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Abstract 29 

Hypsizygus marmoreus is one of the most important edible fungi in Basidiomycete 30 

division and includes white and grey strains. However, very limited knowledge is 31 

known about the genomic structures and the genetic basis for the white/grey diversity of 32 

this mushroom. Here, we report the near-complete high-quality H. marmoreus genome 33 

at the chromosomal level. Comparative genomics analysis indicates that chromosome 34 

structures were relatively conserved and variations in collinearity and chromosome 35 

number were mainly attributed by chromosome split/fusion events in Aragicales, 36 

whereas the fungi genome experienced many genomic chromosome fracture, fusion, 37 

and genomic replication events after the split of Aragicales from Basidiomycetes. 38 

Resequencing of 57 strains allows us to classify the population into four major groups 39 

and associate genetic variations with morphological features, indicating that white 40 

strains were not originated independently. We further generated genetic populations 41 

and identified a cytochrome P450 as the candidate causal gene for the melanogenesis 42 

in H. marmoreus based on bulked segregant analysis (BSA) and comparative 43 

transcriptome analysis. The high-quality H. marmoreus genome and diversity data 44 

compiled in this study provide new knowledge and resources for the molecular 45 

breeding of H. marmoreus as well as the evolution of Basidiomycete. 46 

 47 

Keywords: Hypsizygus marmoreus; Basidiomycota; P450; bulked segregant analysis 48 

(BSA); melanogenesis 49 
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1. Introduction 51 

Hypsizygus marmoreus is one of the most economically important 52 

edible-medicinal fungi and commonly known as edible basidiomycetes in Northeast 53 

Asia (Lee et al., 2012), it has a great market potential due to its high nutritional and 54 

medical values (Akihisa et al., 2005; Jung et al., 2008; Krasnopolskaya et al., 2008; 55 

Mori et al., 2008; Lee et al., 2009; Young et al., 2011). Previous studies have indicated 56 

that H. marmoreus strains have abundant diversities for their genetic background 57 

based on molecular makers (Wang et al., 2009; Lim et al., 2010; Lee et al., 2012; Qiu 58 

et al., 2013a; Qiu et al., 2013b), but very limited genomic polymorphic sites were 59 

used for these studies due to the lack of a chromosomal-level genome. 60 

Molecular-assistant selection could be eventually practicable for H. marmoreus since 61 

it is an industrialized mushroom with a very small genome around 43 Mb (Min et al., 62 

2018). Therefore, it would be essential to understand the basic genomic architecture 63 

of this mushroom. 64 

H. marmoreus belong to Agaricales, Basidiomycetes. In recent years, several 65 

edible fungi genomes have been available for the relative fungi species including 66 

Flammulina velutipes (Park et al., 2014; Kurata et al., 2016)�ÈGanoderma sinens (Zhu 67 

et al., 2015), Agaricus bisporu (Morin et al., 2012) and Pleurotus ostreatu (Qu et al., 68 

2016). These high-quality reference genomes provide a new insight into the genome 69 

architecture and serve as a crucial resource for breeding, population genetics, and 70 

comparative genomic studies. In a previous study, comparison with 22 related fungi 71 

revealed a significant genome expansion in Armillaria, affecting several 72 



 

 

pathogenicity-related genes, lignocellulose-degrading enzymes and lineage-specific 73 

genes expressed during the rhizomorph development (Sipos et al., 2017). However, 74 

thus far, large-scale patterns of the evolutionary history for fungi are poorly known, 75 

due to the lack of a comprehensive and dated molecular phylogeny in part (Varga et 76 

al., 2019). The availability of the relative genomes will make the possibility to 77 

investigate the genome evolution of H. marmoreus in Basidiomycetes. 78 

H. marmoreus cultivars contain grey and white strains, the white H. marmoreus 79 

(WHM) is named “seafood mushroom” because its taste is very similar to that of 80 

seafood (Chen et al., 2017), while the grey strain (GHM) is named “crab mushroom”, 81 

although their taste is slightly different. As their fruiting bodies mature, they all 82 

produce a distinctive seafood smell. Melanin is one of the main factors affecting 83 

mushroom color, it play a very important role in biological growth, and abnormal 84 

melanin metabolism may lead to the appearance of albino individuals (Mukherjee et 85 

al., 2017). In previous studies, two pathways for melanin synthesis were described in 86 

fungi (Eisenman and Arturo, 2012). One pathway resulting in 1, 87 

8-dihydroxynaphthalene (DHN) melanin starts from the precursor molecule acetyl 88 

CoA or malonyl coenzyme A (CoA) (Mukherjee et al., 2017), while another one, 89 

called the 3, 4-dihydroxyphenyl-L-alanine (L-DOPA) pathway, synthesizes pigments 90 

in Agaricus bisporus et al. (Jolivet et al., 1998). But the genetic basis for the 91 

mushroom color still remains unknown due to little knowledge of the genomics.  92 

In this study, to generate a reference genome, using the technology of 93 

high-throughput chromosome conformation capture, we anchored and ordered the 94 



 

 

scaffolds along linkage groups to achieve a high quality chromosome-level genome 95 

assembly in Hypsizygus marmoreus. To explore the population evolution, we studied 96 

57 strains from different sources and analyzed the population genomics. In addition, 97 

we also constructed the genetic population by crossing WHM and GHM, and then 98 

identifying the genomic regions associated with color phenotypes by using bulked 99 

segregant analysis (BSA) and comparative transcriptome analysis between these four 100 

phenotypes with two developmental stages. This study will illustrate the genetic 101 

blueprint and evolutionary history of this most important mushroom genome.  102 

2. Results 103 

2.1. Genome sequencing, assembly and annotation 104 

Based on previous studies, we estimated the genomic size of H. marmoreus to be 105 

~ 45 Mbp (Min et al., 2018). The white strain HM01_White (Hm62) was used for 106 

sequencing. Approximately 10 Gbp of sequence data generated by the PacBio RS II 107 

platform was assembled using Falcon (Chin et al., 2016) and polished with 5 Gbp 108 

Illumina paired-end sequences, yielding an initial 43.5 Mbp with 50 contigs and the 109 

contig N50 of 2.14 Mbp (Table S1). High-throughput chromatin conformation capture 110 

(Hi-C) libraries were constructed and paired-end sequences generated with Illumina 111 

for scaffolding the contig-assembly (Fig. S1). Then, 9 million 150 bp reads were 112 

generated and uniquely mapped onto the draft assembly contigs using Lachesis 113 

(Burton et al., 2013), followed by manual correction. About 95.19% (41,581,874) 114 

assembled sequences were anchored onto the 12 pseudo-chromosomes with an 115 



 

 

anchoring rate of about 95.55% for contigs, whose lengths were more than 100 Kbp 116 

(Figs. S2 and S3; Tables 1 and S1). This finally yielded a 43.7 Mb genome assembly 117 

containing 47 contigs with a N50 value of 2,580,783 bp and scaffolds N50 of 118 

4,102,088 bp (Table 1).  119 

Telomeres are a nucleoprotein complex at the ends of chromosomes, which 120 

maintains genomic DNA stability (Blackburn et al., 2015). In fungi, telomeres are 121 

mainly short, multi-repeat, non-transcriptional sequences (TTAGGG/CCCTAA) at the 122 

ends of chromosomes. To examine the chromosomal level of genome assembly, we 123 

found that short, multi-repeat sequences were detected at both ends of 12 124 

chromosomes, with complementary sequences at both ends (Fig. S2; Table S2). These 125 

results provided the first chromosome level genome sequence for H. marmoreus. 126 

Previously, the grey strains of H. marmoreus had been sequenced and assembled 127 

into 278 contigs (Min et al., 2018), we downloaded the PacBio and Illumina data of 128 

the grey strain Haemi 51,987–8 from NCBI and reassembled it using Facoon2 (Chin 129 

et al., 2016), corrected and assembled it at the chromosome level using Hi-C, and 130 

named it Hm01_Grey. The alignment of both genomes allows the comparison of the 131 

genomic architectures between HM01_White and Hm01_Grey. A high level of 132 

collinearity is shown (Figs. S3–S5; Table S1) and demonstrates they have a better 133 

collinearity compared to the published reference (Fig. S6). We obtained two genomes 134 

of a high quality chromosome level that are significantly more complete than the 135 

published draft genome (Min et al., 2018). 136 

Using the GETA pipeline (https://github.com/chenlianfu/geta), we predicted 137 



 

 

14,944 protein-coding genes with an average size of 2,305 bp, average length of the 138 

coding sequence was 1,865 bp, and the average number of exons per gene was 7. Of 139 

these protein-coding genes, 94.5% (14,137) were supported by assembled transcripts 140 

and found to have corresponding predicted gene models (Table 1). BUSCO (Simão et 141 

al., 2015) assessment indicated that assembly completeness was 97.6% in 142 

Basidiomycota database or 98.3% in the fungi database and only 6 of 1,335 single 143 

copy entries were missing. Compared with 33 other fungi, the genome completeness 144 

of H. marmoreus was better than that of other edible fungi, such as A. bisporus, V. 145 

volvacea, and P. ostreatus (Tables S3 and S4). This high-quality reference genome has 146 

allowed us to perform comparative genomics and genome-wide association studies to 147 

examine the genetic variation in H. marmoreus.  148 

Approximately 92.7% of the predicted genes were functionally annotated. In 149 

total, 12,775 genes (85.4%) were annotated using interPro, and 12,916 genes (86.4%) 150 

were annotated using the Nr database. This level of annotation is higher than 151 

previously published (Min et al., 2018) (Figs. S7–S9; Table S5). 152 

2.2. Phylogenetic relationships and genome evolution in Dikarya 153 

To investigate the evolution of the Dikarya genome, the 80 single-copy 154 

homologous genes from fungi (73 Basidiomycetes and 7 Ascomycetes) were used to 155 

construct phylogenetic trees (Fig. S10), and we found these 80 fungi species were 156 

distributed on two branches, Basidiomycetes and Ascomycetes. The branch of 157 

Basidiomycetes was further divided into 11 subgroups, which corresponded to 11 158 

orders: Agaricales, Boletales, Polyporales, Gloeophyllales, Aphyllophorales, 159 



 

 

Russulales, Hymenochaetales, Trechisporales, Auriculariales, Sebacinales and 160 

Ustilaginales (according to the genetic relationship from near to far). Chromosome 161 

collinearity analysis showed that there was a close correlation between interspecific 162 

collinearity and genetic relationships (Fig. S11). A low level of synteny was shared 163 

among Trechisporales, Auriculariales, Sebacinales and Ustilaginales, while no 164 

collinearity was found between Basidiomycete and Ascomycete, which is likely due to 165 

their evolutionary history. In addition, during the evolution of species, chromosome 166 

rearrangement events occur constantly. In Agaricales, the genomes of P. ostreatus and 167 

C. cinerea were assembled at the chromosome level, with 11 and 13 chromosomes 168 

present, respectively. According to the collinearity analysis of genomic chromosomes 169 

between H. marmoreus, P. ostreatus and C. cinerea, genome recombination events 170 

occurred among them. In Chr1, Chr5 and Chr11 of H. marmoreus, a major 171 

chromosomal rupture and fusion event occurred between H. marmoreus and P. 172 

ostreatus. A major chromosomal rupture event occurred in chr1 of H. marmoreus, in 173 

which two separate chromosomes Chr6 and Chr9 were formed in C.cinerea (Figs. 1C, 174 

S12–16). There were additional recombination events between H. marmoreus and C. 175 

cinerea. 176 

Orthology analyses were performed using the genome proteome sequence data 177 

and a further 33 genomes from Basidiomycota, Ascomycota (Table S4). OrthoMCL 178 

analysis showed that a total of 30,652 Ortholog Cluster Groups (OCGs) were 179 

constructed. 1,506 gene orthologs were identified in H. marmoreus compared with all 180 

the other species, which accounts for 10.1% of the whole predicted genome-sequence, 181 



 

 

whereas a total of 4,430 paralogous genes, about 29.5% proteins, were unique to H. 182 

marmoreus. The paralogs are primarily derived from ancient gene duplication events 183 

(Fig. 1; Table S6).  184 

A phylogenetic tree was constructed using 581 single-copy orthologous genes 185 

conserved from these 34 fungi (Fig. 1) using  the maximum likelihood method and 186 

topology, which was consistent with prior analyses (Floudas et al., 2012) (Fig. S17). 187 

Of the available sequenced genomes, H. marmoreus clustered with other Agaricales 188 

species, and was the closest relative of Termitomyces.spp. The estimation based on the 189 

molecular clock suggested that Ascomycetes and Basidiomycetes diverged 190 

approximately 618 MYA (millions of years ago), indicating the robustness of the 191 

hypermetric tree, and showed that Agaricomycotina, Pucciniomycotina, and 192 

Ustilaginomycotina all had a similar divergent evolution in Basidiomycota, while in 193 

Agaricomyctes, the genesis of Agaricales came later than Aphyllophorales, and 194 

diverged approximately 140.7 MYA. This result is similar to previous studies (Cai et 195 

al., 2017). Besides, the divergence time of H. marmoreus and Termitomyces.spp was 196 

estimated to be approximately 70.6 MYA (Figs. 1 and S17).  197 

Synonymous nucleotide replacement rate (Ks) can reflect the evolutionary time 198 

of species. We used JCVI, bio-pipeline (https://github.com/tanghaibao/bio-pipeline) 199 

software packages to calculate the relationship between Ks values and homologous 200 

gene pairs among different species, and the results showed that the peak inflection 201 

point of H. marmoreus and P. ostreatus, L. edodes, C. cinerea, S. commune was about 202 

0.25, while the peak inflection point of P. ostreatus and C. cinerea was 0.30 (Figs. 1 203 



 

 

and S18). This indicates that the differentiation time of P. ostreatus and C. cinerea 204 

was earlier than that of other species. Reconstruction of genome-wide gene 205 

duplication and loss in 34 Basidiomycota and Ascomycetes species revealed an early 206 

origin for most genes, followed by lineage-specific gene losses in most family and 207 

genus level groups (Figs. S19 and S20; Table S7). Ascomycetes (+1/�" 2,554) show a 208 

significant gene family shrinkage compared to Basidiomycetes, while in 209 

Basidiomycetes, Fomitiporia (+431/–1,499), Gloeophyllum (+506/–859), 210 

Cryptococcus (+181/–1,499), Ustilago (+81/–573), Tilletia (+44/–469) and 211 

Microbotryum (+413/–2,829) show a net genome contraction. Compared with the 212 

most recent common ancestors of H. marmoreus and Termitomyces, 579 gene families 213 

were expanded while 317 gene families were contracted (Fig. S19). 214 

2.3. Patterns of genome-wide variation, evolution and population structure of H. 215 

marmoreus 216 

To examine the evolutionary history and population structure of H. marmoreus, 217 

we collected 57 strains (56 cultivars and 1 wild type species) from three different 218 

regions including Korea, Japan and China for resequencing with an average depth of 219 

approximately 50-fold. Through the analysis of variants, a total of 337,449 variants 220 

were called, including 319,420 SNP (58,081 nonsynonymous, 110,922 synonymous), 221 

and the distribution of SNPs found to be locally unbalanced. For example, the density 222 

of SNPs on Chr5 was relatively low, while on the whole Chr4 was uniform and high. 223 

Among the variants, 178,332 variants in exons, 74,419 variants in intron (Fig. S21; 224 

Tables S8 and S9).  225 



 

 

Phylogenetic analyses by the neighbor joining and maximum likelihood methods 226 

clearly separated H. marmoreus into four sub-groups (Fig. 2B). Group 2 contains the 227 

wild strain Hm93, which shows a more distant phylogenetic distribution than other 228 

strains. Of note, the wild strain was previously assumed to be grey. To gain an insight 229 

into the genetic relationships among H. marmoreus accessions, we performed three 230 

classical analyses: population structure, principal component analysis (PCA), and 231 

identity by state analysis (Fig. 2). These analyses clearly show that four groups of 232 

strains, and three groups (group 1, 2 and 4) are closely related, while group 3 has high 233 

polymorphism and is diverse from the other three groups. The level of linkage 234 

disequilibrium (LD) is the highest within group 3, while the decay rate of LD is nearly 235 

the same in both group 1 and 4, being the lowest rate in group 3 (Figs. S22 and S23). 236 

These results are consistent with the phylogenetic tree and strongly support the 237 

classification of H. marmoreus subgroups. In order to study the relationship between 238 

subgroup classification and fruiting body phenotype, the culture and phenotype 239 

identification of strains were carried out (Fig. S24; Table S10). Combined with the 240 

situation of population grouping and fruiting body phenotype, we found that the 241 

morphological phenotype was different among these 4 groups, while the 242 

morphological differences within the groups were relatively uniform, with differences 243 

mainly amounting to variations in pileus size, pileus type, stipe thickness and overall 244 

morphology of the colony. Previous studies suggested that the white strain was 245 

derived from mutagenesis of the grey strain (Lee et al., 2008). Here, our population 246 

analysis could not separate the white strain population from the grey strain population, 247 



 

 

indicating the non-independent evolution of grey and white colors from the four 248 

ancestors in H. marmoreus. It also can be seen in group 3 that there are only 2 white 249 

strains in the whole subgroup, which may be caused by mutation, and this white trait 250 

may be a quality trait. 251 

2.4. Identification of candidate grey/white color associated gene 252 

Color is an important agronomic trait of mushrooms and many studies examining 253 

this have been performed (Mukherjee et al., 2017). To identify genomic regions 254 

associated with the phenotype divergences (like color, taste and growth efficiency) 255 

between WHM and GHM, 20 grey and 10 white strains with polymorphisms were 256 

selected based on the data of identity by state (IBS) results for further genome-wide 257 

association studies (GWAS). We calculated the F-statistic (Fst) to measure the 258 

differentiation by comparing all samples to the two subpopulations for each 259 

non-overlapping 10-kb genomic block across the whole genome. Four genomic 260 

regions with Fst > 0.25 represented a significant reduction of diversity and were the 261 

main differences between WHM and GHM (Fig. S25). Our further scrutiny of the 262 

genome revealed that 476 genes in the 0.9 Mbp region were located on the Chr4, Chr5, 263 

and Chr6. GO enrichment analysis revealed that these genes are mainly related to 264 

their role in metabolic and cellular processes, cellular regions, catalytic activity, and 265 

that they were located in the membrane-enclosed lumen.  266 

To specifically map the interval related to color differentiation, we performed 267 

BSA to map the genes associated with color in H. marmoreus. Considering that the 268 

genetic divergence was narrow and the color inheritance was stable for GHM and 269 



 

 

WHM in group 3, we selected HM88 (white) and HM61 (grey) from group 3 as the 270 

parent strains, and 10 single-spores were isolated from both GHM and WHM strains 271 

for hybridization to achieve 35 F1 hybrid dikaryons. These F1 dikaryon strains were 272 

observed to have grey and light grey pileus, inferring that grey is the dominant 273 

phenotype. In the 144 F2 population, the separation of grey/light-grey and white was 274 

in a 3:1 ratio (Fig. 3), which further support to the color phenotype being controlled 275 

by a completely recessive gene allele.  276 

Thirty-six strains with grey and thirty-six white strains were pooled for BSA, and 277 

approximately 5 Gbp of clean data with an average read depth > 100 X was 278 

sequenced using the Illumina X10 system. The same procedure was repeated for the 279 

parents, the white HM88 (~3 Gbp) and grey HM61 (~3 Gbp) strains. Based on the 280 

reference genome, approximately 228,498 variants were identified between the WHM 281 

and GHM pools. We identified SNPs common to parents in both F2 pools, and then 282 

calculated the genotype frequency and examined the differences in mutational loci in 283 

these two F2 mixed DNA pools. Finally, the � SNP index was calculated, and a chart 284 

was plotted from the SNP indexes of these two sample pools (Figs. 4 and S26). As 285 

shown in Figure S26, the index value of SNPs in the white pool on Chr6 ranged from 286 

0.5 to 1, and formed a peak, while the opposite was the case for the index value of 287 

SNPs in the grey pool, ranged from 0.1~0.5. The � SNP index > 0.5 and the fitting 288 

curve formed a peak. One candidate region (Chr6: 2.15–2.75 Mbp) contained 184 289 

genes and was involved in this interval. We further analyzed the SnpEFF annotation 290 

results and obtained 598 non-synonymous sites in the CDS of this candidate region. 291 



 

 

Since grey is dominant relative to white, we set the GHM genotype as 1/1 or 0/1, and 292 

the WHM genotype as 0/0. With the above standard screening of candidate genes, a 293 

total of 6 genes containing non-synonymous mutants in this candidate region of BSA 294 

met our expectations (Fig. 4; Table 2), which may lead to the changes in amino acid 295 

sequence or functional RNA base sequence of polypeptide products. Of these the 296 

enrichment function of three genes are clear. The enrichment function of 297 

HM01g091350, encoding P450, is in secondary metabolite biosynthesis, the 298 

enrichment function of HM01g092280 is in carbohydrate transport and metabolism, 299 

while the enrichment function of HM01g092300 is in nucleotide transport and 300 

metabolism. In the F1 generation, the color of pileus was grey or light grey, and 301 

through genotype analysis, it was found that the non-synonymous site haplotype of 302 

HM01g091350 and HM01g092280 genes were all 1/0, while the haplotype in these 303 

four types of spore from F1 generation was 1/1 or 0/0, and the ratio of was 1:1, which 304 

indicated that it was in accordance with Mendel’s law of segregation.  305 

2.5. Differential expression analysis of grey and white strains based on RNA-seq 306 

The growth and development of H. marmoreus can be divided into four stages: 307 

mycelia growth stage, pigmentation stage (mycelia kink), primordium stage and 308 

fruiting body stage. In the grey strain, the process of color change is observable, 309 

whereas in the white strain any color change is unobservable. To further verify the 310 

candidate genes associated with grey/white color, we performed three RNA-seq 311 

experiments based on the observation of different stages and different morphologies 312 

of both grey and white strains for further analyzing the genes associated with 313 



 

 

grey/white color: (I) Three different developmental stages included the post-mature 314 

period of mycelia (GCK: vials cultivation, just opening the lid 0 day), the 315 

pigmentation stage (G05: 5 days after the open of the lid), and the primordium 316 

formation period (G08: 8 days after the open of bottle lid) from both HM88 (white) 317 

and HM61 (grey); (II) The mononuclear mycelia for both grey HM61 and white 318 

HM88 strains, and the F1 dikaryon strains HMZ5; (III) The pileus skin tissue from 319 

grey HM61, white HM88, and F1 HMZ5. Based on an overall quality evaluation of 320 

the samples used in these three RNA-seq experiments, we used the filtered and 321 

retained genes to carry out the correlation analysis of gene expressions (Pearson's 322 

Correlation Coefficient as the biology repeat relevance evaluation index), correlation 323 

and clustering analysis of gene expression in each group, and PCA of gene 324 

expressions between groups. Our findings showed that the samples of these three 325 

experiments had a high repeatability among replications (Figs. S27–S35�� Tables S11 326 

and S12).  327 

We analyzed the differentially expressed genes of grey and white strains in three 328 

experiments. In experiment I, a total of 2,282 Differentially Expressed Genes (DEGs, 329 

934 up-regulated and 1,348 down- regulated genes) in grey strains of G05 vs GCK, 330 

and there were 5,118, 3051, and 3,017 DEGs between grey and white strains on the 331 

CK, 05 and 08 days, respectively. In Experiment II and III, there were 5,348 and 332 

3,032 DEGs respectively, between grey and white strains (Figs. 5 and S36).  333 

Based on the KEGG enrichment analysis of all the DEGs between GHM to WHM 334 

of these three experiments, the results revealed that the color-related pathways, such 335 



 

 

as melanogenesis (ko04916), melanoma (ko05218), terpenoid backbone biosynthesis 336 

(ko00900), type I polyketide structures (ko01052), carotenoid biosynthesis (ko00906), 337 

tryptophan metabolism (ko00380), metabolism of xenobiotics by cytochrome P450 338 

(ko00980), tyrosine and tryptophan biosynthesis (ko00401) and peptidoglycan 339 

biosynthesis (ko00550) were functionally enriched. This functional enrichment 340 

mainly involved four melanin synthesis pathways: (i) L-dopa (tyrosine) pathway, (ii ) 341 

the acetatemalonate (polyketide) pathway, (iii ) the mevalonate (terpenoid) pathway, 342 

and (iv)the pigment (melanogenesis) pathway (Figs. S37–S40; Table S13). Based on 343 

the GO functional enrichment analysis of all the DEGs between GHM and WHM, the 344 

main GO terms were enriched in cell components and also involved in membrane 345 

composition (Figs. S41 and S42). 346 

2.6. The HM01g091350 encoding cytochrome P450 displayed the expressional 347 

pattern as expected for the grey/white coloring 348 

We found that the grey strain changed color during the pigmentation stage, but the 349 

white strains did not, suggesting the melanin metabolic pathway plays a role in the 350 

grey strain. We therefore selected the experiments analyzing DEGs between GCK and 351 

G08, DEGs in the un-differentially expressed genes between WCK and W08, and 352 

DEGs between grey and white. After analyzing the overlapping region among these 353 

three data sets, we speculated that the genes identified were the key genes related to 354 

color (Fig. 5). The Venn diagram showed that a total of 57 DGEs were obtained as 355 

candidate genes (Fig. 5D), combined with BSA analysis, genotypes of population and 356 

offspring, and DEGs of grey and white analysis among these transcriptomes. In these 357 



 

 

genes, HM01g091350 encoding cytochrome P450 was the only one to display the 358 

expressional pattern expected for the grey/white color association. The expression 359 

level of HM01g091350 was very low (FPKM < 1) in different periods and tissues of 360 

WHM, but highly expressed in GHM, and displayed an upward trend during the 361 

period of mycelium kink discoloration. The cytochrome P450 is a large group of 362 

membrane-bound heme-containing enzymes that are involved in a range of NADPH- 363 

and O2-dependent hydroxylation reactions (Su and Hsu, 2003). There are 86 364 

homologous genes in the P450 family identified in the genome of H. marmoreus, with 365 

the phylogenetic tree showing that they are mainly distributed in three branches, 366 

suggesting that they may have different origins (Fig. S43). Multiple sequence 367 

alignments showed that HM01_091350 had low homology with other P450 genes, but 368 

all contained the typical motif structures (Fig. S44). According to the amino acid 369 

multi-sequence comparison of the HM01_091350 gene, 19 amino acids were absent in 370 

the grey strain compared with the white strain, and 1 amino acid was changed from 371 

threonine to methionine (Fig. S45), leading us to speculate that protein function might 372 

be changed.  373 

In addition, there are marble spots on the pileus, and the GHM is more obvious 374 

than the WHM, which is one of the main morphological characteristics of H. 375 

marmoreus. We clearly observed that there are also pigmentation marks on the white 376 

mushroom cap using the asana mirror (Fig. S46). We speculated that the albino 377 

mushroom strain was generated by the mutation of one or several genes in the 378 

melanin production pathway in the grey strain, which caused the blockage of the main 379 



 

 

pathway, but the activation of other pathways that produce relatively small amounts of 380 

pigments. 381 

3. Discussion 382 

3.1. Chromosome level genome parsing of H. marmoreus 383 

The chromosomal-level assembly of the H. marmoreus genome sheds more light 384 

on the biology and evolution of edible cultivated mushroom species. In previous 385 

studies, the molecular karyotype of H. marmoreus was explored by contour clamped 386 

homogeneous electric field gel electrophoresis and 11 chromosomal bands were 387 

separated from the dikaryotic mycelia (Lee et al., 2014). The chromosomes ranged in 388 

size from 1.9 to 5.8 Mb and the total genome size of the strain was estimated to be 389 

36.3 Mb (Lee et al., 2014). Here, we used PacBio sequencing technology to sequence 390 

single-core mycelia of H. marmoreus, combined with Illumina HiSeq technology for 391 

correction and Hi-C technology for auxiliary assembly, and we assembled a genome 392 

of 43.7 Mb, which was close to the genome (43 Mb) published by Min et al. (2018) 393 

(Tables 1 and S1). Meanwhile, we assembled and obtained 12 chromosomes, and 394 

detected 24 telomeres with our Perl script (Table S2). We speculate that the reason 395 

why the previously assembled genes are small, which may be related to the 396 

incomplete assembly of chromosomes. It is significant that the size of chromosomes 397 

ranged from 2.1 to 5.5 Mb in this study, which is in agreement with a previous study 398 

(Lee et al., 2014). Meanwhile, the ability to separate fungal chromosomes has led to 399 

the discovery that most species exhibit a high degree of chromosome length 400 



 

 

polymorphisms, for example, Agaricus bisporus contains 13 pairs of chromosomes of 401 

1.4–3.8 Mb (Sonnenberg et al., 2016), and Pleurotus ostreatus contains 11 pairs of 402 

chromosomes of 1.4–4.7 Mb (Qu et al., 2016).  403 

3.2. Genome evolution of Basidiomycetes 404 

In this study, the available 34 fungal genomes were used to construct phylogenetic 405 

trees, combining the ML and phylogenetic distribution, two phylogenetic tree 406 

branches of Basidiomycetes and Ascomycetes sub-kingdom are well-supported, which 407 

is in agreement with a previous study (Jiang et al., 2017) that found that 408 

Agaricomycotina contains 4 orders: Agaricales, Aphyllophorales, Sebacinales and 409 

Cantharellales (Figs. 1 and S17). Most Agaricomycete fruiting bodies are ephemeral, 410 

so their fossils are extremely sparse. The evidence indicating the origin and early 411 

diversification of Agaricomycetes is very limited (Hibbett et al., 1995), but there have 412 

been some breakthroughs in recent years. A diverse gilled mushroom (Agaricales) 413 

fossil with a complete intact cap containing distinct gills and a stalk, was found in 414 

mid-cretaceous burmese amber, which suggests an evolutionary stasis of the body 415 

formed ~99 MYA (Cai et al., 2017). Gondwanagaricites magnificus (Agaricales) 416 

fossil was found from the lower cretaceous crato formation in northeast Brazil, which 417 

represents the oldest fossil mushroom to date, with a new minimum age of 113–120 418 

Ma (Heads et al., 2017). Here, we used the fossil calibration site 419 

(http://timetree.org/book) and molecular clock to estimate the age of each species (Fig. 420 

1). Basidiomycota evolved during the Palaeozoic period, around 428.8 MYA and was 421 

used to estimate that the subphyla of Basidiomycota diverged about 406 to 500 MYA 422 



 

 

(Berbee and Taylor, 2010). Agaricomycetes and Agaricales were predicted to have 423 

originated 161.4 and 140.7 MYA respectively, which was 15–20 MYA later than 424 

previous studies predicted (Varga et al., 2019). Termitomyces spp. identified as the 425 

closest relative to H. marmoreus (Min et al., 2018), is estimated to be diverged about 426 

70.6 MYA. Given Ks can reflect the evolutionary time of species, the peak inflection 427 

point of H. marmoreus, P. ostreatus, L. edodes, C. cinerea, S. commune were about 428 

2.5, less than the value of P. ostreatus and C. cinerea. Observations from the genomic 429 

databases for several eukaryotic species suggest that duplicate genes arise at a very 430 

high rate, on average 0.01 per gene per million years (Lynch and Conery, 2000). 431 

Therefore, according to the calculation formula of species differentiation time, the 432 

nucleotide substitution rates (� ) were estimated to be about 0.86–e9 ~ 1.09–e9. 433 

In contrast to the plant and animal genomes, the chromosome structures were 434 

relatively conserved in fungi. For example, the divergence time for 100 MYA may 435 

cause drastic reconstructions of their chromosome including whole genome 436 

duplication, chromosome fusion/split, and transposon element burst in angiosperms 437 

and vertebrates. However, in fungus, the composition showed that very limited levels 438 

of interchromosome reconstruction occurred in Agaricales during their existence of 439 

141 MYA, with this phenomenon probably due to the small genome (chromosome) 440 

size and a low level of repeat sequences (usually less than 20%). 441 

3.3. Genome evolution of H. marmoreus 442 

The phylogenetic tree, population structure, principal component analysis (PCA), 443 

and identity by state analysis revealed that there were 4 groups of H. marmoreus. A 444 



 

 

higher level of diversity that existed in group 3 compared to other groups (Fig. 2), 445 

which was also shown by the analysis of LD (Figs. S22 and S23). In addition, the 446 

strains of group 1, 2 and 3 were closely related to each other, which might be related 447 

to the short history of artificial selection and the scarcity of wild resources (Fig. 2). 448 

From the cultivation experiment, we also found that there were differences among 449 

different groups in agronomic traits, which was consistent with the results of 450 

phylogenetic analysis, population structure, IBS and PCA analysis (Fig. S24). Like 451 

other edible fungi, H. marmoreus can be asexually propagated by means of the 452 

fruiting entity and mycelium separation. Many commercial strains can be easily 453 

cultivated by tissue across regions, and adaption to the local environment and 454 

cultivation conditions. Although some traits have changed and the whole genotype has 455 

undergone great changes, these were however not highly polymorphic, which was 456 

consistent with a previous studies (Qiu et al., 2014).  457 

3.4. The candidate controlled gene mining of grey /white strains 458 

Besides medicine and cooking, mushrooms are fascinating because of their 459 

colorful colors. In previous studies, WHM was considered to be the albino strain of 460 

GHM, and albino strains generally showed weak growth capacity, higher 461 

requirements for nutritional and environmental conditions, and poor resistance to 462 

adversity. In our study, there were 2 groups containing the white strains, but the white 463 

strains were not grouped independently, which indicated that WHM was not of 464 

independent origin. We scanned genomic regions for selective sweeps by estimating 465 

Fst, and found the Fst of 4 genomic regions were greater than 0.25, possibly due to 466 



 

 

selective breeding and domestication, which represented a significant reduction of 467 

diversity with the main differences between WHM and GHM, including color, taste, 468 

growth rate (Fig. S25). However, due to a small population and relatively low 469 

polymorphisms, the number of molecular markers is not high, which is adversely 470 

effects the study of molecular marker to the localization of the regions and genes 471 

related to traits. BSA analysis has many applications in plant research, and the � SNP 472 

index was calculated in our study, with a chart being plotted from SNP indexes from 473 

these two sample pools. An expected signal appears on Chr6 (� SNP index > 0.5), and 474 

our target was only one genomic region (0.6 Mb). According to the BSA analysis 475 

results, 184 candidate genes were obtained. Through genotype analysis and SnpEFF 476 

annotation, five candidate genes were obtained, which had non-synonymous mutation 477 

sites in the coding area. Through the analysis of 3 transcriptome experiments, it was 478 

found that the 2 out of the 5 genes, HMgene091350 (cytochrome P450) and 479 

HMgene092300 (predicted protein), were differentially expressed in grey and white 480 

strains (Fig. 5).  481 

Previous studies on the genetics of fruit body color in different edible fungi such 482 

as F. velutipes and A. bisporus, have drawn different conclusions. Some researchers 483 

believe that color character is controlled by single gene, while others believe that 484 

color character is controlled by multiple genes (Callac et al., 1998; Kong et al., 2004). 485 

It has been reported in the study of flower color in plants that the hydroxylation 486 

patterns of anthocyanidins are controlled by cytochrome P450 (Holton et al., 1993; Su 487 

and Hsu, 2003), and this association has also been made with colors in animals (Han 488 



 

 

et al., 2019). In the pigment synthesis pathway, tyrosine 3-hydroxylation is catalyzed 489 

by cytochrome P450. This indicated that P450, after the occurrence of 490 

non-synonymous mutations in the grey strain, could not perform the normal functions 491 

regulating tyrosine 3-hydroxylation, thus affecting this functional pathway.  492 

Many mushrooms were reported to produce quinones, anthraquinones, 493 

rubropuntamine, rubropuntatin, ankaflavin, monascin, b-carotene, and many other 494 

pigments responsible for various colors, such as red, purple, yellow, brown, orange, 495 

and green (Mukherjee et al., 2017). These pigments are produced as the secondary 496 

metabolites by utilizing one of the following pathways: polyketide, mevalonate, 497 

shikimate pathways. In grey and white strains of H. marmoreus, the color difference is 498 

mainly reflected on the pileus, and little difference in the color of the stripe is noted 499 

(Fig. 3). This means that the albino strain can also produce melanin, but reduced 500 

amounts which are deposited on the pileus. Interestingly, in our study, through three 501 

transcriptome experiments, it was found that the differentially expressed genes of the 502 

grey and white strains enriched the synthetic pigment KEGG in a different manner. 503 

The pathways involved in grey strains have carotenoid biosynthesis, mucin type 504 

O-glycan biosynthesis and peptidoglycan biosynthesis, which was mainly an L-dopa 505 

(tyrosine) pathway. While, the white strains contained melanogenesis, melanoma, 506 

terpenoid backbone biosynthesis and tryptophan metabolism. In Flammulina velutipes, 507 

the extracted pigment was scanned by infrared spectroscopy, and found that the peak 508 

pattern of melanin synthesis was similar to that of the tyrosine pathway. Therefore, it 509 

was speculated that the pathway of melanin synthesis of Flammulina velutipes could 510 



 

 

be an L-dopa (tyrosine) pathway.  511 

In the previous study, Type I polyketide synthases (PKSs) play an important role 512 

in the synthesis of fungal polyketides. These PKSs are multidomain proteins and are 513 

related to eukaryotic fatty acid syntheses. The P450 monooxygenases, oxidoreductase 514 

and omethyltransferase modify the polyketide backbone (Hoffmeister and Keller, 515 

2007). The flavonoid-3’, 5’-hydroxylase is the key enzyme in the synthesis of 3’, 516 

5’-hydroxylated anthocyanins, which are usually a prerequisite for blue or purple 517 

flowers, such as Phalaenopsis flowers in which color could be influenced (Su and 518 

Hsu, 2003). In animals, the yellow phenotype of pearl oysters, characterized by higher 519 

total carotenoid levels, may reflect the differences in melanogenesis, and the 520 

differentially expressed cytochrome P450 3A gene was confirmed by quantitative 521 

real-time PCR between the yellow and normal black shells (Xu et al., 2019). In our 522 

study, HMg091350 has the same domain as flavonoid-3’, 5’-hydroxylase, for same 523 

type of P450 family. This gene was highly expressed in the grey strain, but it was 524 

found to be expressed at extremely low levels in the white strain in these three 525 

experiments which was expected. Meanwhile, its expressions in the grey strain during 526 

the transition period was significantly higher than in the mycelium period. This 527 

further indicates that the P450 gene plays an important role in the pigment formation. 528 

Based on the transcriptome analysis, we speculated that the L-dopa (tyrosine) 529 

pathway was the main melanin synthesis pathway in H. marmoreus, while the melanin 530 

synthesis pathway of albino strain was stimulated by other melanin synthesis 531 

pathways due to the blocking of the L-dopa (tyrosine) pathway.  532 



 

 

4. Materials and Methods 533 

4.1. Strain collection and culture 534 

All the 57 dikaryotic strains were collected from scientific research institutes, 535 

universities, and enterprises (Table S14). The single spore strain was obtained from 536 

fruiting body of strain HM62-W, which was used for PacBio sequencing and HIC 537 

assisted assembly for reference genomes. The white and grey strains was originally 538 

isolated from Wanchen Biotechnology Co. Ltd, (Fujian Province, China) and 539 

deposited in the Center for Genomics and Biotechnology (Fujian Agriculture and 540 

Forestry University, Fuzhou, China) with the accession numbers HM61 and HM88. 541 

An F1 cross between single spore isolates (SSIs) derived from HM61 and HM88 542 

yielded a dikaryon with a light-grey fruiting body, from which 100 SSIs were 543 

obtained. From the 100 SSIs self-crossed and a total of 144 dikaryotic strains were 544 

produced, among which 36 were white strains and 108 were grey and light-grey 545 

strains.  546 

All mononuclear and dikaryotic hyphaes were cultured in petri dishes containing 547 

PDA medium under shaking at 24°C and dark condition for two weeks. PDA medium 548 

was prepared as follows: per 1 L of distilled water, 200 g peeled potato, 20 g glucose 549 

and 20 g agar were prepared. During preparation, potato slices were cooked, and 550 

removed from the liquid by filtration, glucose and agar were the added. The fruiting 551 

bodies of H. marmoreus were conducted in Fuquanxin Biotechnology Co., Ltd., 552 

Wanchen Biotechnology Co., LTD., Shenlong Mushroom Industry Co., Ltd., and the 553 

Center for Genomics and Biotechnology, Fujian Agriculture and Forestry University 554 



 

 

(Fuzhou, China). 555 

4.2. DNA preparation, sequencing and genome assembly 556 

The genomic DNA of the strains used for sequencing and resequencing came from 557 

mycelia and fruiting body of H. marmoreus which were stored at –80°C before 558 

processing for DNA extraction. The freeze-dried mycelia and fruiting bodies were 559 

ground with liquid nitrogen and whole genomic DNA extraction was performed using 560 

the CTAB method as previously described by (Manicom et al., 1987). Illumina short 561 

read sequencing used the NEBNext Ultra DNA Library Prep Kit for 150 bp 562 

paired-end sequencing on the Illumina HiSeq 2000 (Illumina, USA) NGS platforms. 563 

The raw reads were trimmed by Trimmomatic (Bolger et al., 2014) (v0.36) using 564 

default parameters.  565 

Concentrated and sheared DNA of HM62-W mononuclear mycelia was 566 

size-selected by the BluePippinTM Automated DNA Size Selection System (Sage 567 

Science Inc., Beverly, MA, USA) for PacBio library construction. SMRTbellTM 568 

libraries (~20 Kbp) were prepared according to the protocol described by PacBio and 569 

the whole genome of H. marmoreus used the single-molecule sequencing platform 570 

Pacbio RSII (Genomics and Biotechnology Research Center, Fujian Agriculture and 571 

Forestry University, Fuzhou, China), producing ~200 x Pacbio raw data. Canu (Koren 572 

et al., 2017) and Falcon (Chin et al., 2016) was then used for de novo genome 573 

assembly, FinisherSC (Lam et al., 2015) and Pilon (Walker et al., 2014) were run to 574 

improve the Falcon assembly. We obtained the preliminary assembly of the genome of 575 

approximately 50 contigs with a total size of 43,691,898 bp and N50 =1,760,684 bp. 576 



 

 

4.3. Hi-C library construction and sequencing 577 

The mononuclear mycelia of H. marmoreus were collected for the preparation of 578 

DNA and the subsequent construction of Hi-C libraries at the Frasergen enterprise 579 

(Wuhan, China). Briefly, fresh mycelia were fixed with formaldehyde, cells were 580 

lysed, and then cross-linked DNA was digested with Mbo I at 37°C overnight. DNA 581 

ends were flattened and repaired, and biotin was introduced to mark oligonucleotide 582 

ends. Next, DNA fragments were linked by DNA ligase, and the cross-linking of DNA 583 

was removed through protease digestion. These DNA was then purified and randomly 584 

broken into 300–500 bp fragments. Affinity beads were used to capture the tagged 585 

DNA which was then sequenced in the second generation database. The chimeric 586 

fragments from the original cross-linked long-distance physical interactions were then 587 

isolated and processed into libraries, and 11 Gb of paired-end 150 bp reads were 588 

generated by sequencing the libraries on the Illumina HiSeqÔ X Ten platform.  589 

4.4. Chromosome assembly using Hi-C data 590 

The cleaning data reads were aligned to the assembled contig sequences using 591 

BWA (Li, 2013) software, and the alignment was filtered. The interaction matrix 592 

among contigs were generated, and Lachesis (Burton et al., 2013) was then applied to 593 

anchor contigs into the chromosomes with the agglomerative hierarchical clustering 594 

method. There was a simple repeated telomere sequence (TTAGGG/CCCTAA) at the 595 

two ends of chromosomes in H. marmoreus. Combined this feature, we successfully 596 

anchored 50 contigs into 12 chromosomes, representing 95.6% of the total assembled 597 



 

 

genome. The contig and scaffold N50 of the chromosome assembly were 2.6 Mb and 598 

4.1 Mb, respectively. 599 

4.5. Repeat sequence prediction  600 

Consensus transposable element (TE) sequences for H. marmoreus genome were 601 

generated using RepeatModeler with a combination of de novo and homology 602 

strategies including two de novo repeat-finding programs, RECON (Bao and Eddy, 603 

2002) and RepeatScout (Price et al., 2005), which we imported into RepeatMasker 604 

(http://www.repeatmasker.org/) to identify and cluster repetitive elements. Tandem 605 

repeats in H. marmoreus genome were identified using the Tandem Repeat Finder 606 

(TRF) package (Benson, 1999), and unknown TEs were classified by TEclass 607 

(Abrusan et al., 2009). Next, the outputs from the above processes were used to 608 

identify telomeres and centromeres. We also integrated results from LTR_FINDER 609 

(Xu and Wang, 2007) and LTRharvest (Ellinghaus et al., 2008) and removed false 610 

positives from the initial predictions using the LTR_retriever pipeline (Ou and Jiang, 611 

2018). These LTRs were also classified as either intact or non-intact LTRs. 612 

4.6. Gene annotation 613 

We used an automatic genome-wide annotation tool GETA 614 

(https://github.com/chenlianfu/geta) to carry out gene prediction, and the specific 615 

methods and steps of this process are as follows. Transcriptome data were obtained 616 

from mycelia and fruiting bodies of H. marmoreus at different growth stages. 617 

Trimmomatic (Bolger et al., 2014) software was used to further filter RNA-Seq data, 618 



 

 

and HISAT2 (Kim et al., 2015) was then used to align reads to the reference genome 619 

sequence that blocks duplicates. After read alignment results were obtained, different 620 

coverage thresholds were set according to the sequencing depth of each alignment 621 

region to obtain reliable intron information and optimal transcript data. At this time, 622 

TransDecoder (https://github.com/TransDecoder/TransDecoder) was used to predict 623 

ORF of the optimal transcript and then obtain the gene model. We selected the protein 624 

sequences of Laccaria bicolor, T. albuminosus, A. solidipes and C. cinerea from 625 

neighboring species, and combined these protein sequences with GeneWise 626 

(https://www.ebi.ac.uk/~birney/wise2/) software to make genetic predictions. Next, 627 

the exon information obtained from homologous proteins and transcripts was 628 

collected, and the intron information was obtained by read comparison. AUGUSTUS 629 

(Stanke and Morgenstern, 2005) software was used to combine the above intron and 630 

exon information for gene prediction. The genetic prediction results of the above three 631 

methods were integrated, and the PFAM database was used for screening to obtain the 632 

final genetic prediction results. Finally, we used Perl script to statistically analyze the 633 

eukaryotic gene model and 14,944 gene models were obtained by the above methods. 634 

The gene predictive protein sequences were evaluated by BUSCO (Simão et al., 2015) 635 

with basidiomycota_odb9 and fungi_odb9 lineage data. 636 

4.7. Gene function annotation 637 

Nr and Swiss-prot databases were set up on the local server, respectively, and the 638 

gene functions of H. marmoreus were predicted according to the best matches of the 639 

alignments against the Nr (URL) and Swiss-Prot (URL) databases by BLASTP 640 



 

 

(E-value =1e–5). Unigenes were used to query the NCBI non-redundant nucleotide 641 

sequence (Nt) database by BLASTN with a cut-off E-value of 1e–5. The eggNOG v4.5 642 

(http://eggnogdb.embl.de/) version of the database file eggnog.db, 643 

eggnog_protep.dmnd and HMM database were downloaded to eggNOG annotation by 644 

eggnog-mapper (Huerta-Cepas et al., 2017) software. We used a Perl program 645 

provided by EBI (https://www.ebi.ac.uk/) for InterPro annotation. The program sent 646 

the sequence to the official website server of interProScan (Jones et al., 2014) for 647 

interpro annotation, and returned the result locally. Next, the EggNOG and InterPro 648 

annotation results were integrated, and GO functional annotation and enrichment were 649 

carried out. In order to determine whether these genes might participate in any 650 

functional pathways, all gene models were aligned (E-value=1e–5) to the KO database. 651 

The functions of these putative genes were predicted and classified using the 652 

EuKaryotic of Orthologous Group (KOG) database. The online KEGG Automatic 653 

Annotation Server was used to assign the assembled sequences Kyoto Encyclopedia 654 

of Genes and Genomes (KEGG) pathways. 655 

4.8. Phylogenetic tree construction 656 

Together with H. marmoreus, 34 fungus species were used in the phylogenetic 657 

analysis. the homologous protein sequences of all these species were aligned by 658 

MAFFT software (Katoh and Standley, 2013). The results were analyzed by 659 

OrthoMCL (Li et al., 2003) with default parameters to obtain the orthologous genes. 660 

Multiple sequence alignments of these 38,944 genes were calculated by MAFFT 661 

(Katoh and Standley, 2013) software, and were combined into a long sequence for 662 



 

 

each species. Then, the conserved block regions of the alignment were picked out by 663 

Gblocks (Dereeper et al., 2010) with default parameters of the software. Maximum 664 

likelihood topology searches were completed with RAxML8.1.24 (Stamatakis, 2014) 665 

using the model “PROTGAMMALGX”, and the analysis was conducted with 1,000 666 

bootstrap replicates. The tree was visualized using FigTree_1.4.2 667 

(http://tree.bio.ed.ac.uk/software/). In addition, the genome and adjacent species of H. 668 

marmoreus were collinearly analyzed by MCScanx (Wang et al., 2012). 669 

4.9. DNA preparation of population, sequencing, variant calling and annotation 670 

A total of 65 dikaryotic strains were collected for morphological analysis after 671 

cultivation and were photographed as voucher specimens. Each of these 65 dikaryotic 672 

strains was sequenced with the Illumina Hiseq2500 platform from an Illumina 673 

paired-end library with an insert size of ~450 bp, producing 150 bp short reads of up 674 

to ~3 Gb raw data. The complete raw data set for the genome resequencing of 57 675 

strains was preprocessed by Trimmomatic (Bolger et al., 2014) and aligned to the 676 

genome sequence of H. marmoreus strain HM62-W by Bowtie2 (Langmead and 677 

Salzberg, 2012). Variant detection was performed using the genome analysis toolkit 678 

(GATK; v3.8) (McKenna et al., 2010) following the best practices workflow for 679 

variant discovery. Resulting BAM files were locally realigned by IndelRealigner to 680 

remove erroneous mismatches around small-scale insertions and deletions. Variants 681 

were called in each accession separately using HaplotypeCaller and individual 682 

genome variant. This two-step approach included the quality recalibration and 683 

re-genotyping in the merged vcf file, ensuring the accuracy of the variants. The 684 



 

 

intersection of these two methods was picked out for a downstream hard filtering with 685 

GATK thresholds: QUAL < 30, QD < 13, MQ < 20, FS > 20.0, MQRankSum < –3.0 686 

and ReadPosRanSum < –3.0. SnpEff (Cingolani et al., 2012) software was used to 687 

construct data from the HM62-W genome sequence information and encoded protein 688 

structure information, and then annotate the mutation sites. 689 

4.10. Admixture, phylogenetics and population structure analyses 690 

SNPs from the whole-genome resequencing were filtered by PLINK (Chang et al., 691 

2015) with minimum allelic count = 0.3, maximum missing data = 0.05, minimum 692 

coverage = 4, SNP quality > 20, retaining only biallelic variants and no indels. A 693 

maximum likelihood-based tree of H. marmoreus accessions was built by RAxML 694 

8.1.24 (Stamatakis, 2014) with 1,000 bootstrap replicates to determine a branch 695 

support, and a phylogenetic network was constructed by the neighbor-net method 696 

implemented within FigTree_1.4.2 (http://tree.bio.ed.ac.uk/software/). Genome-wide 697 

ancestry and admixture were estimated with ADMIXTURE v.1.23 (Alexander et al., 698 

2009), PCA and IBS calculations in PLINK (Chang et al., 2015). A genetic distance 699 

matrix of 1-IBS values was used to construct a minimum evolution phylogeny tree 700 

using the FastME program (Lefort et al., 2015) that was visualized with the web 701 

service Itol (Letunic and Bork, 2016). 702 

4.11. Genetic population construction and bulked segregant analysis (BSA)   703 

A single spore of the grey strain HM61 and white strain HM88 were hybridized to 704 

generate an F1 generation. After cultivation, it was found that the color of all F1 705 

hybrids was light grey. A random combination of 100 single spore isolates of HMZ5 706 



 

 

hybrids between grey and white was selected for self-crossing to obtain 144 707 

self-crossing hybrid F2 generations. These 144 hybrid dikaryonzai strains were 708 

cultivated by FuQuanXin biotechnology co., Ltd, Fujian, China using standard 709 

mushroom production protocols and were photographed. We combined the 710 

characteristics of color changes during the period of mycelia kinking and the color 711 

changes during cultivation. A color measuring instrument (Beijing ChenTaiKe 712 

instrument technology co. Ltd, Beijing, China) was used to measure the color index of 713 

the surface of the fruiting body cap. We harvested 36 strains of white dikaryotic 714 

strains and 108 strains grey or light grey strains separately by mushroom cultivation. 715 

These 36 strains of white dichromatic strain and another 36 strains of grey strain were 716 

selected to construct the mixing pool. Whole-genome resequencing by BSA was 717 

conducted on two DNA mixed specimens from 36 white dikaryon strain and 36 grey 718 

dikaryon strain in F2 generation fruiting bodies. The libraries were produced by the 719 

Truseq Nano DNA HT Sample Preparation kit (Illumina USA) following the 720 

manufacturer’s recommendations, and index codes were added to attribute sequences 721 

of each sample. The products of DNA mixed specimens were sequenced by Novogene 722 

Bioinformatics Technology Co., Ltd, (Beijing, China), on the anusing Illumina 723 

HiSeqTM PE150 system and then obtained ~5 Gb cleaning data, respectively. With 724 

the previously resequenced parental strains HM88 (~3 Gb) and HM61 (~3 Gb), a total 725 

of 4 sample data were mapped onto the genome by Bowtie2 (Langmead and Salzberg, 726 

2012). Variant calling was performed for all samples using the Unified Genotyper 727 

function, and SNPs were selected by  the Variant Filtration parameter in GATK 728 



 

 

(McKenna et al., 2010) and Samtools. 729 

In order to identify an informative marker set with polymorphism between two 730 

parental strains HM88 and HM61, Perl scripts from VariantsProcessorToolkit (Huang 731 

et al., 2020) were used to filter variants by the following conditions: 1) for each 732 

polymorphic marker site, a sequencing coverage depth of at least 10× was required in 733 

any one of these two parents, and only those variants possessing different 734 

homozygous genotype were kept; 2) in any bulked samples, if the variant was not 735 

detected, or the coverage depth of variant site was out of a range between 5× and 736 

200×, the situation was considered as a missed genotype, and the missing genotype 737 

was required no more than once; 3) after the depth filtering, allele frequency (AF) of 738 

four bulked samples were calculated, respectively, and the variants with the average 739 

AF value from 0.3 to 0.7 were retained. This marker set was annotated using snpEff 740 

(Cingolani et al., 2012). We used custom scripts to visualize the density of markers 741 

distributed along chromosomes, and also used a 3 Mb sliding widow with a 10 Kb 742 

step to scan the average depth of markers across chromosomes.   743 

4.12. Transcriptome analysis  744 

We designed three experiments for gene expression analysis. The first experiment 745 

served to collect materials from three different developmental stages of grey and 746 

white strains WHM and GHM, including the mycelia (cultured 90 days after 747 

inoculation), pigmentation and color transition stage (cultured 95 days after 748 

inoculation) and primordium stage (cultured 98 days after inoculation). The purpose 749 

of the second experiment was to remove the caps of grey (HM61) and white (HM88) 750 



 

 

strains, and the F1 hybrids of fruiting body HMZ5, and the epidermal tissue of the 751 

caps were then taken for analysis. The third experiment selected single spore isolates 752 

of grey (HM61) and white (HM88) strains, and their hybrid mycelium. All the above 753 

materials were used for extracting total RNA and sequenced on an Illumina. 754 

HiSeqTM 2500 platform (Illumina Inc., CA, USA) was used for sequencing the 755 

genomes by the Novogene Bioinformatics Technology Co., Ltd. (Beijing, China). The 756 

reads obtained from the sequencing instruments were filtered to remove adapters and 757 

low-quality reads. The clean RNA-Seq reads after a quality control were mapped onto 758 

H. marmoreus genome by HISAT2 (Kim et al., 2015). Transcript expression levels of 759 

individual genes were quantified using fragments per kilobase of exon per million 760 

fragments mapped (FPKM) values using RESM in Trinity (Haas et al., 2013). DEGs 761 

were identified by comparing the expression levels to predict transcriptional changes. 762 

After the expression level of each gene was annotated, we compared and identified 763 

the genes with a fold change �  2 and a false discovery rate (FDR) < 0.05 as significant 764 

DEGs.  765 

To determine the main biological functions of DEGs, all expressed genes were 766 

functionally annotated using the KEGG database and Gene Ontology (GO). Pathway 767 

enrichment analysis identified significantly enriched metabolic pathways or signal 768 

transduction pathways in DEGs compared with the whole genome background. 769 

Competing interests 770 

We declare that the research is conducted in the absence of any commercial or 771 

financial relationships that could be construed as a potential conflict of interest. 772 



 

 

Data availability  773 

The genome sequences of H. marmoreus have been deposited at GeneBank under 774 

the accession number of JABWDO000000000. The data from this study were 775 

deposited with NCBI GenBank under accession numbers: PRJNA508399 and 776 

PRJNA644211. 777 

CRediT authorship contribution statement  778 

Gang Wang: Methodology, Investigation, Validation, Visualization, Data curation, 779 

Formal analysis, Software,Writing - original draft, Writing - review & editing. Lianfu 780 

Chen: Methodology, Software. Weiqi Tang: Methodology, Software. Yuanyuan 781 

Wang: Methodology, Investigation, Validation. Qing Zhang: Software. Hongbo 782 

Wang: Software. Xuan Zhou: Software. Haofeng Wu: Validation. Lin Guo: 783 

Validation. Meijie Dou: Validation. Lei Liu : Validation. Baiyu Wang: Software. 784 

Jingxian Lin : Validation. Baogui Xie: Methodology. Zhenchao Wang: Methodology. 785 

Zhongjian Liu : Methodology. Ray Ming: Methodology. Jisen Zhang: 786 

Conceptualization, Funding acquisition, Project administration, Supervision, Writing - 787 

review & editing.  788 

Acknowledgements 789 

This work was supported by the Science and Technology Major Project of Fujian 790 

Province (2016NZ0001), the Program for New Century Excellent Talents in Fujian 791 

Province (KLa17073A), and agricultural technology extension service system for 792 

edible fungus industry in Fujian, China (KNJ-153011-1). These funding bodies had no 793 



 

 

role in the design of the study, collection, analysis, and interpretation of data, or in 794 

writing the manuscript. 795 

References 796 

Abrusan, G., Grundmann, N., DeMester, L.,Makalowski, W., 2009. Teclass--a tool for 797 

automated classification of unknown eukaryotic transposable elements. 798 

Bioinformatics 25, 1329–1330. 799 

Akihisa, T., Franzblau, S., Tokuda, H., Tagata, M., Ukiya, M., Matsuzawa, T., Metori, 800 

K., Kimura, Y.,Yasukawa, K., 2005. Antitubercular activity and inhibitory effect 801 

on epstein-barr virus activation of sterols and polyisoprenepolyols from an edible 802 

mushroom, hypsizigus marmoreus. Biol. Pharm. Bull. 28, 1117–1119. 803 

Alexander, D.H., Novembre, J.,Lange, K., 2009. Fast model-based estimation of 804 

ancestry in unrelated individuals. Genome Res. 19, 1655–1664. 805 

Bao, Z.,Eddy, S.R., 2002. Automated de novo identification of repeat sequence 806 

families in sequenced genomes. Genome Res. 12, 1269–1276. 807 

Benson, G., 1999. Tandem repeats finder: A program to analyze DNA sequences. 808 

Nucleic Acids Res. 27, 573–580. 809 

Berbee, M.L.,Taylor, J.W., 2010. Dating the molecular clock in fungi – how close are 810 

we? Fungal Biology Reviews 24, 1–16. 811 

Blackburn, E.H., Epel, E.S.,Lin, J., 2015. Human telomere biology: A contributory 812 

and interactive factor in aging, disease risks, and protection. Science 350, 1193–813 

1198. 814 

Bolger, A.M., Lohse, M.,Usadel, B., 2014. Trimmomatic: A flexible trimmer for 815 



 

 

illumina sequence data. Bioinformatics 30, 2114–2120. 816 

Burton, J.N., Andrew, A., Patwardhan, R.P., Ruolan, Q., Kitzman, J.O.,Jay, S., 2013. 817 

Chromosome-scale scaffolding of de novo genome assemblies based on 818 

chromatin interactions. Nat. Biotechnol. 31, 1119. 819 

Cai, C., Leschen, R.A., Hibbett, D.S., Xia, F.,Huang, D., 2017. Mycophagous rove 820 

beetles highlight diverse mushrooms in the cretaceous. Nat. Commun. 8, 14894. 821 

Callac, P., Moquet, F., Imbernon, M., Guedes-Lafargue, M.R., Mamoun, M.,Olivier, 822 

J.M., 1998. Evidence for ppc1, a determinant of the pilei-pellis color of agaricus 823 

bisporus fruitbodies. Fungal Genet. Biol. 23, 181–188. 824 

Chang, C.C., Chow, C.C., Tellier, L.C., Vattikuti, S., Purcell, S.M.,Lee, J.J., 2015. 825 

Second-generation plink: Rising to the challenge of larger and richer datasets. 826 

Gigascience 4, 7. 827 

Chen, G., Wu, F., Pei, F., Cheng, S., Muinde, B., Hu, Q.,Zhao, L., 2017. Volatile 828 

components of white hypsizygus marmoreus detected by electronic nose and 829 

hs-spme-gc-ms: Influence of four drying methods. Int. J. Food Prop. 20, 2901�"830 

2910. 831 

Chin, C.S., Peluso, P., Sedlazeck, F.J., Nattestad, M., Concepcion, G.T., Clum, A., 832 

Dunn, C., O'Malley, R., Figueroa-Balderas, R., Morales-Cruz, A., Cramer, G.R., 833 

Delledonne, M., Luo, C., Ecker, J.R., Cantu, D., Rank, D.R.,Schatz, M.C., 2016. 834 

Phased diploid genome assembly with single-molecule real-time sequencing. Nat. 835 

Methods 13, 1050–1054. 836 

Cingolani, P., Platts, A., Wang le, L., Coon, M., Nguyen, T., Wang, L., Land, S.J., Lu, 837 



 

 

X.,Ruden, D.M., 2012. A program for annotating and predicting the effects of 838 

single nucleotide polymorphisms, snpeff: Snps in the genome of drosophila 839 

melanogaster strain w1118; iso-2; iso-3. Fly 6, 80–92. 840 

Dereeper, A., Audic, S., Claverie, J.M.,Blanc, G., 2010. Blast-explorer helps you 841 

building datasets for phylogenetic analysis. BMC Evol. Biol. 10, 8. 842 

Eisenman, H.C.,Arturo, C., 2012. Synthesis and assembly of fungal melanin. Applied 843 

Microbiology & Biotechnology 93, 931–940. 844 

Ellinghaus, D., Kurtz, S.,Willhoeft, U., 2008. Ltrharvest, an efficient and flexible 845 

software for de novo detection of ltr retrotransposons. BMC Bioinformatics 9, 846 

18. 847 

Floudas, D., Binder, M., Riley, R., Barry, K., Blanchette, R.A., Henrissat, B., 848 

Martã-Nez, A.T., Otillar, R., Spatafora, J.W.,Yadav, J.S., 2012. The paleozoic 849 

origin of enzymatic lignin decomposition reconstructed from 31 fungal genomes. 850 

Science 336, 1715–1719. 851 

Haas, B.J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P.D., Bowden, J., 852 

Couger, M.B., Eccles, D., Li, B.,Lieber, M., 2013. De novo transcript sequence 853 

reconstruction from RNA-seq using the trinity platform for reference generation 854 

and analysis. Nature Protocols 8, 1494–1512. 855 

Han, Q., Ordaz, J.D., Liu, N.-K., Richardson, Z., Wu, W., Xia, Y., Qu, W., Wang, Y., 856 

Dai, H., Zhang, Y.P., Shields, C.B., Smith, G.M.,Xu, X.-M., 2019. Descending 857 

motor circuitry required for nt-3 mediated locomotor recovery after spinal cord 858 

injury in mice. Nat. commun. 10, 5815. 859 



 

 

Heads, S.W., Miller, A.N.,Crane, J.L., 2017. On the name of the oldest fossil 860 

mushroom. Mycological Progress 16, 1071–1072. 861 

Hibbett, D.S., Grimaldi, D.,Donoghue, M.J., 1995. Cretaceous mushrooms in amber. 862 

Nature 377, 487. 863 

Hoffmeister, D.,Keller, N.P., 2007. Natural products of filamentous fungi: Enzymes, 864 

genes, and their regulation. Natural Product Reports 24, 393–416. 865 

Holton, T.A., Brugliera, F., Lester, D.R., Tanaka, Y., Hyland, C.D., Menting, J.G., Lu, 866 

C.Y., Farcy, E., Stevenson, T.W.,Cornish, E.C., 1993. Cloning and expression of 867 

cytochrome p450 genes controlling flower colour. Nature 366, 276–279. 868 

Huang, L., Tang, W., Bu, S.,Wu, W., 2020. Brm: A statistical method for qtl mapping 869 

based on bulked segregant analysis by deep sequencing. Bioinformatics 36, 870 

2150–2156. 871 

Huerta-Cepas, J., Forslund, K., Coelho, L.P., Szklarczyk, D., Jensen, L.J., von Mering, 872 

C.,Bork, P., 2017. Fast genome-wide functional annotation through orthology 873 

assignment by eggnog-mapper. Mol. Biol. Evol. 34, 2115–2122. 874 

Jiang, L., Yang, D., Cao, Y., Wang, P., Zhang, Y., Zhang, K.-Q., Xu, J.,Zhang, Y., 2017. 875 

The complete mitochondrial genome of the edible basidiomycete mushroom 876 

phlebopus portentosus. Mitochondrial DNA Part B 2, 696–697. 877 

Jolivet, S., Arpin, N., Wichers, H.J.,Pellon, G., 1998. Agaricus bisporus browning: A 878 

review. Mycol. Res. 102, 1459–1483. 879 

Jones, P., Binns, D., Chang, H.Y., Fraser, M., Li, W., McAnulla, C., McWilliam, H., 880 

Maslen, J., Mitchell, A., Nuka, G., Pesseat, S., Quinn, A.F., Sangrador-Vegas, A., 881 



 

 

Scheremetjew, M., Yong, S.Y., Lopez, R.,Hunter, S., 2014. Interproscan 5: 882 

Genome-scale protein function classification. Bioinformatics 30, 1236–1240. 883 

Jung, E.B., Jo, J.H.,Cho, S., 2008. Nutritional component and anticancer properties of 884 

various extracts from haesongi mushroom (hypsizigus marmoreus). Journal of 885 

The Korean Society of Food Science and Nutrition 37, 1395–1400. 886 

Katoh, K.,Standley, D., 2013. Mafft multiple sequence alignment software version 887 

improvements in performance and usability. Molecular Biology & Evolution 30, 888 

772–780. 889 

Kim, D., Langmead, B.,Salzberg, S.L., 2015. Hisat: A fast spliced aligner with low 890 

memory requirements. Nat. Methods 12, 357–360. 891 

Kong, W.S., You, C.H., Yoo, Y.B., Kim, G.H.,Kim, K.H., 2004. Molecular marker 892 

related tofruitbody color of flammulina velutipes. Mycobiology 32, 6. 893 

Koren, S., Walenz, B.P., Berlin, K., Miller, J.R., Bergman, N.H.,Phillippy, A.M., 2017. 894 

Canu: Scalable and accurate long-read assembly via adaptive k-mer weighting 895 

and repeat separation. Genome Res. 27, 722. 896 

Krasnopolskaya, L.M., Leontieva, M.I., Avtonomova, A.V., Isakova, E.B., Belitsky, 897 

I.V., Usov, A.I.,Bukhman, V.M., 2008. Antitumor properties of submerged 898 

cultivated biomass and extracts of medicinal mushrooms of genus hypsizygus 899 

singer (agaricomycetideae).  10, 25–35. 900 

Kurata, A., Fukuta, Y., Mori, M., Kishimoto, N.,Shirasaka, N., 2016. Draft genome 901 

sequence of the basidiomycetous fungus flammulina velutipes tr19. Genome 902 

Announcements 4, e00505–00516. 903 



 

 

Lam, K.K., LaButti, K., Khalak, A.,Tse, D., 2015. Finishersc: A repeat-aware tool for 904 

upgrading de novo assembly using long reads. Bioinformatics 31, 3207–3209. 905 

Langmead, B.,Salzberg, S.L., 2012. Fast gapped-read alignment with bowtie 2. Nat. 906 

Methods 9, 357–359. 907 

Lee, C.Y., Park, J.E., Lee, J., Kim, J.K.,Ro, H.S., 2012. Development of new strains 908 

and related scar markers for an edible mushroom, Hypsizygus marmoreus. FEMS 909 

Microbiol. Lett. 327, 54–59. 910 

Lee, S.H., Kim, M.K., Lee, M.K., Kim, N.R., Lee, C.Y.,Lee, H.S., 2014. 911 

Electrophoretic karyotyping of Hypsizygus marmoreus and evaluation of 912 

variation among its basidiospores. FEMS Microbiol. Lett. 359, 209–215. 913 

Lee, Y.L., Jian, S.Y., Lian, P.Y.,Mau, J.L., 2008. Antioxidant properties of extracts 914 

from a white mutant of the mushroom Hypsizigus marmoreus. Journal of Food 915 

Composition and Analysis 21, 116–124. 916 

Lee, Y.L., Jian, S.Y.,Mau, J.L., 2009. Composition and non-volatile taste components 917 

of hypsizigus marmoreus. LWT - Food Science and Technology 42, 594–598. 918 

Lefort, V., Desper, R.,Gascuel, O., 2015. Fastme 2.0: A comprehensive, accurate, and 919 

fast distance-based phylogeny inference program. Mol. Biol. Evol. 32, 2798–920 

2800. 921 

Letunic, I.,Bork, P., 2016. Interactive tree of life (itol) v3: An online tool for the 922 

display and annotation of phylogenetic and other trees. Nucleic Acids Res. 44, 923 

W242-245. 924 

Li, H., 2013. Aligning sequence reads, clone sequences and assembly contigs with 925 



 

 

bwa-mem. ArXiv 1303. 926 

Li, L., Jr, S.C.,Roos, D.S., 2003. Orthomcl: Identification of ortholog groups for 927 

eukaryotic genomes. Genome Res. 13, 2178–2189. 928 

Lim, Y.-J., Lee, C.-Y., Park, J.-E., Kim, S.-W., Lee, H.-S.,Ro, H.-S., 2010. Molecular 929 

genetic classification of Hypsizigus marmoreus and development of 930 

strain-specific DNA markers. The Korean Journal of Mycology 38, 34–39. 931 

Lynch, M.,Conery, J.S., 2000. The evolutionary fate and consequences of duplicate 932 

genes. Science 290, 1151–1155. 933 

Manicom, B.Q., Barjoseph, M., Rosner, A., Vigodskyhaas, H.,Kotze, J.M., 1987. 934 

Potential applications of random DNA probes and restriction fragment length 935 

polymorphisms in the taxonomy of the Fusaria. Phytopathology 77, 531–533. 936 

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., 937 

Garimella, K., Altshuler, D., Gabriel, S., Daly, M.,DePristo, M.A., 2010. The 938 

genome analysis toolkit: A mapreduce framework for analyzing next-generation 939 

DNA sequencing data. Genome Res. 20, 1297–1303. 940 

Min, B., Kim, S., Oh, Y.L., Kong, W.S., Park, H., Cho, H., Jang, K.Y., Kim, J.G.,Choi, 941 

I.G., 2018. Genomic discovery of the hypsin gene and biosynthetic pathways for 942 

terpenoids in Hypsizygus marmoreus. BMC Genomics 19, 789. 943 

Mori, K., Kobayashi, C., Tomita, T., Inatomi, S.,Ikeda, M., 2008. Antiatherosclerotic 944 

effect of the edible mushrooms Pleurotus eryngii (eringi), Grifola frondosa 945 

(maitake), and Hypsizygus marmoreus (bunashimeji) in apolipoprotein 946 

e-deficient mice. Nutrition research (New York, N.Y.) 28, 335–342. 947 



 

 

Morin, E., Kohler, A., Baker, A.R., Foulongne-Oriol, M., Lombard, V., Nagy, L.G., 948 

Ohm, R.A., Patyshakuliyeva, A., Brun, A.,Aerts, A.L., 2012. Genome sequence 949 

of the button mushroom Agaricus bisporus reveals mechanisms governing 950 

adaptation to a humic-rich ecological niche. Proc. Natl. Acad. Sci. USA 109, 951 

17501–17506. 952 

Mukherjee, G., Mishra, T.,Deshmukh, S.K. 2017. Fungal pigments: An overview, in: 953 

Satyanarayana, T., Deshmukh, S.K., Johri, B.N. (Eds.), Developments in fungal 954 

biology and applied mycology. Springer Singapore, Singapore, 525–541. 955 

Ou, S.,Jiang, N., 2018. Ltr_retriever: A highly accurate and sensitive program for 956 

identification of long terminal repeat retrotransposons. Plant Physiol. 176, 1410–957 

1422. 958 

Park, Y.J., Baek, J.H., Lee, S., Kim, C., Rhee, H., Kim, H., Seo, J.S., Park, H.-R., 959 

Yoon, D.E., Nam, J.Y., Kim, H.I., Kim, J.G., Yoon, H., Kang, H.W., Cho, J.Y., 960 

Song, E.S., Sung, G.H., Yoo, Y.B., Lee, C.S., Lee, B.M.,Kong, W.S., 2014. 961 

Whole genome and global gene expression analyses of the model mushroom 962 

Flammulina velutipes reveal a high capacity for lignocellulose degradation. 963 

PLOS ONE 9, e93560. 964 

Price, A.L., Jones, N.C.,Pevzner, P.A., 2005. De novo identification of repeat families 965 

in large genomes. Bioinformatics 21, i351–358. 966 

Qiu, C., Yan, W., Deng, W., Song, B.,Li, T., 2014. Genetic diversity analysis of 967 

Hypsizygus marmoreus with target region amplification polymorphism. The 968 

Scientific World Journal 2014, 619746. 969 



 

 

Qiu, C., Yan, W., Li, P., Deng, W., Song, B.,Li, T., 2013a. Evaluation of growth 970 

characteristics and genetic diversity of commercial and stored lines of 971 

Hypsizygus marmoreus. International Journal of Agriculture and Biology 15, 972 

479–485. 973 

Qiu, C., Yan, W., Song, B., Li, P.,Li, T., 2013b. Analysis of the genetic diversity and 974 

relationship within Hypsizygus marmoreus based on sequence - related 975 

amplification polymorphism. Journal of Pure & Applied Microbiology 7, 1–9. 976 

Qu, J., Zhao, M., Hsiang, T., Feng, X., Zhang, J.,Huang, C., 2016. Identification and 977 

characterization of small noncoding rnas in genome sequences of the edible 978 

fungus pleurotus ostreatus. BioMed research international 2016, 2503023. 979 

Simão, F.A., Waterhouse, R.M., Ioannidis, P., Kriventseva, E.V.,Zdobnov, E.M., 2015. 980 

Busco: Assessing genome assembly and annotation completeness with 981 

single-copy orthologs. Bioinformatics 31, 3210–3212. 982 

Sipos, G., Prasanna, A.N., Walter, M.C., O’Connor, E., Bálint, B., Krizsán, K., Kiss, 983 

B., Hess, J., Varga, T., Slot, J., Riley, R., Bóka, B., Rigling, D., Barry, K., Lee, J., 984 

Mihaltcheva, S., LaButti, K., Lipzen, A., Waldron, R., Moloney, N.M., Sperisen, 985 

C., Kredics, L., Vágvölgyi, C., Patrignani, A., Fitzpatrick, D., Nagy, I., Doyle, S., 986 

Anderson, J.B., Grigoriev, I.V., Güldener, U., Münsterkötter, M.,Nagy, L.G., 987 

2017. Genome expansion and lineage-specific genetic innovations in the forest 988 

pathogenic fungi armillaria. Nature Ecology & Evolution 1, 1931–1941. 989 

Sonnenberg, A.S.M., Gao, W., Lavrijssen, B., Hendrickx, P., Sedaghat-Tellgerd, N., 990 

Foulongne-Oriol, M., Kong, W.S., Schijlen, E.G.W.M., Baars, J.J.P.,Visser, 991 



 

 

R.G.F., 2016. A detailed analysis of the recombination landscape of the button 992 

mushroom agaricus bisporus var. Bisporus. Fungal Genetics & Biology 93, 35–993 

45. 994 

Stamatakis, A., 2014. Raxml version 8: A tool for phylogenetic analysis and 995 

post-analysis of large phylogenies. Bioinformatics 30, 1312–1313. 996 

Stanke, M.,Morgenstern, B., 2005. Augustus: A web server for gene prediction in 997 

eukaryotes that allows user-defined constraints. Nucleic Acids Res. 33, W465–998 

467. 999 

Su, V.,Hsu, B., 2003. Cloning and expression of a putative cytochrome p450 gene that 1000 

influences the colour of phalaenopsis flowers. Biotechnol. Lett. 25, 1933–1939. 1001 

Varga, T., Krizsán, K., Földi, C., Dima, B., Sánchez-García, M., Sánchez-Ramírez, S., 1002 

Szöll� si, G.J., Szarkándi, J.G., Papp, V., Albert, L., Andreopoulos, W., Angelini, 1003 

C., Antonín, V., Barry, K.W., Bougher, N.L., Buchanan, P., Buyck, B., Bense, V., 1004 

Catcheside, P., Chovatia, M., Cooper, J., Dämon, W., Desjardin, D., Finy, P., 1005 

Geml, J., Haridas, S., Hughes, K., Justo, A., Karasi� ski, D., Kautmanova, I., Kiss, 1006 

B., Kocsubé, S., Kotiranta, H., LaButti, K.M., Lechner, B.E., Liimatainen, K., 1007 

Lipzen, A., Lukács, Z., Mihaltcheva, S., Morgado, L.N., Niskanen, T., 1008 

Noordeloos, M.E., Ohm, R.A., Ortiz-Santana, B., Ovrebo, C., Rácz, N., Riley, R., 1009 

Savchenko, A., Shiryaev, A., Soop, K., Spirin, V., Szebenyi, C., Tomšovský, M., 1010 

Tulloss, R.E., Uehling, J., Grigoriev, I.V., Vágvölgyi, C., Papp, T., Martin, F.M., 1011 

Miettinen, O., Hibbett, D.S.,Nagy, L.G., 2019. Megaphylogeny resolves global 1012 

patterns of mushroom evolution. Nature Ecology & Evolution 3, 668–678. 1013 



 

 

Walker, B.J., Abeel, T., Shea, T., Priest, M., Abouelliel, A., Sakthikumar, S., Cuomo, 1014 

C.A., Zeng, Q., Wortman, J., Young, S.K.,Earl, A.M., 2014. Pilon: An integrated 1015 

tool for comprehensive microbial variant detection and genome assembly 1016 

improvement. PLoS One 9, e112963. 1017 

Wang, L., Hu, X., Feng, Z.,Pan, Y., 2009. Development of aflp markers and 1018 

phylogenetic analysis in hypsizygus marmoreus. J. Gen. Appl. Microbiol. 55, 9–1019 

17. 1020 

Wang, Y., Tang, H., Debarry, J.D., Tan, X., Li, J., Wang, X., Lee, T.H., Jin, H., Marler, 1021 

B., Guo, H., Kissinger, J.C.,Paterson, A.H., 2012. Mcscanx: A toolkit for 1022 

detection and evolutionary analysis of gene synteny and collinearity. Nucleic 1023 

Acids Res. 40, e49. 1024 

Xu, M., Huang, J., Shi, Y., Zhang, H.,He, M., 2019. Comparative transcriptomic and 1025 

proteomic analysis of yellow shell and black shell pearl oysters, pinctada fucata 1026 

martensii. BMC Genomics 20, 469. 1027 

Xu, Z.,Wang, H., 2007. Ltr_finder: An efficient tool for the prediction of full-length 1028 

ltr retrotransposons. Nucleic Acids Res. 35, W265–268. 1029 

Young, J., won-jun, O., Kwak, D.-M., Kim, M.-G., Seo, G.-S., Hong, S.-B.,Rhee, M., 1030 

2011. The anti-platelet activity of hypsizygus marmoreus extract is involved in 1031 

the suppression of intracellular calcium mobilization and integrin � iib� 3 1032 

activation. Journal of Medicinal Plants Research 5, 2369–2377. 1033 

Zhu, Y., Xu, J., Sun, C., Zhou, S., Xu, H., Nelson, D.R., Qian, J., Song, J., Luo, H., 1034 

Xiang, L., Li, Y., Xu, Z., Ji, A., Wang, L., Lu, S., Hayward, A., Sun, W., Li, X., 1035 



 

 

Schwartz, D.C., Wang, Y.,Chen, S., 2015. Chromosome-level genome map 1036 

provides insights into diverse defense mechanisms in the medicinal fungus 1037 

ganoderma sinense. Scientific Reports 5, 11087. 1038 

 1039 

 1040 

 1041 

Figure Legendss 1042 

Fig. 1. The evolutionary relationship and the homologous genes of H. marmoreus and 1043 

33 representative fungal species. A: The distribution of pairwise Ks values of the 6 1044 

fungi species. B: The evolutionary relationship and the homologous genes of H. 1045 

marmoreus and 33 representative fungal species. The left panel: Phylogenetic analysis 1046 

and molecular clock analysis by constructing a maximum likelihood (bootstrap is 1047 

1000, model is LG+I+G+F) phylogenetic tree of H.marmoreus and other 33 fungal 1048 

species. The x axis shows MYA. The right panel: The number of homologous genes in 1049 

34 species is counted in the form of an accumulation column, and different colors are 1050 

used to represent the number of homologous genes in corresponding species. C: The 1051 

genome collinearity among H. marmoreus, P. ostreatus, and C. cinerea. D: The 1052 

genome collinearity among H. marmoreus, U. maydis, and C. neoformans. 1053 

Fig. 2. Population analysis of H. marmoreus. A: Principal Component Analysis of the 1054 

H. marmoreus population. B: Population structures of H. marmoreus is estimated with 1055 

Admixture from K�=�3 to K=5. K indicate the prior value�×The different color indicate 1056 

the distinct ancestry components. C: Phylogenetic tree of the H. marmoreus 1057 



 

 

population. D: Identity-by-state analysis of H. marmoreus population. 1058 

Fig. 3. Schematic diagram of the genetic population of H. marmoreus for BSA 1059 

analysis. 1060 

 A single spore of the grey strain HM61 and white strain HM88 are hybridized to 1061 

generate an F1 generation. After cultivation, it is found that the color of all F1 hybrids 1062 

is light grey. A random combination of 100 single spore isolates of HMZ5 hybrids 1063 

between grey and white is selected for self-crossing to obtain 144 self-crossing hybrid 1064 

F2 generations. The segregation of white/grey is about 1:3 (36 vs 108), and thus 36 1065 

strains of white dichromatic strain and 36 strains of grey strain are selected to 1066 

construct the mixing pool for BSA.  1067 

 1068 

Fig. 4. Analysis of candidate regions and candidate genes associated with color. A: 1069 

The mean allele frequency difference and the fitting curve of the grey and white 1070 

genome pool mixtures. The bottom are candidate genes and genotypes on 1071 

chromosome 6 of H. marmoreus. B: Gene expression of HM01g09133, HM01g09134, 1072 

and HM01g09135. CK, 5 days, and 8 days denote the three periods before and after 1073 

conversion: mycelia, pigmordium and primordium stage of white/grey strain. B, H 1074 

and Z represent mononuclear and heteronuclear hyphae.  1075 

Fig. 5. The distribution of DEGs among the samples of H. marmoreus. A: The DEGs 1076 

of three different developmental stages of grey and white strains WHM and GHM. B: 1077 

The left part indicates the DEGs of single spore isolates of grey (HM61) and white 1078 

(HM88) strains, and their hybrid mycelium. The right part shows the DEGs of pileus 1079 



 

 

epidermal tissue amongst grey (HM61), white (HM88) strains, and their F1 hybrids of 1080 

fruiting body HMZ5. The red number and blue number indicates the up-regulated 1081 

genes and down-regulated genes, respectively. C: Venn diagram of the DEGs between 1082 

the white and grey strain among three different developmental stages of H. 1083 

marmoreus. D: Venn diagram of the DGEs between the three samples of H. 1084 

marmoreus. E: Venn diagram of the differentially expressed genes between single 1085 

spore and hybrid mycelium. F: Venn diagram of the differentially expressed genes of 1086 

pileus epidermal tissue among grey (HM61), white (HM88), and HMZ5 strains. 1087 
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Tables 1089 

Table 1. Statistics of H. marmoreus genome assembly. 1090 

Assembly feature H. marmoreus 

Assembly size (Mb) 43.7 

Number of contigs 47 

Contig N50 (bp) 2,580,783 

Contig N90 (bp) 641,594 

Longest contig (bp) 5,516,215 

Number of scaffolds 12 

Scaffold N50 (bp) 4,102,088 

Scaffold N90 (bp) 2,188,314 

Assembly % of genome (%) 95.60 

Repeat region % of assembly (%) 11.60 

Number of predicted gene models 14,944 

Average coding sequence length (bp) 1864.60 

Average gene length (bp) 2304.7 

Average exons per gene 7.1 

Transcriptome assembly (%) 94.5 (14137) 
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Table 2. Candidate genes identified with BSA (nonsynonymous) and gene expression 1095 

in H. marmoreus. 1096 

Gene ID  location  gene expression Gene description 

HM01g091350 2497935 A->G,ATA->GTA,I->V GHM up cytochrome P450 

- 2497936 T->A,GTA->GAA,V->E - - 

HM01g091890 2657273 G->A,AGG->AAG,R->K WHM up predicted protein 

HM01g091940 2669124 G->C,GAA->CAA,E->Q NO difference predicted protein 

HM01g092160 2718065 A->G,ATC->GTC,I->V NO difference predicted protein 

HM01g092280 2766650 A->T,ATT->TTT,I->F NO difference Carbohydrate transport and 

metabolism 

HM01g092300 2770010 G->A,GGT->AGT,G->S WHM up MFS polyamine transporter 
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