly regulated across all three groups. Additional subsets include shared and unique DEGs such as 90 
genes overlapping between CCM vs. ITR and CCM vs. WT.
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cytoplasmic translation (GO:002181). In the cellular com
ponent category, cytoplasm (GO:0005737), plasma mem
brane (GO:0005886), nucleus (GO:0005634), and 
extracellular region (GO:0005576) were predominant. For 

molecular function, ATP binding (GO:0005524), metal ion 
binding (GO:0046872), and transmembrane transporter 
activity (GO:0022857) were the most enriched (Figure 6 
(A,C,E)).

Figure 6. Functional annotation and pathway enrichment analysis of differentially expressed genes in three comparison Groups.(A, 
C, E). Bar plots illustrate the top enriched gene ontology (GO) terms categorized into biological process (blue), cellular component 
(green), and molecular function (orange) for CCM vs. ITR, CCM vs. WT , and WT vs ITR genes. The x-axis represents the GO term 
names, and the y-axis represents the number of genes associated with each GO term. (B, D, F). bubble plots of KEGG pathway 
enrichment analysis showing significantly enriched pathways for CCM vs. ITR, CCM vs. WT , and WT vs. ITR genes. The x-axis indicates 
the rich factor, and the y-axis lists the pathway names. The bubble size represents the number of genes enriched in each pathway, 
and the color gradient denotes the statistical significance (q-value) of enrichment, with red indicating more significant values and 
blue less significant.
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The KEGG pathway enrichment bubble plot 
revealed multiple pathways associated with pathogenic 
mechanisms across all three comparisons. In the CCM 
vs. ITR group, enrichment was observed in aminoacyl- 
tRNA biosynthesis (tve00970), styrene degradation 
(tve00643), fatty acid biosynthesis (tve00610), amino 
sugar and nucleotide sugar metabolism (tve00520), 
and ABC transporters (tve02010), suggesting roles in 
metabolism, biosynthesis, detoxification, and stress 
adaptation (Figure 6(B)). In CCM vs. WT group, the 
KEGG pathway analysis revealed DEGs enrichment in 
chemical carcinogenesis (tve05204), drug metabolism 
(tve00983), and longevity regulating pathway 
(tve04212) (Figure 6(D)). Tyrosine metabolism 
(tve00350), styrene degradation (tve00643), and amino 
sugar and nucleotide sugar metabolism (tve00520) were 
the most significant pathways in the WT vs. ITR group 
(Figure 6(F)).

To investigate the transcriptional responses of 
T. verrucosum under different groups, we conducted 
RNA-Seq analysis and visualized differentially 
expressed genes (DEGs) using hierarchical clustering 
heatmap. As shown in Figure 7(A), the gene expression 
patterns varied significantly among WT, ITR, and CCM 

groups. The CCM-treated samples exhibited wide
spread downregulation of genes (blue color), indicating 
a possible suppressive effect of classical Chinese herbal 
components on fungal gene activity. In contrast, the 
ITR-treated group showed extensive upregulation (red 
color) of numerous genes, suggesting a strong tran
scriptional activation in response to antifungal stress. 
The WT group demonstrated an intermediate expres
sion profile, with partial overlap between CCM and ITR 
conditions. Hierarchical clustering of both genes and 
samples further confirmed that the three groups 
formed distinct expression clusters, highlighting the 
unique impact of each treatment on the transcriptomic 
landscape of T. verrucosum. These observations suggest 
that both CCM and ITR elicit highly condition-specific 
regulatory responses, potentially related to fungal 
growth inhibition and stress adaptation. To further 
explore the potential link between treatment and fungal 
virulence, we examined the expression of pathogeni
city-related genes under wild-type and treated condi
tions. Several key virulence-associated genes were 
differentially expressed between WT and treated (TR) 
isolates as shown in Figure 7(B). Notably, gene- 
Tve07195 and gene-Tve04846 were significantly

Figure 7. Transcriptomic profiling of differentially expressed and pathogenicity-related genes in Trichophyton verrucosum. (A). 
Heatmap of differential gene expression. This panel displays the expression patterns of differentially expressed genes (DEGs) across 
three experimental groups (WT, ITR, and CCM), based on log2(FPKM +1)) values. Each row represents a gene with differential 
expression, and each column corresponds to a biological replicate from each sample group. Red indicates the upregulated genes, 
while blue indicates downregulated genes. (B). Expression heatmap of pathogenicity-related genes. This heatmap shows the 
expression levels of selected pathogenicity-related genes in T. verrucosum, presented as log-transformed FPKM values. Red indicates 
high expression, while blue indicates low expression, providing insight into the transcriptional regulation of virulence-associated 
genes under different treatment conditions.
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upregulated in treated samples (TR1–TR3) compared 
to all WT replicates. This upregulation may reflect an 
adaptive response mechanism that enhances pathogenic 
potential under itraconazole-induced stress. In contrast, 
gene-Tve00350 and gene-Tve04939 remained consis
tently lowly expressed across both conditions, suggest
ing limited or context-dependent roles in virulence 
regulation.

Integration of key functional modules in DEGs

To strengthen the interpretation of differential expres
sion results, enriched GO terms and KEGG pathways 
were further organized into three major functional 
modules: virulence, antifungal response, and host 
adaptation. Virulence-associated functions were sup
ported by enrichment in proteolysis (GO:0006508), 
cell wall organization, and amino acid transport, 
which are critical for host tissue degradation, nutrient 
acquisition, and fungal invasion. These findings are 
consistent with the observed modulation of proteolytic 
activity and structural components involved in 
pathogenicity.

Antifungal response mechanisms were strongly 
represented, particularly in the WT vs. ITR compari
son, by enrichment in drug metabolism – cytochrome 
P450 (tve00982), ABC transporters (tve02010), and 
stress-related pathways including MAPK signaling, per
oxisome, and autophagy. Additionally, significant 
enrichment of ribosome, aminoacyl-tRNA biosynthesis, 
and mRNA surveillance pathways indicates disruption 
of protein synthesis and activation of cellular stress 
responses under itraconazole treatment.

Host adaptation processes were reflected by enrich
ment in fatty acid biosynthesis (tve00610), amino sugar 
and nucleotide sugar metabolism (tve00520), and trans
membrane transporter activity (GO:0022857), indicat
ing metabolic reprogramming and membrane 
adaptation to environmental and antifungal stress. 
CCM treatment showed comparatively moderate 
enrichment in protein catabolism, oxidative stress 
response, and transport processes, suggesting a more 
targeted and less disruptive transcriptional response.

Overall, these results demonstrate that itraconazole 
induces extensive metabolic disruption, translational 
inhibition, and stress-response activation, whereas 
CCM promotes controlled metabolic adaptation and 
stress tolerance. These prioritized functional modules 
are summarized in the proposed model (Figure 8), 
providing a clearer mechanistic link between DEGs, 
pathogenicity, and antifungal response in 
T. verrucosum.

Transcriptomic analysis of transporter, 
detoxification, and infection-related genes under 
different treatments

To understand the molecular response of T. verrucosum 
to antifungal agents, we examined differentially 
expressed transporter, detoxification, and metabolism- 
related genes under CCM and ITR treatments in com
parison to the control (wild type, WT) (Table 4). 
Several ABC (ATP-binding cassette) and MFS (Major 
Facilitator Superfamily) transporters, as well as cyto
chrome P450 enzymes, were differentially expressed in 
the CCM vs. WT group. ABC transporters, cytochrome 
P450s, MFS transporter, and ammonium transporter 
(Ato3) were upregulated while MFS multidrug trans
porters, vacuolar ATPase regulators, and amino acid/ 
polyamine transporters were downregulated in CCM 
vs. WT group. In CCM vs. ITR, cytochrome P540 
alkane hydrolase (gene-Tve04661) was up-regulated, 
whereas glutathione S-transferase, and multiple MFS 
transporters were down-regulated. MFS multidrug 
transporters, MFS glucose transporter, calcium 
ATPase, glucosamine-6-phosphate deaminase, and 
cytochrome P540 monooxygenase had the highest 
expression whilst ABC transporters, sterol biosynthesis 
enzymes, and MFS and other nutrient transporters had 
the lowest expression in WT vs. ITR group, revealing 
distinct expression under different comparison groups 
at the transcriptomics level.

Modulation of Subtilase, LysM, and transporter 
genes

Differential expression of genes encoding infection- 
related proteins in Trichophyton verrucosum was 
assessed under specific conditions using transcriptomic 
analysis (Table 5). Seven genes (gene-Tve00314, 
Tve00350, Tve04074, Tve04429, Tve04939, Tve06877, 
Tve07195) encode Subtilase with the PF00082 domain. 
Downregulation of these Subtilase genes 
(log2FoldChange from −1.14 to −3.25) suggests sup
pression of infection-related enzymatic activity under 
the tested conditions. This may reflect a host immune 
response, antifungal treatment, or altered environmen
tal conditions inhibiting these virulent factors. Gene- 
Tve04429 showed the highest downregulation (−3.25), 
indicating a significant suppression of its expression, 
suggesting its important role in the pathogen’s infection 
strategy.

Additionally, gene-Tve04846 contains the PF00188 
(LysM domain), which indicates a reduced immune 
evasion capability under the tested condition. This
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Figure 8. Model of differential expression results in virulence, antifungal response, and host adaptation in Trichophyton verrucosum 
under itraconazole and ccm treatments. This model summarizes the key functional modules identified in the differential expression 
results (DEGs) of T. verrucosum. The figure shows how DEGs in virulence-associated pathways (proteolysis, cell wall organization), 
antifungal response pathways (cytochrome P450s, ABC transporters), and host adaptation processes (fatty acid biosynthesis, amino 
sugar metabolism) contribute to tissue invasion, drug resistance, and immune evasion. The results show that itraconazole (ITR) 
induces extensive metabolic disruption, translational inhibition, and stress response activation, while ccm promotes controlled 
metabolic adaptation and stress tolerance.
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may reflect ineffective colonization or an adaptive 
trade-off during treatment.

Further analysis revealed modulation of transporter 
genes, which are critical for fungal pathogenicity, 
stress response, and antifungal resistance. Genes such 
as MFS multidrug transporters (e.g. Tve03453, 
Tve00697), ABC multidrug transporters (e.g. 
Tve04681), and Plasma membrane ammonium trans
porter (e.g. Tve00444) were upregulated, indicating 
their potential involvement in drug resistance and 
nutrient acquisition under stress. Conversely, gene- 
Tve01059 (another transporter) was downregulated, 
suggesting an alteration in transport capacity under 
the tested conditions. Additionally, cytochrome P450 
(e.g. Tve05586) was upregulated, indicating its role in 
metabolic adaptations and stress response 
mechanisms.

These findings, including the modulation of 
Subtilase, LysM, and transporter genes, further confirm 
the robustness of our transcriptomic analysis and high
light the complex regulatory networks involved in fun
gal adaptation and virulence.

Validation of RNA- Seq by qRT- PCR

qRT-PCR of selected DEGs confirmed the RNA-Seq 
expression patterns in the WT vs. ITR (Figure 9(A)), 
and WT vs. CCM comparisons (Figure 9(B)). The qRT- 
PCR results were consistent with the RNA-Seq data, 
confirming the reliability of the transcriptomic analysis. 
Pearson’s correlation revealed a strong positive correla
tion between qRT-PCR and RNA-Seq expression levels 
(r = 0.67, p < 0.001), indicating a high degree of consis
tency between the two methods.

Table 4. Key genes differentially expressed in wt, ITR, and ccm strains.
Samples Gene ID Description log2FoldChange Regulation

CCMVSWT gene-Tve04681 ABC multidrug transporter 2.25 Up
CCMVSWT gene-Tve07395 ABC multidrug transporter MDR3, Multidrug resistance protein 3 1.38 Up
CCMVSWT gene-Tve05586 Cytochrome P450, putative 1.58 Up
CCMVSWT gene-Tve06620 Cytochrome P450 monooxygenase, putative 1.08 Up
CCMVSWT gene-Tve04588 MFS multidrug transporter −1.11 Down
CCMVSWT gene-Tve04855 Putative MFS multidrug transporter −3.21 Down
CCMVSWT gene-Tve07796 Putative MFS sugar transporter Stl1 −1.34 Down
CCMVSWT gene-Tve02761 MFS multidrug transporter, putative 1.54 Up
CCMVSWT gene-Tve04588 MFS multidrug transporter −1.11 Down
CCMVSWT gene-Tve04855 Putative MFS multidrug transporter −3.21 Down
CCMVSWT gene-Tve00444 Plasma membrane ammonium transporter (Ato3), putative 1.35 Up
CCMVSWT gene-Tve02705 Amino acid/polyamine transporter I −2.42 Down
CCMVSWT gene-Tve06310 Regulator of V-ATPase in vacuolar membrane protein −1.31 Down
CCMVSWT gene-Tve07454 Protein required for cell viability Rrp17, putative −1.31 Down
CCMVSITR gene-Tve00733 Glutathione S-transferase, putative −2.60 Down
CCMVSITR gene-Tve02816 MFS peptide transporter −1.68 Down
CCMVSITR gene-Tve02514 Putative MFS sugar transporter −1.11 Down
CCMVSITR gene-Tve06998 MFS transporter, putative −1.76 Down
CCMVSITR gene-Tve07062 Putative MFS transporter −1.08 Down
CCMVSITR gene-Tve04661 Cytochrome P450 alkane hydroxylase 1.06 Up
CCMVSITR gene-Tve00770 Cytochrome P450, putative −1.61 Down
CCMVSITR gene-Tve01572 Cytochrome P450, putative −1.05 Down
CCMVSITR gene-Tve07699 ABC multidrug transporter, putative 1.12 Up
WTVSITR gene-Tve01330 ABC multidrug transporter −1.42 Down
WTVSITR gene-Tve02993 ABC multidrug transporter, putative −1.45 Down
WTVSITR gene-Tve01459 C-8 sterol isomerase (Erg-1), putative −1.21 Down
WTVSITR gene-Tve04332 Sterol 24-C-methyltransferase, EC:2.1.1. 

Delta (24)-sterol C-methyltransferase
−3.15 Down

WTVSITR gene-Tve05743 Cytochrome P450 monooxygenase, putative 1.04 Up
WTVSITR gene-Tve03574 Cytochrome P450 alkane hydroxylase, putative −2.07 Down
WTVSITR gene-Tve05319 MFS transporter, putative −1.35 Down
WTVSITR gene-Tve05706 MFS monosaccharide transporter, putative −1.30 Down
WTVSITR gene-Tve06024 MFS monocarboxylate transporter, putative −1.05 Down
WTVSITR gene-Tve03453 MFS multidrug transporter, putative 2.55 Up
WTVSITR gene-Tve03621 MFS transporter −1.74 Down
WTVSITR gene-Tve00864 Putative MFS transporter −1.52 Down
WTVSITR gene-Tve00697 MFS multidrug transporter, putative 4.72 Up
WTVSITR gene-Tve00644 MFS glucose transporter, putative 2.55 Up
WTVSITR gene-Tve02302 MFS multidrug transporter, putative 1.10 Up
WTVSITR gene-Tve01059 Transporter −2.42 Down
WTVSITR gene-Tve06498 Calcium transporting ATPase (Pmc1), putative 1.52 Up
WTVSITR gene-Tve06735 Protein transport membrane glycoprotein Sec20, putative −1.43 Down
WTVSITR gene-Tve07593 Amino acid transporter, putative −1.46 Down
WTVSITR gene-Tve07544 Choline transporter Hnm1, putative −1.95 Down
WTVSITR gene-Tve04226 Glucosamine-6-phosphate deaminase 1.48 Up
WTVSITR gene-Tve00733 Glutathione S-transferase, putative −2.60 Down
WTVSITR gene-Tve04226 Glucosamine-6-phosphate deaminase 3.11 Up
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Discussion

A high-quality genome of Trichophyton verrucosum 
was assembled

Dermatophyte infections are a serious global health 
concern affecting both humans and animals, with the 
potential to spread zoonotically and cause outbreaks 
among exposed populations [95,96]. Trichophyton ver
rucosum, a dermatophyte species commonly isolated 
from skin lesions of beef cattle, also affects other 
domestic animals and humans, causing cattle ring
worm-a condition prevalent in many countries [95]. 
In China, the Xinjiang Uygur Autonomous Region 
reports a high incidence of T. verrucosum infections 
in both cattle and humans [97]. This study integrated 
whole-genome sequencing (PacBio, Illumina, and Hi-C 
platforms) with transcriptome (RNA-Seq) analysis to 
construct a comprehensive genome map and identify 
genes differentially expressed under antifungal treat
ment. The assembled genome of T. verrucosum is 
23.44 Mb in size and encodes 7,936 protein-coding 
genes, with 98.8% completeness assessed by BUSCO. 
The transcriptional profiling provided functional 
insights into gene expression dynamics, especially 
those related to keratin degradation, oxidative stress 

response, transporters, and secondary metabolism. 
Collectively, the genome and transcriptome data pro
vide a strong foundation for investigating the molecular 
mechanisms underlying T. verrucosum pathogenicity, 
host adaptation, and potential drug resistance.

Genome sequencing has become a fundamental 
approach for investigating the biology and ecological 
potential of fungi, offering unparalleled insights into 
their genetic composition, metabolic pathways, and 
adaptive strategies [98,99]. Whole-genome sequencing 
(WGS) is anticipated to transform the infectious disease 
surveillance and diagnosis owing to its great resolution 
[100]. Among advanced sequencing technologies, 
Pacific Biosciences’ single-molecule real-time (SMRT) 
sequencing offers long reads of up to 23,000 bp and 
a yield of ~1,080 Mb per run, providing high-quality 
data well-suited for assembling complex genomes. 
However, the PacBio RS platform produces raw reads 
with relatively high error rates, reported to reach up to 
17.9% [101]. While widely applied for viruses, bacteria, 
and small-genome organisms, its use in pathogenic 
fungi has been limited. This is largely due to common 
challenges in fungal genome assembly, including enor
mous genomic sizes, increased heterozygosity, and 
intricate repetitive regions [102]. These complications

Table 5. Differential expression of genes involved in virulence and transporter pathways in Trichophyton verrucosum.

Gene ID Protein Domain Functional Description
Log2 Fold 

Change Regulation

gene- 
Tve00314

PF00082 Subtilisin-like serine protease involved in host protein degradation and nutrient 
acquisition during infection.

−2.60 Down

gene- 
Tve00350

PF00082 Secreted serine endopeptidase facilitating tissue penetration and keratin 
degradation in host skin.

−1.83 Down

gene- 
Tve04074

PF00082 Extracellular subtilase linked to virulence, involved in hydrolyzing structural host 
proteins like keratin.

−1.98 Down

gene- 
Tve04429

PF00082 Virulence-associated protease contributing to host invasion and fungal 
colonization via proteolytic activity.

−3.25 Down

gene- 
Tve04939

PF00082 Serine protease associated with extracellular digestion and host-pathogen 
interaction mechanisms.

−1.34 Down

gene- 
Tve06877

PF00082 Subtilase enzyme implicated in protein turnover and fungal adaptability during 
host infection.

−1.14 Down

gene- 
Tve07195

PF00082 Proteolytic virulence factors involved in tissue invasion and stress-induced fungal 
response.

−1.74 Down

gene- 
Tve04846

PF00188 LysM domain-containing effector protein involved in immune evasion during 
fungal infection.

−2.26 Down

gene- 
Tve00697

MFS Multidrug transporters involved in the efflux of antifungal compounds and 
metabolic regulation.

4.72 Up

gene- 
Tve04226

Glucosamine-6-phosphate 
deaminase

Enzyme involved in glucosamine metabolism and cell wall synthesis. 3.11 Up

gene- 
Tve04681

ABC Multidrug ABC transporter associated with antifungal resistance. 2.25 Up

gene- 
Tve05586

Cytochrome P450 Cytochrome P450 | Enzyme involved in the metabolism of xenobiotics and stress 
response.

1.58 Up

gene- 
Tve00444

Ammonium transporter Ammonium transporter | Plasma membrane transporter involved in ammonium 
uptake and pH regulation.

1.35 Up

gene- 
Tve03453

MFS Multidrug transporter involved in resistance to antifungal agents. 2.55 Up

gene- 
Tve01059

Transporter Membrane transporter implicated in nutrient uptake. −2.42 Down

gene- 
Tve04855

MFS Multidrug transporter involved in nutrient and drug efflux. −3.21 Down
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can hinder genome assembly and annotation, making it 
difficult to obtain a complete and accurate fungal gen
ome [103]. We generated a high-quality, chromosome- 
level genome assembly of T. verrucosum (GenBank: 
OR056436.1) using PacBio, Illumina, and Hi-C 

sequencing. The assembly spans 23.44 Mb, includes 
7,936 predicted protein-coding genes, and has an aver
age coverage of 230.9 X. These metrics are comparable 
to prior reports: for example [33], described 
a T. verrucosum genome of 24.17 Mb, with a GC

(A)WT vs ITR 

(B) WT vs CCM 

Figure 9. Comparison of qRT- PCR and RNA- Seq expression ratios for selected genes. (A).Bar chart depicting the gene expression 
profiles of 16 selected genes as measured by qRT-PCR (blue bars) and RNA-Seq (red bars) comparing wild-type (WT) vs. itraconazole- 
treated (ITR) samples. The x-axis represents the gene and the y-axis represents the log2 Fold change in expression levels. Error bars 
indicate the standard error of qRT-PCR measurements. This figure highlights the consistency and differences between the two 
methods across genes in response to ITR treatment. (b). Bar chart depicting the gene expression profiles of the same 16 selected 
genes as measured by qRT-PCR (blue bars) and RNA-Seq (red bars) comparing wild-type (WT) vs. CCM-treated samples. Log2 Fold 
changes are presented on the y-axis, with qRT-PCR error bars representing standard errors. The figure allows comparison of 
transcriptional responses measured by both techniques under ccm treatment, illustrating variations in expression modulation 
between treatments.
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content of 48.24%, a repeat content of 2.13%, and 8,024 
predicted protein-coding genes. Similarly, the genome 
of Arthroderma benhamiae was 22.3 Mb with 7,980 
predicted genes, 5,809 genes with introns, and 80 
tRNA genes [32]. Another related species, 
Trichophyton schoenleinii possesses a genome of 23.67 
Mb, with three chromosomes, a GC content of 47.31%, 
and 7,474 predicted genes [104]. These comparisons 
underscore the high quality and reliability of our 
T. verrucosum genome assembly and provide 
a foundation for deeper comparative and functional 
genomics analysis.

Draft genomes of dermatophytes show strong conserva
tion at both nucleotide and amino acid levels, reflecting 
evolutionary constraints and shared pathogenic mechan
isms among these fungi [33]. In our study, the genome of 
T. verrucosum demonstrated a high level of completeness, 
with 98.8% of BUSCO detected (Table 1). This proportion 
surpasses that of several closely related keratinophilic fungi, 
including Arthroderma uncinatum (97.3%) [105], 
Chrysosporium keratinophilum (96%) [106], and 
Malbranchea zuffiana (95.7%) [107], while slightly lower 
than T. mentagrophytes (99.1%) and T. tonsurans (99%) 
[108]. This high BUSCO completeness reflects the superior 
quality and integrity of T. verrucosum genome assembly, 
establishing it as a valuable reference for dermatophyte 
comparative genomics.

In the T. verrucosum genome, transposable ele
ments (TEs) comprise approximately 3.64% of the 
total sequence (Table 2). The structural organization 
and distribution of repetitive regions within the fungal 
genome facilitate the identification of the optimal 
approach for whole-genome sequencing [109]. With 
the increasing availability of high-quality fungal gen
ome assemblies, recent advances have enabled large- 
scale comparative studies across the fungal kingdom, 
including detailed TE landscape analyses [110,111]. 
Studies indicate that animal-associated and pathogenic 
fungi possess higher TE content than other fungi, 
potentially contributing to effector gene diversification 
[112,113]. Our study found that TEs had the maxi
mum percentage of DNA transposons (2.37%), fol
lowed by LTR (0.73%) and LINE (0.53%). Although 
the overall TE content in T. verrucosum is lower than 
in Neurospora crassa (10%), or S. cerevisiae (6%) 
[110,114], and higher than in Fusarium graminearum 
(0.1%), and Trichoderma species (0.48%) [115,116]. 
Even among related species, such as genus 
Paracoccidioides there are differences in their TE con
centrations. TEs make up 8–9% of the genome in 
Paracoccidioides brasiliensis and twice as much (16%) 
in Paracoccidioides lutzii [117]. Furthermore, 

comparison with closely related dermatophytes reveals 
that TE content varies across species, including 1.73% 
in T. rubrum, 3.70% in T. tonsurans, 7.20% in 
T. equinum, 2.43% in M. canis, 1.54% in M. gypseum, 
and 1.34% in A. benhamiae [32]. The TE proportion in 
T. verrucosum (3.64%) falls within this range, indicat
ing a conserved repeat landscape and limited TE 
expansion among dermatophytes.

T. verrucosum revealed 262 distinct metabolic path
ways, providing insights into metabolic capacity and its 
potential for adaptation to host-associated environ
ments. A substantial proportion of annotated genes 
were associated with key metabolic processes, including 
carbohydrate metabolism, amino acid biosynthesis, 
lipid metabolism, and energy metabolism, underscoring 
the fungus’s capacity to adapt and survive in the nutri
ent-limited conditions of keratinized host tissues. 
During host colonization, glycolysis/gluconeogenesis, 
oxidative phosphorylation, and the tricarboxylic acid 
(TCA) cycle were identified as prominent energy- 
generating pathways [33]. In addition to primary meta
bolism, genes involved in xenobiotic degradation and 
secondary metabolite biosynthesis were also annotated. 
KOG classification further identified 4,861 genes 
grouped into categories related to cellular processes 
and signaling, metabolism, and information storage 
and processing, highlighting the intricate regulatory 
networks governing fungal growth, host adaptability, 
and stress response. Notably, the predominance of sig
nal transduction and transcriptional regulation genes 
implies extensive environmental sensing systems, likely 
facilitating invasion of bovine skin, hooves, and hair. 
Comparable gene expansions were reported in 
A. benhamiae and Trichophyton interdigitale, where 
they contribute to host-specific pathogenic traits 
[10,11]. AntiSMASH analysis identified putative sec
ondary metabolite biosynthetic gene clusters, including 
NRPS, PKS, and hybrid NRPS – PKS clusters, which are 
often associated with virulence, microbial competition, 
and immune evasion [118]. Our analysis identified 
diverse secondary metabolite biosynthetic gene clusters 
across seven fungal genomes, with T. verrucosum con
taining 34 clusters, including 12 NRPS and 7 PKS 
genes. Compared with other dermatophytes, 
M. gypseum, M. canis, A. benhamiae, T. rubrum, and 
T. tonsurans, which harbor fewer or no NRPS and 
nonreducing PKS genes, M. gypseum possesses more 
PKS genes (6), and M. canis carries additional nonre
ducing and reducing PKS genes, likely contributing to 
enhanced host colonization [33]. The broad diversity of 
secondary metabolism gene clusters in 
Arthrodermataceae species highlights significant
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variation among closely related fungi and suggests that 
this diversity plays a key role in epidermal coloniza
tion [32].

The richness and diversity of pathogenic factors in 
Trichophyton verrucosum

We studied the pathogenic mechanism of Trichophyton 
verrucosum using several databases, including those for 
carbohydrate-active enzymes (CAZymes), pathogen– 
host interaction genes (PHIs), and database of fungal 
virulence factors (DFVF). CAZymes, comprising a wide 
range of carbohydrate-active and accessory enzymes, 
enable fungi to degrade and modify complex biomass, 
supporting their survival in diverse environments. 
Numerous CAZymes are secreted through specialized 
enzyme secretion systems, which are highly developed 
in filamentous fungi [119]. CAZymes play crucial roles 
in the survival and pathogenesis of fungi by breaking 
down the host’s components, allowing the fungus to 
uptake nutrients and develop a successful infection 
process [120]. CAZymes function by degrading, synthe
sizing or modifying glycosidic linkages in glycoconju
gates and oligo- and polysaccharides, with essential 
roles in cell wall construction, signaling, and energy 
generation [121].

CAZyme analysis of the T. verrucosum genome iden
tified 1,157 genes across diverse Came families, with 
glycoside hydrolases (GHs) being the most abundant, 
accounting for 562 genes (48%). These enzymes cata
lyze the cleavage of glycosidic bonds, either between 
carbohydrates or between a carbohydrate and a non- 
carbohydrate group [122]. In fungi, these enzymes per
tain to feeding, growth, mycoparasitism, and patho
genicity [123]. Glycosyltransferases (GTs), the second 
most abundant family with 326 genes (28%), catalyze 
glycosidic bond formation by transferring sugar moi
eties from activated donors to specific acceptors [124]. 
A rising body of data indicates that by catalyzing gly
cosylation, glycosyltransferases are essential for hyphal 
development, conidiation, stress responses, and host– 
pathogen interactions [125]. Other identified CAZymes 
families include auxiliary activity (AAs) with 116 genes 
(10%), carbohydrate-binding module (CBMs) with 100 
genes (9%), carbohydrate esterases (CEs) with 44 genes 
(4%), and polysaccharide lyases (PLs) with 9 genes (1%) 
(Figure 3(A)).

PHI-base is a curated database of experimentally 
validated virulence-related genes influencing pathogen – 
host interactions [126]. PHI analysis of the 
T. verrucosum genome identified 2,920 putative PHI 
genes (Figure 3(B)). Of these, 1,427 genes were linked 
to reduced virulence, 918 to unaltered pathogenicity, 

and 248 to loss of pathogenicity, suggesting that 
T. verrucosum may exhibit moderate pathogenicity 
due to the prevalence of reduced and unaltered viru
lence genes. Additionally, 166 genes were associated 
with increased virulence, 113 with lethal phenotypes, 
and 17 with chemical resistance.

Protease secretion is another crucial factor in 
T. verrucosum pathogenicity, particularly in keratin 
degradation. Previous genomic studies have confirmed 
an enrichment of protease genes in dermatophytes 
[33,127]. Among the secreted proteases, extracellular 
endoproteases such as subtilisin (S8A family), and fun
galysin (M36) are common in dermatophytes [128]. 
DFVF database analysis identified 15 distinct virulence 
factors with varying gene counts and functional roles 
(Figure 3(C)). For instance, T. rubrum contains five 
endo metalloprotease (MEP) genes and seven serine 
protease (SUB) genes [129]. Similarly, genes such as 
SUB1–3 and MEP1–3 have been identified in 
M. canis; SUB1–7 in E. floccosum; SUB3 and SUB6 in 
T. benhamiae; and multiple SUB genes in 
T. verrucosum and M. gypseum [130–134]. Our analysis 
found that T. verrucosum contains 12 copies of SUB1 
gene, which may contribute to its ability to infect ker
atinized tissues including nails. In T. rubrum, SUB7 is 
most highly expressed gene during nail infection which 
is the most common dermatophyte in China [135]. 
PCR- based screening confirmed the presence of multi
ple subtilisin (Sub1-7) and fungalysin (Mep1-5) genes, 
which are essential for host invasion and nutrient 
acquisition. Expression analysis of A. benhamiae during 
growth on keratin and cutaneous infection of guinea 
pigs revealed the upregulation of fungalysin and sub
tilisin genes using cDNA microarray analysis [136]. 
Although many dermatophytes carry SUB1 and SUB3- 
7, but their enzyme panels are incomplete: SUB4-7 
genes are absent in M. canis [129]. Nevertheless, 
SUB1 and SUB3 have been shown to enhance virulence 
and adherence to keratinized stratum corneum in 
M. canis [137–139]. The consistent amplification of 
SUB1 and SUB2 across T. verrucosum suggests that 
SUB1 may serve as an evolutionary marker and key 
contributor to keratin degradation and infection.

Comparative genomics of Trichophyton 
verrucosum

Our comparative genomic analysis revealed that 
Trichophyton verrucosum exhibited the close genetic 
relationship with T. rubrum, showing significant chro
mosomal similarities, followed by M. gypseum and 
M. canis. Although genomic data on T. verrucosum 
remain limited, studies on T. rubrum [33], T.
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schoenleinii [104], and E. floccosum [140] are valuable 
for understanding evolutionary patterns. The genome 
of T. rubrum has been sequenced and compared with 
other dermatophyte species to identify potential genes 
implicated in infections of human skin and nail infec
tions. Additionally, the genomes of other related spe
cies, such as T. tonsurans, T. equinum, M. canis, and 
M. gypseum, exhibit evolutionary gene duplications and 
are enriched in genes encoding proteases, kinases, sec
ondary metabolites, and lysine motif (LysM) effectors, 
which may enhance their pathogenic potential [33]. 
While these six species were differed from 
T. verrucosum in genomic architecture and phenotypic 
traits, all seven pathogens share 393 core orthogroups. 
Further investigation is required to determine how 
these core genes contribute to the pathogenesis of 
bovine dermatophytosis.

We identified 393 genes in species-specific 
orthogroups, including 184 single-copy orthogroups 
conserved across all analyzed species. These core 
genes are likely essential for fungal survival and key 
cellular functions, including nutrient acquisition, kera
tin degradation, and stress adaptation, aligning with 
findings from previous pan-genome studies in derma
tophytes [32,33], which suggests that these core genes 
encode fundamental cellular processes for survival on 
keratinized tissues. Notably, T. verrucosum showed 
a complete absence of species-specific orthologs, indi
cating a highly conserved genomic structure. This con
trasts with other dermatophytes like T. tonsurans and 
T. rubrum, which possess 805 and 9,267 distinct genes, 
respectively. These results align with the findings of 
[33], who reported that T. verrucosum exhibits a high 
amino acid similarity with T. rubrum, implying tight 
evolutionary ties and strong genetic conservation. The 
absence of novel genes in T. verrucosum supports the 
concept that its virulence and host specificity are pri
marily influenced by gene control and the functional 
optimization of conserved gene sets than by the emer
gence of new genes. This is further supported by [10], 
who emphasized the need for enhanced phylogenetic 
revolution within dermatophytes, primarily in relation 
to their genomic stability. However, our findings sup
port the hypothesis that dermatophyte evolution, espe
cially in zoophilic species such as T. verrucosum is 
predominantly influenced by gene regulation, adapta
tion of conserved proteins, and ecological pressures, 
rather than by horizontal gene transfer or de novo 
gene emergence [10,33,128].

The 393 core orthogroups, including 184 single-copy 
genes, represent a conserved genomic backbone across 
dermatophytes and are primarily associated with essen
tial functions such as metabolism, cellular maintenance, 

and core pathogenic processes (e.g. keratin utilization 
and stress response). Their conservation across species 
supports a shared molecular framework for survival 
and colonization of keratinized tissues. In contrast, 
divergence in non-core gene content likely underlies 
differences in host range and pathogenicity, with line
age-specific adaptations contributing to variation in 
host preference and infection strategies (Figure 4).

Transcriptome profiling of Trichophyton 
verrucosum

RNA-seq is a powerful tool in molecular genetics that 
enables comprehensive analysis of gene expression pat
terns, facilitating a more profound understanding of 
complex biological processes. The current study pro
vides a comprehensive transcriptomic analysis of 
T. verrucosum by examining gene expression patterns 
between control and treatment groups. A total of 1,880 
genes were differentially expressed, with 936 signifi
cantly upregulated and 944 downregulated. Notably, 
21 genes were consistently regulated across all compar
isons, indicating conserved fungal stress response 
mechanisms. GO and KEGG enrichment analyses 
showed that ITR and CCM treatments significantly 
altered key biological processes and molecular func
tions. GO terms were enriched for proteolysis, amino 
acid transport, cytoplasmic translation, ATP binding, 
and transporter activity. KEGG pathways with notable 
changes included amino sugar and nucleotide sugar 
metabolism, fatty acid biosynthesis, drug metabolism, 
tyrosine metabolism, and ABC transporters 
(Figure 5, 6).

Transcriptome profiling of T. verrucosum also 
uncovered differentially expressed genes involved in 
transport, detoxification, and metabolism in response 
to ITR and CCM treatments. Multidrug resistance, 
which is defined by the development of structural and 
chemical resistance to several drugs, presents 
a significant challenge in the treatment of fungal infec
tions. Multidrug resistance in fungi is caused by several 
metabolic processes. The most prevalent mechanisms 
are increased drug efflux, modifications at the drug 
target region, and decreased drug absorption [141]. 
The last mechanism is mostly mediated by transmem
brane transporters that are members of the major facil
itator superfamily and the ATP-binding cassette 
superfamily (ABC) [142]. Several transmembrane 
transporter genes from the ABC and MFS families 
were upregulated, including Tve04681 (log2 
Foldchange: 2.25), Tve02761 (1.54), Tve07699 (1.12), 
Tve03453 (2.55), Tve00697 (4.72), and Tve02302 
(1.10) (Table 4). The primary mechanism of resistance
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in dermatophyte species seems to be drug efflux [143]. 
In fact Fachin et al. [144] found that terbinafine 
increased the expression of the TruMDR2 ABC- 
transporter gene in T. rubrum. Additionally, the 
∆TruMDR2 mutant strain exhibited diminished infec
tivity and reduced growth on human nails compared to 
the wild-type strain [145]. Collectively, our results sug
gest that ABC and MFS may contribute to the resis
tance and pathogenicity of T. verrucosum.

Cytochrome P450 monooxygenases (CYP450s), 
a diverse group of heme-thiolate enzymes, play 
essential roles in primary and secondary metabolism 
[146]. These enzymes play a crucial role in steroid 
conversion and heterogeneous metabolism, as well as 
in the catalysis of oxidative reactions involving 
a variety of organic substrates [147]. Transcriptomic 
analysis revealed differential expression of multiple 
CYP genes in T. verrucosum, suggesting roles in 
stress response and potential drug resistance. 
Notably, Tve05586 and Tve06620, encoding putative 
cytochrome P450 monooxygenases, were significantly 
upregulated in CCM vs. WT. Similarly, in the CCM 
vs. ITR comparison, a mixed expression pattern was 
observed with gene-Tve04661 (log2 Fold Change: 
1.06), annotated as cytochrome P450 alkane hydro
xylase which was upregulated, whereas gene- 
Tve00770, and gene-Tve01572 were downregulated. 
In WT vs. ITR, gene-Tve03574 was strongly down
regulated (log2 Fold Change: −2.07), while gene- 
Tve05743 was slightly upregulated. Similar trends 
were previously observed in Fusarium graminearum, 
where Tebuconazole treatment increased the expres
sion of two genes that encode the CYP450 monoox
ygenase, FGSG_03498 and FGSG_09195, by over 25- 
and 149-fold, respectively [148]. These findings sup
port the role of fungal CYP450 enzymes in detoxify
ing fungicides and their metabolites [144,149,150]. 
Ergosterol is a crucial component of fungal cell 
membrane integrity and a primary target of azole 
antifungals, which inhibit the enzyme 14α- 
demethylase [151]. In our analysis, we found the 
repression of the ERG1 (gene-Tve01459, Log2 Fold 
Change: −1.21) (Table 4). Likewise, itraconazole 
treatment repressed genes involved in ergosterol bio
synthesis, including sterol 24-C-methyltransferase, 
EC:2.1.1. Delta (24)-sterol C-methyltransferase (gene- 
Tve04332, Log2 Fold Change: −3.15). Notably, 
a previous cDNA microarray analysis of T. rubrum 
in response to terbinafine did not detect modulation 
of ERG1, suggesting species- or drug-specific regula
tion [152]. This study showed that T. verrucosum 
genes encoding known fungal virulence factors were 
modulated by ITR and CCM treatment. Secreted 

enzymes, which aid host tissue degradation and facil
itate fungal invasion, emerged as key virulence fac
tors [33]. During infection, each dermatophyte 
species is thought to regulate protease and virulence 
factor expression through host-specific regulatory 
systems [137]. For effective hyphal growth, dermato
phytes secrete proteases and peptidases to degrade 
host proteins. Our transcriptomic analysis revealed 
that ITR and CCM treatments led to the downregu
lation of key virulence-related genes in 
T. verrucosum, including Subtilase (PF00082) and 
LysM domain-containing proteins (PF00188), which 
are involved in host protein degradation and 
immune evasion, respectively. These findings suggest 
that antifungal treatments disrupt the pathogen’s 
infection mechanisms. Additionally, upregulation of 
MFS and ABC multidrug transporters, as well as 
cytochrome P450 enzymes, indicates the fungus’s 
adaptive response to stress and potential involvement 
in drug resistance. These results confirm that treat
ment with ITR and CCM affects fungal virulence and 
resistance pathways (Figure 9).

This study highlights the value of integrating genomic 
and transcriptomic analyses to elucidate T. verrucosum 
pathogenicity. By identifying key virulence-associated 
genes and their regulatory networks, it provides 
a foundation for developing targeted antifungal therapies 
and advancing research on dermatophyte virulence 
mechanisms. These findings also support combining tra
ditional antifungal treatments with genomic-based stra
tegies, offering a path toward improved control of bovine 
dermatophytosis and other dermatophyte infections.

Conclusion

This study presents a high-quality, chromosome-level 
genome and transcriptome analysis of T. verrucosum, 
offering key insights into its pathogenic mechanisms 
and antifungal responses. The assembly identified 
7,936 protein-coding genes, including those associated 
with virulence and drug resistance. Comparative geno
mics revealed a close evolutionary relationship with 
other dermatophytes, particularly T. rubrum, high
lighting genomic features linked to pathogenicity. 
Transcriptomic profiling showed differential expres
sion of genes involved in metabolism, stress response, 
and keratin degradation, with notable protease gene 
downregulation under antifungal treatments. These 
findings provide valuable targets for improved diag
nostics and therapies, supporting better control of 
bovine dermatophytosis and related zoonotic 
infections.
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Limitations in phenotypic species identification

The colony and microscopic morphology observed in 
this study align with the known variability reported for 
T. verrucosum. Hong et al. [153] described a cattle- 
derived isolate with slow-growing, folded, heaped, glab
rous, and white colonies, along with chains of chlamy
doconidia, consistent with our observations. Kane [154] 
also noted considerable variability in macroconidia and 
microconidia production, with chlamydospores being 
a more consistent feature. This variability supports 
chlamydospore formation and slow-growing colony 
morphology as reliable diagnostic traits. In this study, 
the isolate was cultured on SDAM, a nutrient-rich 
medium that may have influenced colony morphology, 
pigmentation, and sporulation patterns. The observed 
mild cream-to-pale yellow pigmentation and limited 
conidial production are biologically plausible, and the 
species identity was confirmed through ITS sequencing, 
phylogenetic analysis, ANI, and Mash distance analysis, 
ensuring accuracy despite the observed morphological 
variation. Regarding the urease test, while 
T. verrucosum is commonly reported as urease negative, 
the isolate in our study tested positive, showing a color 
change from yellow to pink after 3–5 days of incuba
tion. This finding aligns with [155], who reported that 
urease activity can be observed in some T. verrucosum 
strains under certain conditions, despite the species 
typically being described as urease negative. Kim 
[156] further highlighted variability in urease activity 
across T. verrucosum isolates, reinforcing that urease 
activity should not be used as the sole criterion for 
species identification. We relied on molecular methods, 
including ITS sequencing and chromosome-level gen
ome assembly, for definitive species identification. This 
approach is consistent with findings by Spanamberg 
et al. [157] and Łagowski et al. [158], which emphasize 
the reliability of PCR-based identification for bovine 
dermatophytes. While biochemical tests like the urease 
test are informative, molecular methods remain the 
most reliable for confirming T. verrucosum due to the 
morphological and biochemical variability observed 
across isolates.

Future recommendations and limitations

This study provides a solid genomic and transcrip
tomic foundation for T. verrucosum, but there are 
areas for improvement. Future research could benefit 
from long-read sequencing to enhance assembly 
quality and resolve repetitive regions. Expanding 
transcriptomic profiling with different antifungal 
treatments, time-course studies, and dose–response 

analyses is crucial. Functional validation of key 
genes related to virulence, stress adaptation, and 
antifungal resistance is needed, along with the use 
of CRISPR or reverse genetics. Including more der
matophyte species and host-specific strains in com
parative genomics, and integrating proteomics and 
metabolomics, will help refine metabolic and regula
tory networks. These efforts will improve diagnostics 
and enable the development of targeted antifungal 
therapies for bovine dermatophytosis and other zoo
notic infections.
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