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Abstract

Background
Talaromyces marneffei is a thermally dimorphic fungal pathogen endemic to Southeast Asia and southern China. However, fragmented reference genomes
have limited detailed investigations of its chromosomal architecture, structural variation, and evolutionary history.

Methods
We integrated PacBio HiFi, Oxford Nanopore, and Hi-C sequencing data to generate a telomere-to-telomere (T2T), gap-free genome assembly of strain B33c,
a landmark clinical isolate collected in 1984. Comparative genomic, phylogenomic, and orthogroup analyses were then performed to characterize
chromosomal features, evolutionary relationships, and gene-content variation.

Results
The 28.1-Mb assembly resolved all eight chromosomes and enabled comprehensive delineation of inferred centromeric domains and telomere-proximal
regions. Complete telomeric repeats were identified at both ends of every chromosome, and chromosome-scale Hi-C contact maps supported a gap-free,
chromosome-complete reference. Using 3,314 single-copy orthologs, we reconstructed a time-calibrated phylogeny that revealed a deep intraspecific split at
approximately 6.8 Mya, separating T. marneffei into two major lineages. B33c clustered closely with Vietnamese isolates and showed shallow divergence (~ 
0.3–0.4 Mya), suggesting cross-border genetic connectivity between northern Vietnam and southern China. Comparative genomics demonstrated broadly
conserved macrosynteny, with localized repeat-associated structural variation showing a recurrent chromosome-biased distribution. Orthogroup profiling
further supported a “conserved core–flexible periphery” genomic strategy, with marked accessory-genome differences between the environmental isolate
ATCC 18224 and the clinical isolate B33c.

Conclusion
This T2T, gap-free genome of T. marneffei B33c provides a high-quality chromosomal reference for investigating structural plasticity, phylogeography, and
pathogenic evolution in this neglected tropical pathogen.

Introduction
Talaromyces marneffei (formerly Penicillium marneffei) is a thermally dimorphic fungal pathogen that grows as a filamentous mold in the environment and
switches to a yeast form at 37°C in the host, causing talaromycosis,a life–threatening systemic infection endemic to tropical Asia. Since the first human case
was documented in 1973[1], the HIV/AIDS pandemic has significantly increased the incidence of T. marneffei infections[2], transforming talaromycosis from
sporadic cases into one of the major opportunistic mycoses among HIV–positive individuals in Southeast Asia and southern China[3, 4]. By 2022, over
280,000 cases had been reported across 30 countries[5], and ecological niche modeling suggests that the geographic range may further expand under

factors such as climate change and human migration[6]. In China, the first confirmed case was reported in Guangxi in 1984[7, 8], followed by spread from
southern endemic foci to multiple provinces nationwide[3, 9], contributing to a substantial disease burden[10].

Talaromycosis is also increasingly reported in HIV–negative patients with acquired immunosuppression (e.g., organ transplantation, autoimmune disorders,
or malignancies[11]). Despite standard therapies using amphotericin B and triazoles, mortality remains high, often exceeding 30%[5], while emerging antifungal

resistance further complicates clinical management[12, 13]. Recognizing its clinical and public–health importance, the World Health Organization (WHO) listed
T. marneffei as a Medium Priority Group pathogen in its first-ever fungal priority pathogens list in 2022, emphasizing the urgent need for research into its
epidemiology, evolution, and pathogenesis.

High–quality, contiguous genomic resources are indispensable for elucidating the evolution and pathogenicity of fungal pathogens. To date, several T.
marneffei genomes and genome-enabled studies—including PM1, ATCC 18224, GZ8H79, and others—have provided foundational insights into the species'
biology[14–19]. However, existing assemblies remain fragmented at the contig or scaffold level, leaving repetitive, structurally complex regions—such as
centromeres and telomere-proximal regions—largely unresolved. These regions are often associated with structural variation and rapid adaptation but remain
difficult to resolve without telomere–to–telomere (T2T) continuity. Furthermore, published genomes mostly represent isolates from the past decade, creating
a critical gap in our understanding of the genomic landscape of early clinical isolates and hindering the reconstruction of long–term evolutionary and
epidemiological trajectories.

To address these gaps, we generated the first telomere-to-telomere (T2T), gap–free reference genome of T. marneffei strain B33c, an early clinical isolate
obtained in China in 1984. This eight-chromosome assembly provides a high-resolution foundation for comprehensive structural and functional annotation.
Using this complete reference, we performed systematic analyses of chromosomal organization, synteny, and gene-family evolution across representative
species of the genus Talaromyces. Our findings provide new insights into cross-border genetic connectivity and isolate-associated genomic variation, and
establish a foundational reference for future investigations into the population history and pathogenicity of this priority fungal pathogen.

Materials and Methods
Page 2/13



Strain Collection and DNA Extraction
The T. marneffei strain B33c was originally isolated in 1984 from a patient with a clinically confirmed case of talaromycosis at the First Affiliated Hospital of
Guangxi Medical University. The archived isolate was kindly provided to us by Professor Weida Liu and is currently maintained at the Guangxi Key Laboratory
of Mycosis Prevention and Treatment, Guangxi Medical University, Nanning, Guangxi, China, for this study. This study was approved by the Ethics Committee
of the First Affiliated Hospital of Guangxi Medical University (Approval No. 2024-E507-01); the isolate was de-identified, informed consent was waived, and
no identifiable patient information was used.

The strain was revived on potato dextrose agar (PDA; Thermo Fisher Scientific, Waltham, MA, USA) at 25°C for 5–7 days. Following single-colony purification
and verification of typical morphology and absence of contamination, mycelia were subcultured in potato dextrose broth (PDB) at 25°C with shaking until
sufficient biomass was obtained. Mycelia were harvested by filtration, flash-frozen in liquid nitrogen, and ground to a fine powder using a pre-chilled mortar
and pestle. Total genomic DNA (gDNA) was extracted using the E.Z.N.A.™ Fungal DNA Mini Kit (Omega Bio–Tek, Norcross, GA, USA) according to the
manufacturer’s protocol. DNA integrity was assessed by 1% (w/v) agarose gel electrophoresis. DNA purity was evaluated using a NanoDrop 2000
spectrophotometer, and DNA concentration was determined using a Qubit 4 fluorometer with the dsDNA HS Assay Kit (Thermo Fisher Scientific). Only DNA
samples meeting purity criteria (A260/A280 = 1.8–2.0) and showing minimal degradation on agarose gels were used for subsequent library construction and
sequencing.

Genome Sequencing
A multi-platform sequencing strategy integrating PacBio HiFi, Oxford Nanopore long reads, and Hi-C sequencing was employed to generate a gap-free,
telomere-to-telomere (T2T) genome assembly. Library construction and sequencing were performed by Shanghai Lingen Biotechnology Co., Ltd. (Shanghai,
China).

For PacBio sequencing, SMRTbell libraries were prepared using the SMRTbell Express Template Prep Kit v2.0 (Pacific Biosciences, Menlo Park, CA, USA) and
sequenced on a Sequel IIe system. Circular consensus sequencing (CCS) reads were generated using SMRT Link v12.0 (Pacific Biosciences) with a minimum
read quality (RQ) of 0.99. For Oxford Nanopore sequencing, high-molecular-weight DNA was size-selected to enrich long fragments, and libraries were
prepared using the SQK–LSK109 ligation kit (Oxford Nanopore Technologies, Oxford, UK). Sequencing was performed on the PromethION platform.
Basecalling was conducted with Guppy v5.0.11, and only reads with a mean quality score (Q) ≥ 7 were retained for downstream analysis. For Hi-C
sequencing, chromatin was cross-linked using 1% formaldehyde, and libraries were constructed using the Arima–HiC + kit (Arima Genomics, San Diego, CA,
USA) with MboI as the restriction enzyme. Hi-C libraries were sequenced on a DNBSEQ–T7 platform (MGI Tech, Shenzhen, China) in 150-bp paired-end mode.
Detailed sequencing statistics, including total yield and estimated coverage for each platform, are provided in Table S1.

Genome Assembly and Quality Assessment

De novo genome assembly was performed using Hifiasm v0.16.1[20] with PacBio HiFi reads as the primary input. Oxford Nanopore long reads were used to
support assembly validation and to assist manual resolution of repetitive and structurally complex regions. Hi–C reads were aligned to the draft B33c
assembly using BWA–MEM (MEM algorithm) [21] with default parameters unless otherwise stated, and only read pairs with a mapping quality score (MAPQ) 
≥ 30 were retained for scaffolding. Hi–C contact maps were generated with Juicer v1.6[22], and chromosome–scale scaffolding was conducted with ALLHiC
v0.9[23] to anchor and orient contigs into eight chromosomes. Manual inspection and correction of scaffold ordering and orientation were performed using

Juicebox v1.11[24]. During manual curation, unanchored and/or redundant sequences were removed based on low Hi–C support and redundancy against
anchored chromosomal sequences.

Telomeric repeats were identified using quarTeT v1.2.2[25] by searching for the canonical (TTAGGG)_n motif at chromosome termini. Putative centromeric
regions were inferred by scanning GC content in 500 bp windows using BEDTools v2.30.0[26]; extended AT–rich, GC–depleted segments were identified as
candidate centromeres. TE enrichment in candidate regions was assessed based on RepeatMasker annotations (RepeatModeler-derived library; see Section
2.4)[27, 29], and the positions were further validated by cross–referencing with interaction domains in Hi–C contact maps. Assembly completeness was
assessed using BUSCO v5.3[28] with the fungi_odb10 dataset. Hi–C contact maps were further examined to confirm chromosome anchoring and orientation,
characterized by continuous intrachromosomal interaction diagonals and distinct inter–chromosomal boundaries.

Repeat Elements and Non–Coding RNA Annotation
Repetitive elements were annotated using a combination of de novo prediction and homology–based searches. A custom repeat library was generated using
RepeatModeler v2.0[27] and merged with curated repeat libraries and RepeatMasker ProteinMask entries to include both novel and known transposable

elements. The resulting library was applied using RepeatMasker v4.1.0[29] for genome–wide annotation and masking of interspersed repeats. Tandem
repeats were detected with Tandem Repeats Finder (TRF) v4.09.1[30] using default parameters. Redundant or overlapping repeat annotations were removed
based on genomic coordinates to obtain a non–redundant repeat set.

Non–coding RNAs (ncRNAs) were predicted from the repeat–masked genome using multiple complementary tools. Transfer RNAs (tRNAs) were identified
with tRNAscan–SE v2.0.7[31], ribosomal RNAs (rRNAs) with RNAmmer v1.2[32], and other ncRNA families (including sRNAs, snRNAs, and miRNA–like RNAs)

were annotated using Infernal v1.1.4[33] against the Rfam v15.0 database.
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Gene Structure and Functional Annotation

Ab initio gene prediction was performed using AUGUSTUS v3.4.0[34], trained on available T. marneffei genome annotations (ATCC 18224 and PM1, see
Table 2 for accession numbers and training files, including GFF and cDNA sequences) to capture species–specific exon–intron structures and splice–site
signals. The trained model was then applied to the B33c genome, and predicted protein sequences were extracted from GFF outputs using gffread
v0.12.7[35].

Functional annotation was performed by integrating sequence similarity searches and conserved domain analyses. Predicted proteins were searched
against multiple databases, including the NCBI non–redundant (Nr), Swiss–Prot, COG, GO, PHI–base[36], DFVF[37], Pfam, and KEGG, using BLAST+ v2.12.0[38]

with an E–value cutoff of 1e − 5; the top-scoring (best) hit per database was retained. Functional classification was assigned with eggNOG–mapper v2.1.9[39]

for COG and GO terms, while InterProScan v5.57–90.0[40] and Pfam v35.0[41] were used to identify conserved protein domains. KEGG pathway assignments

were generated using KofamScan v1.3.0 (KofamKOALA)[42] under default HMM profile thresholds.

Phylogenetic Reconstruction and Divergence Time Estimation
Genomes from seven T. marneffei isolates and six related Talaromyces species were included in the phylogenomic analysis. The T. marneffei dataset
comprised B33c (this study), ATCC 18224, PM1, TM4, GZ8H79, and two Vietnamese isolates (11CN–03–130 and 11CN–20–091) (accession numbers are
provided in Table 2). Related species included T. funiculosus, T. stollii, T. ruber, T. borbonicus, T. islandicus, and T. proteolyticus (GenBank accessions:
GCA_004299765.1, GCA_037040825.1, GCA_022813215.1, GCA_002916415.1, GCA_000985935.1, and GCA_021365285.1).

Orthologous gene families were identified using OrthoFinder v2.2.7[43]. Single–copy orthologs were aligned with MUSCLE v3.8.31[44], and poorly aligned

regions were removed using trimAl v1.4.rev22[45] (–automated1). The trimmed alignments were concatenated to construct a maximum–likelihood phylogeny
using RAxML–NG v1.1.0[46], with substitution models selected by ModelTest–NG v0.1.7[47]. Node support was assessed using 1000 bootstrap replicates in
RAxML–NG.

Divergence times were estimated using MCMCTree in PAML v4.0[48] under a relaxed molecular clock model, using the maximum-likelihood topology inferred
above as the guide tree and calibration points obtained from the TimeTree (v5; accessed on 1 September 2025). Convergence was assessed by examining
likelihood traces and posterior distributions. Two independent MCMC runs (burn–in = 20,000; total samples = 200,000; sampling frequency = 10) achieved an
effective sample size (ESS) > 200 for all parameters.

Synteny and Structural Variation Analysis

To evaluate chromosomal conservation and rearrangements, predicted proteins were compared using BLASTP v2.12.0[38] (E–value cutoff of 1e − 10), with

homologous gene pairs and collinear blocks (requiring ≥ 10 consecutive genes and allowing up to six intervening genes) identified via MCScanX v1.1[49].
Using B33c as the reference genome, whole–genome alignments against other T. marneffei isolates and related Talaromyces species were performed with
Minimap2 v2.24 [50] using an asm preset. Structural variations (SVs), including inversions and translocations, were subsequently identified via SyRI v1.6 [51]

with default parameters and visualized as ribbon plots using plotsr v1.1.1 [52].

Shared and Species–Specific Gene Family Analysis

To characterize conserved and lineage–specific gene families, redundant protein sequences were clustered using CD–HIT v4.5.7[53] (identity ≥ 0.9; alignment
coverage ≥ 0.8). The resulting non–redundant protein sets were analyzed with OrthoFinder v2.2.7[43] (–M msa). Core and species–specific gene families
were defined based on orthogroup presence–absence profiles. Functional annotation of orthogroups was performed using eggNOG–mapper v2.1.9 [39] for

Gene Ontology (GO) categories and KOBAS v3.0[54] for KEGG pathway enrichment. These annotations were used to summarize the functional composition of
core and species–specific gene families. For strain–specific gene sets identified within T. marneffei, enrichment analyses were conducted using eggNOG–
mapper–derived GO terms and KEGG pathway, with all annotated genes in the corresponding dataset used as the background. Statistical significance was
assessed using a hypergeometric test followed by Benjamini–Hochberg false discovery rate (FDR) correction; categories with FDR < 0.05 were considered
significantly enriched. Enrichment analysis and visualization were performed using the clusterProfiler R package[55].

Results

Genome Assembly and Chromosomal Landmarks
The initial de novo assembly of T. marneffei strain B33c yielded 28 contigs, totaling 29,107,112 bp, with a contig N50 of 3,326,235 bp. This draft assembly
was further refined through Hi-C-guided scaffolding and rigorous manual curation. Consequently, 96.7% of the total sequence was successfully anchored and
oriented into eight chromosomes, with lengths ranging from 1,989,838 bp to 6,430,980 bp. The final assembly spanned 28,134,402 bp (scaffold N50 = 
3,696,281 bp) with no gaps (N content = 0%), representing a high-quality, telomere-to-telomere (T2T) gap-free genome (Table 1). Unanchored sequences were
excluded as redundant or low-confidence after manual curation.
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Table 1
Chromosome-level assembly statistics of the telomere-to-telomere (T2T) genome of T. marneffei strain B33c.

Number of
chromosomes

Total genome size
(bp)

N50 length
(bp)

N90 length
(bp)

GC content
(%)

Longest chromosome
(bp)

Shortest chromosome
(bp)

8 28,134,402 3,696,281 1,998,691 46.75% 6,430,980 1,989,838

Assembly completeness was assessed using BUSCO (fungi_odb10), which recovered 752 of 758 expected orthologs (99.2% complete; 98.9% single–copy),
indicating a high level of gene-space recovery (Fig. 1A). Hi–C contact maps (200–kb bins) confirmed accurate chromosomal anchoring and orientation,
characterized by continuous intrachromosomal interaction diagonals and distinct inter–chromosomal boundaries across the eight chromosomes (Fig. 1B).
Canonical telomeric repeats (TTAGGG)� were detected at both termini of all eight chromosomes, supporting a gap–free, telomere–to–telomere (T2T)
assembly (Fig. 1C). Putative centromeres were identified in AT–rich, GC–depleted regions enriched with DNA transposons (e.g., TcMar–Fot1, hAT–Charlie)
and retrotransposons (e.g., LINE/Tad1). Notably, satellite DNA signals were specifically detected on chromosomes 2 and 8 (Fig. 1C and D). These
centromeric domains were associated with strong Hi-C insulation boundaries, providing additional support for their chromosomal localization.

Notes: (A) BUSCO assessment (fungi_odb10) indicating high gene-set completeness (99.2%). (B) Whole-genome Hi-C contact map at 200-kb resolution,
displaying strong intrachromosomal interaction signals and clear chromosome boundaries, supporting the gap-free assembly of eight chromosomes. (C)
Putative centromeric domains inferred from AT-rich/GC-depleted tracts with transposable-element enrichment and supported by Hi-C insulation boundaries
across all chromosomes. (D) Chromosome ideograms showing genome-wide tracks of transposable elements and satellite/tandem-repeat signals.

Compared with previously released T. marneffei assemblies (Table 2), which generally show high BUSCO completeness (98.5–99.2%) yet remain non–T2T
and/or multi-scaffold (8–13 sequences), the B33c genome substantially improves assembly contiguity and structural integrity. Clinical strains such as PM1
(13 sequences) and GZ8H79 (10 sequences), as well as the widely used environmental reference ATCC 18224 (11 sequences; assembled in 2024), remain
fragmented. Notably, a Vietnamese assembly annotated as “chromosome-level” in NCBI (11CN–03–130) still comprises nine scaffolds. In contrast, the B33c
assembly represents the first telomere-to-telomere (T2T), gap-free chromosomal reference, spanning 28,134,402 bp across eight fully resolved
chromosomes with 99.2% BUSCO completeness and a low duplication rate of 0.3%.

Table 2
Comparison of genome assembly quality across T. marneffei strains.

Strain NCBI Assembly ID Origin

(Location/Host)

Year
(Isolation/
Assembly)

Assembly
size

(bp)

No. of
sequences

N50leghth

(bp)

Assembly
level

BUSCO
completeness

(%)2

BUSC
duplic

(%)

B33c — Guangxi, China
/ Human

1984/2025 28,134,402 8 3,696,281 Complete
(T2T,gap-free)

99.2% 0.3%

PM1 GCA_000750115.2 HongKong,
China / Human

1992/2023 29,022,615 13 3,334,497 Contig1 99.0% 0.7%

TM4 GCA_003971505.1 Guangxi, China
/ Human

2014/2018 28,307,147 8 3,708,933 Complete1 98.8% 0.5%

GZ8H79 GCA_013122295.1 Guangzhou,
China / Human

2007/2020 28,376,234 10 3,658,854 Contig1 98.9% 0.4%

11CN-03-
130

GCA_009650675.1 Vietnam, /
Human

2019/2019 28,216,733 9 3,743,714 Chromosome1 99.2% 0.3%

11CN-20-
091

GCA_009556855.1 Vietnam, /
Human

2019/2019 28,198,338 8 3,704,010 Complete1 98.9% 0.4%

ATCC18224 GCA_046127475.1 Vietnam, /
Bamboo rat

1956/2024 28,872,128 11 4,186,281 Contig1 98.5% 1.8%

Notes: 1Assembly level was defined according to the NCBI Assembly database annotation. 2BUSCO assessment was performed using BUSCO v5.3.2 with th
fungi_odb10 database.

Repeat Elements and ncRNA Annotation
A total of 3,975 interspersed repeats, spanning 1,459,378 bp (accounting for 5.18% of the genome), were identified in the B33c assembly (Table S2). The
repetitive landscape was dominated by DNA transposons (1.47%), LTR retrotransposons (1.18%), and LINE elements (0.96%), complemented by trace
amounts of SINEs and rolling–circle (RC) transposons (both < 0.02%). Unclassified elements represented 1.56% of the assembly. Circos visualization
revealed a heterogeneous chromosomal distribution of transposable elements (TEs), with pronounced accumulation in centromeric regions and occasional
telomere-proximal accumulations, whereas gene-rich regions were largely depleted (Fig. S1). Tandem Repeat Finder (TRF) identified 4,685 tandem repeats
(1.08% of the genome), comprising non-satellite tandem repeats (0.61%), minisatellites (0.38%), and microsatellites (0.09%). Genome-wide TRF profiles
exhibited discrete peaks, with particularly robust signals on chromosomes 2 and 8, aligning with the identified centromeric landmarks (Fig. 1C and D). Post-
masking annotation yielded 140 non-coding RNAs (ncRNAs), including 98 tRNAs (mean length 93 bp), 26 rRNAs (mean length 309 bp), 13 snRNAs, and 3
sRNAs. Consistent with other filamentous ascomycetes, no canonical microRNAs were annotated (Table S2).

Gene Structure and Functional Annotation
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The T. marneffei B33c genome encodes 9,635 protein-coding genes spanning 17,011,444 bp (60.46% of the assembly), with 30,803 exons and 21,168 introns,
corresponding to an overall gene density of ~ 342 genes per Mb (Table S3). Functional annotation assigned putative functions to 99.78% (9,614/9,635) of
genes based on at least one public database hit (Table S4), leaving only 21 genes unannotated. COG, GO, and KEGG profiles were dominated by core
metabolism (amino acid, carbohydrate, and energy metabolism), protein turnover, signal transduction, and secondary-metabolite biosynthesis, with general-
function prediction and unknown-function classes also prominent (Fig. S2A–C).

Phylogenetic Relationships and Divergence Time Estimation
Phylogenetic relationships among Talaromyces taxa—comprising seven T. marneffei isolates and six closely related species—were reconstructed based on
3,314 single-copy orthologs, with divergence times inferred using a Bayesian relaxed molecular clock (Fig. 2). The resulting phylogeny was well resolved, with
strong support for major nodes.

Notes: Maximum-likelihood phylogeny inferred from 3,314 single-copy orthologs with node support shown as bootstrap values; divergence times were
estimated with MCMCTree using TimeTree-derived calibrations and are shown with 95% HPD intervals.

Using TimeTree-derived calibrations in MCMCTree, the earliest diversification within Talaromyces was estimated at ~ 15.9 million years ago (Mya) (95% HPD:
1.7–54.1 Mya), with wide credible intervals reflecting calibration uncertainty. The divergence between the early-branching relative T. borbonicus and the
remaining taxa was estimated at ~ 12.6 Mya, followed by the split of T. marneffei from its closest sister clade (consisting of T. funiculosus, T. stollii, and T.
ruber) at ~ 10.0 Mya.

Within T. marneffei, two distinct lineages diverged at ~ 6.8 Mya (95% HPD: 0.7–23.3 Mya). One lineage includes the clinical isolate B33c, the reference strain
ATCC 18224, and the Vietnamese isolates (11CN–03–130 and 11CN–20–091). Notably, B33c showed shallow divergence from the Vietnamese isolates (~ 
0.3–0.4 Mya), while ATCC 18224 diverged earlier at ~ 1.0 Mya. The second lineage, comprising isolates GZ8H79, TM4, and PM1, exhibited very recent
diversification (< 0.1 Mya), suggesting limited divergence among these isolates.

Synteny and Structural Variation within and across Species
Comparative synteny analyses anchored on the T. marneffei B33c reference revealed a gradient of chromosomal conservation across representative
Talaromyces species, ranging from near-linear macrosynteny in T. funiculosus to extensive rearrangements in T. ruber (Fig. 3A–C). T. funiculosus showed the
highest structural conservation, whereas T. stollii and T. ruber exhibited progressively more frequent inversions and translocations; more distantly related
species (T. borbonicus, T. islandicus, and T. proteolyticus) displayed weak macrosynteny and fragmented collinearity (Fig. S3A–C).

Among T. marneffei isolates, the overall macrosyntenic framework was largely preserved, but rearrangements showed a recurrent, chromosome-biased
distribution, most prominently on Chr2 with additional events on Chr3/Chr4/Chr6 (and occasionally Chr7) (Fig. 3D–F; Fig. S3D–L). Inferred SVs were
dominated by inversions, with fewer translocation-consistent patterns. Within the first lineage, ATCC 18224 remained broadly collinear with B33c but carried
chromosome-biased differences, while the Vietnamese isolates showed lineage-specific inversion/translocation patterns, including a Chr2–Chr6
translocation-consistent pattern in 11CN–20–091 (Fig. 3D; Fig. S3D, S3F, S3J). Within the second lineage, rearrangements were isolate-specific: GZ8H79 was
largely collinear with B33c, TM4 showed intermediate restructuring dominated by Chr2, and PM1 exhibited the most extensive remodeling with fragmented
syntenic blocks and pervasive rearrangements (Fig. 3F; Fig. S3G–H, S3I, S3K–L).

Notes: (A–C) Dot plots showing chromosomal conservation between T. marneffei B33c (x-axis) and T. funiculosus, T. stollii, and T. ruber (y-axis). Red and blue
dots/segments indicate forward and reverse alignments, respectively (see legend).(D–F) Linear ribbon plots illustrating intraspecific macrosynteny between
B33c and ATCC 18224, 11CN–03–130, and GZ8H79; ribbon colors indicate collinear blocks, inversions, and translocations (see legend).

Core and Species–Specific Gene Families within and across Species
Orthogroup clustering across seven Talaromyces species identified 2,810 core gene families shared by all taxa, forming a conserved genomic foundation of
the genus (Fig. 4A). These core families were significantly enriched (FDR < 0.05) for essential metabolic and translational processes (Fig. 4D; Fig. S4A–B). In
contrast, T. marneffei contained 1,215 species-specific gene families, enriched for functions related to transcriptional regulation, DNA replication/repair,
stress response, and secondary-metabolite biosynthesis (Fig. 4E; Fig. S4C–D).

Notes: (A) Flower diagram showing genus-level core orthogroups shared by seven Talaromyces species (2,810) and T. marneffei–specific orthogroups
(1,215).(B) Flower diagram showing shared (6,945) and isolate-specific orthogroups among seven T. marneffei isolates.(C) Venn diagram comparing
orthogroups between the clinical isolate B33c and the environmental isolate ATCC 18224, highlighting shared and isolate-specific orthogroups.(D) COG
functional classification of genus-level core orthogroups.(E) COG functional classification of T. marneffei–specific orthogroups.

Discussion
Recent telomere-to-telomere (T2T) genome assemblies in fungal pathogens have improved our understanding of chromosomal organization and genome
evolution by resolving repetitive and structurally complex regions—such as centromeres and telomere-proximal regions—that were previously difficult to
assemble and annotate[56, 57]. In the present study, we generated the first gap–free, T2T reference genome for T. marneffei (strain B33c), achieving full
chromosomal continuity alongside high–confidence structural and functional annotations. This T2T framework provides a high–resolution foundation for the
integrated analysis of genome architecture, evolutionary history, and phylogeographic structure in this medically significant, thermally dimorphic pathogen.
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The final assembly spans 28.1 Mb across eight chromosomes and encodes 9,635 protein–coding genes, a count consistent with previous assemblies[14–18].
However, this study achieves substantially improved chromosomal completeness by resolving formerly recalcitrant telomeric, centromeric, and repeat–rich
regions. In this T2T genome, we identified putative centromeres (14–23.5 kb; mean 19.5 kb) that are heavily enriched in DNA transposons and LTR
retrotransposons. Notably, satellite DNA signals were detected on chromosomes 2 and 8. As centromeres are increasingly recognized as hotspots for
karyotype dynamics and structural innovation [58–60], our ability to fully resolve them provides a critical baseline for understanding T. marneffei lineage
diversification.

Beyond centromeres, our genome–wide landscape analysis reveals a moderate overall repeat content (~ 6.3%, including 5.18% interspersed repeats) and
high gene density (~ 342 genes per Mb), characteristic of a compact ascomycete architecture [61]. Although the total transposable element (TE) content is
relatively low (~ 5.18%), their non–random enrichment near centromeric and telomere-proximal regions may be functionally relevant. For instance, a
previously reported ~ 740-kb segmental duplication in the environmental isolate ATCC 18224—likely mediated by Ty1/Copia LTR retrotransposons—highlights
how even a streamlined TE repertoire can catalyze substantial structural variation (SV) [14].

There is compelling evidence that fungal genomes are extensively transcribed, yielding a diverse array of non–coding RNAs (ncRNAs) critical for gene
regulation, stress adaptation, and pathogenicity[62]. The high contiguity of the B33c T2T assembly facilitated a high–confidence annotation of the ncRNA
landscape, in which we identified 140 ncRNAs, including tRNAs, rRNAs, snRNAs, and sRNAs. Notably, no canonical microRNAs were annotated, aligning with
the sparse microRNA profiles observed in many filamentous ascomycetes. In other fungal pathogens, such as Cryptococcus neoformans and Candida auris,
ncRNAs have been implicated in gene regulation and stress-associated processes[63, 64]. Our T2T-based annotation serves as a valuable resource for future
functional studies on how the non-coding transcriptome modulates life cycle and virulence.

Previous phylogenetic studies of Talaromyces have largely relied on multilocus markers [65, 66], which often lack sufficient resolution to decipher complex
evolutionary relationships. In this study, we reconstructed a genome–scale, time–calibrated phylogeny of T. marneffei based on thousands of single–copy
orthologs, providing a genome-scale evolutionary timescale for this pathogen. At the genus level, diversification was estimated to have commenced ~ 15.9
Mya, broadly consistent with the diversification patterns reported for the Aspergillaceae [67, 68]. Following speciation, T. marneffei underwent early intraspecific
diversification, with major lineages diverging approximately 6.8 Mya.

Notably, our phylogenetic analysis reveals that while ATCC 18224 occupies an early–diverging position, the B33c strain clusters closely with Vietnamese
isolates. This contrast suggests that the shallow divergence (~ 0.3–0.4 Mya) between B33c and the Vietnamese lineage may reflect a relatively recent cross-
border genetic link. This inference is further supported by ecological niche modeling, which identifies high habitat suitability for primary Rhizomys hosts
across contiguous monsoon-driven tropical zones, a pattern compatible with recent climate-driven risk assessments in the region[6, 69]. Collectively, these
lines of evidence support a possible “One Health” interpretation of cross-border genetic connectivity, linked to shared reservoir habitats and regional
ecological continuity, as further suggested by geographic risk factors identified in recent regional cohorts [70, 71]. In contrast, recent southern China isolates
(e.g., PM1 from Hong Kong, TM4 from Guangxi, and GZ8H79 from Guangzhou) form a distinct cluster, supporting geographically structured sublineages
within T. marneffei and suggesting regional diversification shaped by ecological factors and host interactions. Similar population studies of Vietnamese
isolates have also highlighted substantial genetic diversity across regions [19].

To connect this evolutionary framework with genome–scale features, we examined chromosomal synteny and structural variation across Talaromyces using
the B33c T2T reference as an anchor. At the interspecific level, T. marneffei remains highly collinear with T. funiculosus, whereas the T. stollii–T. ruber lineage
shows pronounced fragmentation, inversions, and translocations. More distantly related species (T. borbonicus, T. islandicus, and T. proteolyticus) exhibit
weak or highly fragmented macrosynteny, reflecting extensive chromosomal reorganization during divergence. Placed within the divergence–time
framework, these patterns imply heterogeneous rates of karyotype evolution across the genus. Similar genome remodeling has been documented in other
filamentous fungi, where structural variant landscapes directly influence gene function[72] and contribute to the divergence of chemical and pathogenic traits

between close relatives[73]. Such large–scale rearrangements can reposition secondary–metabolite and virulence–associated loci, potentially driving the
ecological differentiation and unique pathogenic traits observed in T. marneffei.

At the intraspecific level, overall chromosomal architecture is largely conserved, yet structural variation persists and is non–randomly distributed, frequently
involving repeat–rich pericentromeric and telomere-proximal domains, as suggested by their spatial coincidence with repeat-enriched regions in the T2T
assembly. Comparable dynamics have been reported in opportunistic fungal pathogens[74], where these regions often serve as hubs of genome plasticity,
gene–family diversification, and adaptive evolution. In T. marneffei, the accumulation of structural variation within repeat–enriched domains is consistent
with repeat–mediated recombination and localized genome instability contributing to microevolutionary differentiation among closely related lineages.

The “conserved core–flexible periphery” pattern observed at the structural level is also reflected by gene–family evolution. Orthogroup analyses across
Talaromyces species and T. marneffei isolates reveal a conserved genomic core underpinning essential processes (metabolism, translation, energy
production), alongside a more flexible accessory repertoire associated with lineage–specific innovation. Across species, T. marneffei retains a large set of
species–enriched families linked to transcriptional regulation, DNA repair, stress response, and secondary–metabolite biosynthesis—paralleling trends
observed in Aspergillus[75] and supporting the idea that lineage–specific genes can contribute to ecological adaptation and pathogenic potential. Within T.
marneffei specifically, this accessory flexibility is evidenced by the pronounced differences between the environmental isolate ATCC 18224 and the clinical
isolate B33c. While ATCC 18224 retains an expanded accessory repertoire enriched for nutrient acquisition and metal–ion homeostasis—reflecting
fluctuating pressures in natural reservoirs—B33c exhibits a comparatively streamlined accessory complement, suggesting evolutionary specialization toward
host–associated conditions. Similar patterns of lineage-specific accessory genome variation have been reported in other fungal pathogens, such as
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Aspergillus species[76], Cryptococcus gattii[77], and Candida albicans[78]. Notably, broader sampling remains essential to determine the universality of these
patterns across diverse environmental and clinical populations.

Taken together, this study provides the first T2T genomic framework for T. marneffei, enabling integrated analyses of chromosomal structure, structural
variation, and gene–family evolution, and supporting an adaptive strategy that combines genomic stability with localized flexibility. Several limitations should
be noted. First, although B33c provides a high–quality reference, conclusions about population–wide diversity remain constrained by the limited number of
isolates and the scarcity of environmental genomes. Second, while structural variation showed a recurrent, chromosome-biased distribution, its functional
relevance and potential links to adaptation or virulence require experimental validation. Future work should expand long–read–based genome resources
from diverse geographic regions and ecological niches, and integrate multi–omics approaches (e.g., transcriptomics and functional assays) to connect
genomic variation with phenotypes relevant to pathogenicity and clinical outcomes.

Conclusion
We report the first telomere-to-telomere (T2T), gap-free genome assembly of T. marneffei (strain B33c), a landmark clinical isolate from China. This 28.1-Mb
assembly resolves all eight chromosomes, providing a chromosome-complete reference and improved annotation of repeat-rich pericentromeric and
telomere-proximal regions. Phylogenomics suggests cross-border connectivity, reflected by shallow divergence and close clustering between northern
Vietnam and southern China, while comparative synteny reveals a conserved macrosyntenic framework with localized, repeat-associated, chromosome-
biased structural variation. Orthogroup analyses further highlight a flexible accessory repertoire enriched for stress response and secondary metabolism,
with accessory-genome differences between the environmental isolate ATCC 18224 and the clinical isolate B33c. Collectively, this B33c T2T reference
provides a foundation for future studies of population structure, structural plasticity, and pathogenic evolution in T. marneffei.
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Figures

Figure 1

Chromosome-scale validation and landmark annotation of the T. marneffei B33c T2T assembly.
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Notes：(A) BUSCO assessment (fungi_odb10) indicating high gene-set completeness (99.2%). (B) Whole-genome Hi-C contact map at 200-kb resolution,
displaying strong intrachromosomal interaction signals and clear chromosome boundaries, supporting the gap-free assembly of eight chromosomes. (C)
Putative centromeric domains inferred from AT-rich/GC-depleted tracts with transposable-element enrichment and supported by Hi-C insulation boundaries
across all chromosomes. (D) Chromosome ideograms showing genome-wide tracks of transposable elements and satellite/tandem-repeat signals.

Figure 2

Phylogenomic relationships and divergence time estimation of T. marneffei and related Talaromyces species.

Notes: Maximum-likelihood phylogeny inferred from 3,314 single-copy orthologs with node support shown as bootstrap values; divergence times were
estimated with MCMCTree using TimeTree-derived calibrations and are shown with 95% HPD intervals.

Figure 3

Comparative interspecific and intraspecific synteny and structural variation in Talaromyces.
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Notes：(A–C) Dot plots showing chromosomal conservation between T. marneffei B33c (x-axis) and T. funiculosus, T. stollii, and T. ruber (y-axis). Red and blue
dots/segments indicate forward and reverse alignments, respectively (see legend).(D–F) Linear ribbon plots illustrating intraspecific macrosynteny between
B33c and ATCC 18224, 11CN–03–130, and GZ8H79; ribbon colors indicate collinear blocks, inversions, and translocations (see legend).

Figure 4

Comparative analysis of core and species-specific gene families and their functional enrichment across Talaromyces.

Notes：(A) Flower diagram showing genus-level core orthogroups shared by seven Talaromyces species (2,810) and T. marneffei–specific orthogroups
(1,215).(B) Flower diagram showing shared (6,945) and isolate-specific orthogroups among seven T. marneffei isolates.(C) Venn diagram comparing
orthogroups between the clinical isolate B33c and the environmental isolate ATCC 18224, highlighting shared and isolate-specific orthogroups.(D) COG
functional classification of genus-level core orthogroups.(E) COG functional classification of T. marneffei–specific orthogroups.
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