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Chromosome-level genome 
assemblies of Verpa bohemica  
and Verpa conica
Zhuyue Yan1, Xiaofei Shi1,2, Yingli Cai2, Wenhua Sun3, Peixin He3, Liyuan Wu1, Jin Zhang1, 
Xing Guo4, Bo Wang5, Fuqiang Yu   1 ✉ & Wei Liu   1,2 ✉

Verpa, commonly known as “early morel” or “false morel”, plays an important ecological role and offers 
considerable economic and medicinal potential. Despite their significance, research on Verpa species, 
particularly V. bohemica and V. conica, remains limited. In this study, we assembled high-quality sub-
chromosomal genomes of six Verpa strains using Nanopore and Illumina sequencing, with average sizes 
of 44.38 Mb for V. bohemica and 45.40 Mb for V. conica. Specifically, the assemblies of V. bohemica strain 
21108 and V. conica strain 21120 were anchored to 26 and 25 chromosomes with Hi-C technologies, 
respectively. The consensus quality value (QV) of both V. bohemica and V. conica exceeded 40. In 
addition, an average of 11,024 and 11,052 protein-coding genes were identified for V. bohemica and 
V. conica, respectively, with BUSCO completeness scores ranging from 98.71% to 99.24%. Overall, 
these reported genomes will provide valuable genomic resources for the evolution and ecological roles 
research of Verpa.

Background & Summary
Mushrooms are not only a nutrient-rich food but also offer a variety of health benefits, medicinal value, and 
significant ecological importance1,2. Among the numerous mushroom species, Morchella, referred to as “true 
morel”, is highly prized for its distinctive honeycomb appearance and exceptional taste3. However, beyond 
Morchella, Verpa is another closely related and equally intriguing genus. The genus Verpa belongs to the phylum 
Ascomycota, order Pezizales, and family Morchellaceae4,5. Due to its fruiting season being slightly earlier than 
that of Morchella species and its morphological similarities to morels, it is often referred to as “early morels” or 
“false morels”6. In the wild, Verpa species are often confused with some species of the genus Morchella, such as 
M. diminutiva7 and M. semilibera8. Despite their many similarities in appearance, there are notable differences 
in their morphological structures. Specifically, in mature Morchella species, the stem is attached to the base of 
the cap, whereas in Verpa, the cap is attached to the top of the stem, without any attachment at the base of the 
stipe7,9,10. The Verpa species are widely distributed, with their presence in various regions across Asia, America, 
and Europe. However, compared to Morchella, research on the Verpa genus is relatively limited, with studies 
mainly focusing on V. bohemica and V. conica. For example, isotope analysis has found that both species are 
typical saprophytic fungi11, acquiring nutrients by biodegrading the substratum, thus playing an important eco-
logical role.

Both V. bohemica and V. conica also have potential economic value in food and medicinal applications. In 
countries such as Italy and Turkey, V. bohemica has a long history of being collected and consumed6. Although 
there are still reports of poisoning from consuming morels12, and V. bohemica was previously described as a toxic 
look-alike species by the Food and Drug Administration (FDA)10, no studies have identified common fungal 
toxins like gyromitrin or coprine in V. bohemica6,10. Instead, research on V. bohemica indicates that it shares a 
similar amino acid profile with true morels, and like them, it is rich in proteins, vitamins, fibers, and minerals, 
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while having a low fat content13. This suggests that V. bohemica has considerable potential as an edible mush-
room, though further research is needed to investigate the mechanisms behind gastrointestinal discomfort or 
other adverse effects in sensitive individuals, in order to ensure its safety as food. In addition, species of Verpa 
have been found to contain bioactive compounds that exhibit excellent antibacterial, antifungal, antioxidant, 
and DNA protective properties14,15. These bioactive substances not only demonstrate significant potential for use 
but also have promising applications in biopharmaceutical fields. Although V. bohemica and V. conica exhibit 
significant potential in the food and medicinal fields, more research is needed to fully understand and utilize 
these species. One of the main challenges is the lack of high-quality genome sequences, which limits our under-
standing of their evolutionary history and ecological roles.

In this study, we constructed sub-chromosomal genome assemblies for six strains of Verpa by combining 
Nanopore and Illumina sequencing technologies. Hi-C data were also used to conduct chromosome-level 
scaffolding for V. bohemica strain 21108 and V. conica strain 21120. For each genome assembly, nearly 11,000 
protein-coding genes were predicted based on an integrated approach. These high-quality genome assemblies 
and gene annotations offer a robust and comprehensive resource for exploring the evolutionary, ecological, and 
applied aspects of V. bohemica and V. conica.

Methods
Sample preparation and genome sequencing.  Briefly, six Verpa strains used for sequencing were col-
lected from six distinct regions across China (Table 1). For each strain, tissue blocks were taken from the stipe 
parts of the ascomata and subjected to tissue isolation to obtain pure cultures. The mycelia were then grown using 
liquid culture techniques. These strains were identified through a combination of ITS phylogenetic analysis and 
morphological characteristics16. High-quality genomic DNA was extracted from the fresh mycelia of each Verpa 
strain using the CTAB method17. Total RNA was extracted from each strain using TRIzol® Reagent (Invitrogen) 
extraction kit and purified using Plant RNA Purification Reagent (Invitrogen) purification kit.

For long-read sequencing, Nanopore sequencing libraries of all samples were constructed and sequenced 
using the Nanopore PromethION platform (Oxford Nanopore Technologies, UK). For short-read sequencing 
and RNA sequencing, 150 bp paired-end libraries were prepared and sequenced on the Illumina HiSeq4000 
platform (San Diego, CA, USA). Two of the samples, V. bohemica strain 21108 and V. conica strain 21120, were 
prepared to construct high-throughput chromatin capture (Hi-C) sequencing libraries using the approach pub-
lished previously18. The extracted DNA of V. bohemica strain 21108 and V. conica strain 21120 was digested with 
the DpnII and Sau3AI restriction enzymes, respectively. Both libraries were sequenced with 2 × 150 bp chemis-
try on the Illumina HiSeq4000 platform.

The Nanopore reads were filtered and trimmed using the NanoFilt (v2.8.0) tool of NanoPack19. Meanwhile, 
the raw reads generated by Illumina sequencing were trimmed and filtered to remove adapter sequences and 
low-quality reads using Trimmomatic (v0.39)20. A total of 35. 67 Gb of Nanopore long reads, 29.23 Gb of short 
reads, 26.10 Gb of transcriptome data and 78.92 Gb of Hi-C sequencing data were finally obtained (Table 2).

Genome size estimation and genome assembly.  Before genome assembly, the Illumina paired-end 
sequencing reads were used to determine the overall characteristics of the genomes of the six Verpa strains. The 
17-mer count distribution from Jellyfish (v2.3.0)21 served as input of GenomeScope (v1.0.0)22 to predict genomic 
features. The genome was determined to range from 47 Mb to 49 Mb in size, with heterozygosity rates ranging 
from 0.02% to 0.44% and the repetitive elements accounting for approximately 15% of the total length of the 
genome (Fig. 1b).

Strain Species Origin Collection Date Collector
ITS GenBank 
Accession No.

20020 V. bohemica Shennongjia, Hubei 10-May-16 Yongbing Guo OP764592

20124 V. bohemica Linxia, Gansu 26-Apr-20 Xilin Jia OP764593

21108 V. bohemica Arba, Sichuan 21-Apr-21 Jianyong Han OP764594

21110 V. conica Pengshui, Chongqing 7-Apr-21 Xiangsong Pu OP764595

21117 V. conica Taiyuan, Shanxi 30-Apr-21 Yongchang Liu OP764596

21120 V. conica Xinyuan, Xinjiang 17-Apr-21 Tianqi Yao OP764597

Table 1.  Information of Verpa strains used in this study.

Library

V. bohemica V. conica

20020 (Gb) 20124 (Gb) 21108 (Gb) 21110 (Gb) 21117 (Gb) 21120 (Gb)

Illumina (DNA) 4.36 6.45 4.74 4.23 4.73 4.72

Illumina (RNA) 5.46 4.25 4.22 3.75 4.20 4.22

Nanopore (DNA) 6.22 5.04 6.66 5.44 6.42 5.89

Hi-C (DNA) 26.06 52.86

Table 2.  Sequencing data summary for Verpa strains.
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Six draft genome assemblies from filtered Nanopore reads were generated using NextDenovo (v2.4.0)23, with 
the parameter “-g” set according to the results of GenomeScope. The contigs of the six draft assemblies were 
subsequently polished over three rounds of Illumina reads using NextPolish (v1.3.1)24. For chromosome con-
struction, Hi-C reads were aligned to the assemblies of V. bohemica strain 21108 and V. conica strain 21120, 
respectively, using Juicer (v1.6)25. Then the 3D-DNA pipeline (v180922)26 was used to eliminate mis-joins, 
anchor, order, and orient the assembled contigs. The Hi-C heatmap generated by 3D-DNA was loaded into 
Juicebox (v1.9.8)27 to manually correct potential errors and help determine chromosome boundaries. Finally, 
combining coverage from an average of 132.49 × Nanopore long reads, 101.7 × short reads, and 880.21 × Hi-C 
reads, we obtained six genome assemblies, of which four were sub-chromosomal assemblies and the other two 
were chromosome-level assemblies. The genome assembly sizes, averaged 44.38 Mb in V. bohemica and 45.40 Mb 
in V. conica (Table 3), were slightly smaller compared to the k-mer estimates. For the chromosome-level assem-
blies, all 27 contigs of V. bohemica strain 21108 were anchored and assembled consistently into 26 chromosomes, 
collectively spanning 44.44 Mb (Table 3, Fig. 1c), with a scaffold N50 of 1.65 Mb. While all contigs of V. conica 
strain 21120 were anchored and assembled into 25 chromosomes, resulting in a total assembly size of 45.03 Mb 
(Table 3, Fig. 1d), with a scaffold N50 of 1.61 Mb.

Different methods were employed to assess the obtained genome assemblies. BUSCO (v5.2.226)28 analysis, 
using Ascomycota (odb10) gene set, showed an average score of 95.53% (single-copy and duplicated). Consensus 
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Fig. 1  Genome assemblies of V. bohemica and V. conica. Images of V. bohemica strain 21108 and V. conica 
strain 21120 in the natural habitat (a). k-mer (17-mer) frequency distribution plot for genomes of Verpa  
(b). Abbreviations: He (heterozygosity). Hi-C interaction heatmaps for genomes of V. bohemica strain 21108 
(c) and V. conica strain 21120 (d). Interaction frequency distribution of Hi-C links among chromosomes 
shows in color key of heatmap ranging from white to dark red indicating the frequency of Hi-C interaction 
links from low to high.
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quality value (QV) of our assemblies, assessed by Merqury (v1.3)29, ranged from 40.60 to 54.13 (average of 
46.80), indicating high base accuracy (Table 3). The high contiguity and completeness of the assemblies were 
also supported by the average mapping rates of Nanopore (95.2%), Illumina (98.7%), and RNA-seq (92.5%) read 
mapping.

Genome annotation.  Prior to gene structure prediction and annotation, repetitive sequences in the genome 
assemblies were identified and masked. RepeatModeler (v2.0.2)30 was used to build the de novo repeat libraries 
of each genome assembly. Then, sequences from the assembly were aligned to the de novo repeat libraries and 
known repeat databases to identify and mask repetitive elements, using RepeatMasker (v4.1.2)31. Consequently, 
we identified an average length of 4.07 Mb (average ratio: 9.17%) and 4.27 Mb (average ratio: 9.40%) repetitive 
sequences in V. bohemica and V. conica (Table 4), respectively. Notably, major repetitive sequence classes differed 
between the two species. In V. bohemica, long interspersed nuclear elements (LINEs) and long terminal repeat 
elements (LTRs) accounted for the majority of repetitive content across strains, with strain 20020 containing 
1.04 Mb of LINEs and 1.17 Mb of LTR elements (Table 4). In contrast, V. conica featured rolling-circle transposons 
in strains 21110 and 21120, which were undetected in V. bohemica (Table 4). Unclassified repeats also represented 
a significant portion in V. conica, with strain 21120 harboring 2.98 Mb (Table 4). These compositional differences 
contributed to overall variation in repetitive sequence profiles between the species. Additionally, both species 
showed fewer repetitive sequences than predicted by GenomeScope, which may explain why the final genome 
assemblies were smaller than estimated, yet still maintained high completeness in BUSCO assessments.

Protein-coding genes were predicted using GETA (v2.6.1) pipeline (https://github.com/chenlianfu/geta), 
integrating evidence from ab initio, homology-based, and RNA-seq-based prediction methods. The ab initio 
prediction was conducted using Augustus (v3.4.0)32. The GeneWise (v2.4.1)33 was applied for homology-based 
prediction using whole-genome homologous protein sequences of Tuber melanosporum34, M. importuna35, 
Pyronema confluens36 and Gyromitra esculenta37. RNA-seq reads obtained from each strain were aligned 
to the corresponding assembly using HISAT2 (v2.1.0)38, and protein-coding regions were predicted using 
TransDecoder (v5.5.0) (https://github.com/TransDecoder/TransDecoder). The predictions from the three meth-
ods were then integrated and filtered against the PFAM database. Finally, we annotated an average of 11,024 
and 11,052 protein-coding genes for V. bohemica and V. conica (Table 5), respectively. To validate the protein 
annotations and assess the consistency among the genomes of different V. bohemica and V. conica strains, we 
conducted a genome-wide synteny analysis using JCVI (v1.4.21)39, based on protein sequences to identify corre-
sponding syntenic blocks between all pairs of strains. The results demonstrated that, despite the limited utiliza-
tion of Hi-C data, the sub-chromosome level assemblies of V. bohemica (strain 20020, 20124) and strain 21108 
exhibited high collinearity (Fig. 2a). Similarly, the sub-chromosome level assemblies of V. conica (strain 21110, 

Category

V. bohemica V. conica

20020 20124 21108 21110 21117 21120

Contig Number 26 26 27 25 26 25

Contig N50 (Mb) 1.61 1.60 1.65 1.80 1.58 1.60

Total Length (Mb) 44.58 44.11 44.44 45.84 45.32 45.03

QV 47.37 54.13 46.67 40.60 43.67 48.42

Scaffold Number 26 26 26 25 26 25

Scaffold N50 (Mb) 1.61 1.60 1.65 1.80 1.58 1.61

Number of Chromosome* 26 25

Anchored Chromosomes (Mb)* 44.44 45.03

Table 3.  Genome assembly statistics of V. bohemica and V. conica. The asterisk (*) indicates that Hi-C 
sequencing data was used for chromosome-level assembly only in strain 21108 and 21120.

Category

V. bohemica V. conica

20020 (bp) 20124 (bp) 21108 (bp) 21110 (bp) 21117 (bp) 21120 (bp)

SINEs 0 0 0 0 0 1,636

LINEs 1,037,777 1,020,503 724,392 400,259 449,302 512,372

LTR elements 1,169,487 958,057 1,274,386 803,231 342,475 459,339

DNA transposons 119,490 111,883 6,376 105,255 16,174 58,947

Rolling-circles 0 0 0 152,392 0 63,004

Unclassified 2,173,484 1,638,865 1,785,491 2,839,232 3,379,084 2,982,664

Small RNA 1,605 19,572 138,054 104,193 56,837 70,324

Satellites 7,266 13,109 7,024 0 0 0

Simple repeats 0 4,217 0 0 5,705 0

Total (ratio) 4,509,109 (10.11%) 3,766,206 (8.54%) 3,935,723 (8.86%) 4,404,562 (9.61%) 4,249,577 (9.38%) 4,146,650 (9.21%)

Table 4.  Summary of annotated repetitive elements in the genomes of V. bohemica and V. conica.
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V. bohemica V. conica

20020 20124 21108 21110 21117 21120

Protein-coding genes 11,038 11,064 10,970 11,000 11,155 11,003

NR 9,674 9,693 9,696 9,722 9,801 9,756

Swiss-Prot 6,038 6,048 6,076 6,085 6,091 6,088

PFAM 7,216 7,223 7,229 7,309 7,319 7,279

InterPro 10,374 10,427 10,331 10,354 10,192 10,383

KEGG 3,999 3,997 4,019 4,016 4,027 4,020

GO 5,787 5,804 5,821 5,808 5,835 5,847

All 10,653 10,709 10,634 10,682 10,765 10,675

Percentage (%) 96.51% 96.79% 96.94% 97.11% 96.50% 97.02%

Table 5.  Summary of genome annotations for V. bohemica and V. conica.
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21117) and strain 21120 also showed a high degree of collinearity (Fig. 2a). Additionally, BUSCO analysis was 
performed using the Ascomycota (odb10) protein dataset to confirm the completeness of the annotations. The 
results showed that 98.71% to 99.24% (average 99.04%) of single-copy and duplicated conserved genes were 
identified across the six Verpa strains (Fig. 2b). Specifically, V. bohemica and V. conica contained an average of 
97.73% and 97.95% complete single-copy genes, respectively, with low proportions of duplicated (1.23% and 
1.17%) genes (Fig. 2b). These results highlight the exceptional quality of the genome assemblies and annotations.

To annotate the predicted protein-coding genes, we performed alignments against several databases, includ-
ing NR, Swiss-Prot, PFAM, InterPro, KEGG, and GO. For NR and Swiss-Prot annotations, DIAMOND (v2.0.2)40 
was used with BLASTp, filtering results by e-value (1e-5) and identity threshold (20%). HMMER41 was employed 
to identify PFAM domains. InterPro annotations were obtained online42. KEGG annotations were assigned 
using BlastKOALA43 platform for pathway mapping, and GO terms were assigned using the PANNZER244 web 
server. In total, at least 96.50% (average 96.81%) of gene models in each Verpa strain genome were annotated in 
at least one database (Table 5), highlighting the robustness of the gene prediction results and providing a robust 
foundation for further genomic studies of these species.

Data Records
The raw sequencing data have been deposited in the National Center for Biotechnology Information 
(NCBI) under the BioProject accession number of PRJNA904943 (SRR22519296, SRR22519297, 
SRR22519298, SRR22519299, SRR22519300, SRR22519301, SRR22519302, SRR22519303, SRR22519304, 
SRR22519305, SRR22519306, SRR22519307, SRR22519308, SRR22519309, SRR22519310, SRR22519311, 
SRR22519312, SRR22519313, SRR31828003, and SRR31828004)45–64. The Sequence Read Archive (SRA) 
accession numbers SRR22519296-SRR22519313 correspond to genome and RNA sequencing data, while 
SRR31828003-SRR31828004 represent Hi-C sequencing data. The sub-chromosomal genome assem-
blies are available in NCBI GenBank under accession numbers GCA_033030385.165, GCA_033030375.166, 
GCA_033030345.167, GCA_033030205.168, GCA_033030305.169, and GCA_033030425.170. Additionally, all 
genome assemblies and gene annotation results have been archived in the figshare database and can be accessed 
at https://doi.org/10.6084/m9.figshare.28141691.v171.

Technical Validation
The quality of the genome assemblies was assessed across six Verpa samples in the following aspects: (1) Genome 
completeness was evaluated using BUSCO v5.2.2 with the ascomycota_odb10 orthologous gene set. (2) Mapping 
rates for Nanopore, Illumina, and RNA-seq reads were used to evaluate assembly accuracy. (3) Merqury was 
employed to estimate the consensus quality value of the genome assemblies using Illumina k-mers. The quality 
of the predicted gene set was supported by BUSCO cores and functional annotation results.

Code availability
No specific code or script was used in this work. All parameters and software versions were described in the 
Methods.
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