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Abstract

Background The CYP450 family members have been extensively studied in plants, where they play essential roles in
metabolism, responses to biotic and abiotic stresses, and the regulation of growth and development. However, their
functions in edible fungi remain largely unexplored. Flammulina filiformis, an economically important mushroom,
lacks a comprehensive analysis of its CYP450 genes. Therefore, this study aims to identify and characterize the CYP450
gene family in £ filiformis at the genome-wide level, investigate their expression patterns, and explore their potential
biological functions, providing valuable insights into their roles in fungal growth and adaptation.

Results In this study, 59 CYP450 genes, categorizing into 6 distinct clades, were identified within the genome of .
filiformis. Subcellular localization predictions suggested that the majority of these CYP450 genes are located in the
endomembrane system. These 59 genes were distributed randomly across 12 chromosomes. Gene duplication
analysis revealed the presence of 3 pairs of tandem repeats and 3 pairs of segmental repeat genes. Transcriptomic
analysis revealed 861 differentially expressed genes (DEGs) in ML compared with M, and 3208 DEGs in P compared
with ML. The ‘oxidoreductase activity’ category was significantly enriched in the ML vs. M and P vs. ML comparisons,
with CYP450 genes being predominantly represented among the DEGs. Transcriptional expression analysis
demonstrated that 4 genes exhibited the highest expression levels in the M sample, 6 genes in the ML sample, and 10
genes in the primordium. Furthermore, quantitative real-time PCR (qRT-PCR) analysis revealed that 11 genes, including
HNY6_9861, HNY6_4590, HNY6_ 1561, HNY6_281, HNY6_ 12367, HNY6_8704, HNY6_9581, HNY6_8517, HNY6_ 11881,
HNY6_9098 and HNY6_5841, exhibited an increasing trend in expression levels across the lower, middle and upper
parts of the stipe in both white and yellow strains. This suggests that CYP450 genes may involved in the elongation of
the stipe of F. filiformis.

Conclusions These results provide a foundation for further exploration of the molecular evolution mechanism and
potential functions of the CYP450 genes of £. filiformis in the regulation of growth and development.
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Background

Cytochrome P450 (CYP450) represents a large family of
heme proteins capable of self-oxidation, and belongs to
the class of monooxygenases. It is named for its specific
absorption peak at 450 nm in the form of carbon mon-
oxide binding [1]. The CYP450 family is widely pres-
ent in various organisms, including animals, plants,
and microorganisms. The function of CYP450 genes is
more reported in plants, with a clearer understanding
of their mechanism. Research indicates that the major-
ity of CYP450 proteins are membrane-bound, exhibiting
a molecular weight range of 45-62 kDa, with an aver-
age molecular weight of approximately 55 kDa in plant
species [2]. Structural analyses revealed that CYP450
enzymes typically possess four conserved domains:
heme-binding domain (FxxGxRxCxG), I-helix, PERF
domain, and K-helix [2].

According to the previous reports, the CYP450 family
genes have multiple biological functions, participating
in the biosynthesis of various substances including plant
hormones, flavonoids, lignin, alkaloids, antioxidants,
and phenolic compounds, etc [3]. Furthermore, these
enzymes play a critical roles in plant resistance to biotic
and abiotic stresses. In terms of metabolite synthesis,
CYP90 is involved in the biosynthesis of brassinosteroids
[4], CYP71A31 and CYP71AUS56 genes may be respon-
sible for the biosynthesis of indole-3-acetic acid [5]. In
Arabidopsis thaliana, AtCYP88A3 and AtCYP88A4 are
involved in the biosynthesis of gibberellins, with muta-
tions in homologous genes in barley and maize result-
ing in dwarf phenotypes [6]. The sweet potato protein
IbCYP82D47 has been shown to interact with the carot-
enoid biosynthesis-related protein IbGGPPS12, thereby
significantly increasing the carotenoid content in trans-
genic sweet potato [7]. Regarding plant stress resistance,
the overexpression of the sweet potato gene IbCYP73A1
improves the capacity of transgenic sweet potato plants
to scavenge reactive oxygen species under abiotic stress
conditions [8]. In Arabidopsis, AtCYP82C2 is capa-
ble of increasing defense-related gene expression and
immunoglobulin content in response to jasmonic acid,
thereby increasing resistance to Botrytis cinerea. Simi-
larly, transgenic tobacco plants overexpressing soybean
GmCYP82A3 exhibit resistance to B. cinerea, Phytoph-
thora parasitica, and salt and drought stress [9]. Previous
report demonstrated that members of the cotton CYP450
family are involved in regulating salt tolerance in cotton
through whole-genome identification and expression pat-
tern analysis [10]. Bioinformatics analysis of the cucum-
ber CYP450 family identified a gene, CsCYP82D102,
which is up-regulated in response to powdery mildew,

methyl jasmonate, and salicylic acid treatments. Trans-
genic cucumber plants overexpressing the CsCYP82D102
gene showed enhanced resistance to powdery mildew
[11]. Furthermore, the CYP450 genes play crucial regula-
tory roles in the growth and development of organisms
by regulating compound synthesis. The overexpression
of the CYP90D1 gene in grapes results in a substantial
increase in brassinosteroid content, thereby promoting
shoot elongation [4]. Although the functions of CYP450
genes have been extensively investigated, research focus-
ing on edible fungi remains limited. Previous studies
have indicated that CYP450 proteins in basidiomycetes
are involved in regulating the release of exogenous sub-
stances and the decomposition of lignin metabolites via
catalase activity [12]. CYP66 is involved in the devel-
opmental processes of Agaricus bisporus [13], and the
CYP450 genes in Hypsizygus marmoreus may play a role
in the regulation of the melanin synthesis pathway [14].
E filiformis is considered as an independent species
rather than a variety of E velutipes [15], and is also called
winter mushroom or golden needle mushroom. This spe-
cies is an important edible and medicinal fungus within
Basidiomycota that is extensively cultivated and mar-
keted in China, Japan, and other Asian countries. E fili-
formis holds an important position in the food and health
product industries due to its high nutritional value (rich
in polysaccharides, amino acids and trace elements)
and unique flavor. In addition, the growth and develop-
ment of E filiformis is a complex regulatory process, and
the research on the related regulatory genes will be of
great significance. Commercial cultivation of E filifor-
mis requires low temperatures, typically below 10°C, to
stimulate primordia formation and the growth of fruit-
ing bodies. The growth and development of F filiformis
encompass both vegetative and reproductive phases,
involving processes such as mycelial expansion, cold-
induced primordia initiation, primordia differentiation,
fruiting body development, and stipe elongation. These
processes are governed by the interplay of multiple envi-
ronmental factors and complex regulatory mechanisms
mediated by various genes. Some genes related to the
growth and development of E filiformis have been identi-
fied. The expression of the jacalin-related lectin encoding
gene Fv-JRL1 was highest in the primordia, and Fv-JRL1-
RNAI strains exhibiting a reduced number of primordia
compared with the control strain H1123; conversely,
strains with overexpressed Fv-JRLI presented acceler-
ated growth rates and earlier fruiting body formation
[16]. Additionally, the expression of the pddl (Primor-
dium development defect 1) gene in E velutipes increased
during primordium development, and its overexpression
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facilitated primordium formation, resulting in signifi-
cantly longer stipe length, more fruiting bodies, and
higher yields than the wild-type strain F19 [17]. The over-
expression of the hydrophobin gene Hyd9 significantly
increases the number of primordia and fruiting bodies
[18]. The chromatin-modifying protein Ffjmhy enhances
the expression of genes related to cell wall enzymes by
mediating demethylation at histone H3K9 sites, thereby
regulating cell wall remodeling during stipe elonga-
tion in E filiformis, and exerting a positive influence on
stipe elongation [19]. Conversely, the transcription fac-
tor Stel2-like has been shown to negatively regulate
stipe elongation in E filiformis [20]. Despite these find-
ings, the molecular regulatory mechanisms underly-
ing the growth and development of E filiformis remain
largely unexplored. Investigating the genes and their
functional mechanisms associated with the growth and
development of E filiformis through advanced genomics,
transcriptomics, proteomics, metabolomics, and bioin-
formatics approaches will significantly advance molecu-
lar biology research in edible fungi, including E filiformis.

The identification of gene families at the whole-genome
level is essential for elucidating gene function. The assem-
bly and publication of whole-genome sequences across
numerous species have facilitated the identification of
CYP450 genes in various organisms, including rice [21],
soybean [22], sweet potato [6], tea plant [23], peanut [24],
cucumber [11], tomato [2], aphids [25], Fusarium gra-
minearum [26] and others. Although the critical roles of
CYP450 genes in growth and development are well estab-
lished, the genome identification, expression patterns,
and biological functions of the CYP450 family in edible
fungi remain unexplored. This work employed bioinfor-
matics approaches to identify members of the CYP450
gene family at the whole-genome level in E filiformis and
conducted a comprehensive analysis of their evolutionary
relationships, chromosomal localization, and gene dupli-
cation events. The expression patterns of the CYP450
genes in different tissues and developmental stages were
examined via transcriptome sequencing and qRT-PCR.
These analyses provide a foundation for the functional
characterization of key candidate genes and have sig-
nificant implications for further research on the growth
and development mechanisms, as well as the molecular
genetic breeding of E filiformis.

Methods

Strains, culture conditions and Preparation of samples

E filiformis strains AW27 (cultivated strain, white) and
HNY6 (wild strain, yellow) were used in this study. The
cultivation substrate consisted of 69% cottonseed hulls,
20% rice bran, 10% wheat bran, and 1% lime, with a mois-
ture content of 65%. After thorough mixing, 2 kg of the
substrate was placed into polypropylene plastic bags. The
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bags were then sterilized at normal pressure and allowed
to cool naturally to room temperature before use. Under
sterile conditions, the well-cultured liquid strains of F
filiformis strains were inoculated into the substrate, with
an inoculation volume of 10 mL per bag. The mycelium
was incubated in a culture room maintained at a tem-
perature of 25 °C. Once the mycelia fully colonized the
substrate, the bags were opened and scratched, after
which they were transferred to a culture room with an
ambient temperature of 15 °C to stimulate bud forma-
tion. Upon emergence of the fruiting bodies, the temper-
ature is further reduced to between 5 °C and 7 °C, with
the air humidity level maintained at approximately 90%.
Cultivation continued until the fruiting bodies reached
a height of approximately 15 cm. Samples of mycelium
cultivated at 25 °C (M), mycelium treated at 15 °C (ML),
the primordium (P), the lower part of the stipe (Bottom),
the middle part of the stipe (Middle), the upper part of
the stipe (Top), and the pileus (Pileus) were collected in
50 mL centrifuge tubes, frozen in liquid nitrogen, and
subsequently stored in an ultralow-temperature refrig-
erator (-80 °C) for transcriptome sequencing and expres-
sion pattern detection. Each group of samples contains
3 biological replicates. Among them, sample taken from
different culture media at the same stage are defined as
1 biological replicate. The samples for transcriptome
sequencing included mycelium cultivated at 25 °C (M),
mycelium treated at 15 °C (ML), and the primordium (P),
totaling 9 samples.

Identification of gene families and physicochemical
characteristics analysis

A high-quality genome was constructed using a wild
E filiformis monokaryotic strain (accession number:
PRJNA1110060), and the whole-genome sequence, cod-
ing sequence (CDS), amino acid sequence, and corre-
sponding annotation information were obtained. The
Hidden Markov Model (PF00067) of the protein struc-
ture of the typical CYP450 family was downloaded from
the Pfam database (http://pfam.xfam.org/). The protein
sequences containing the CYP450 characteristic domain
in E filiformis were retrieved using the TBtools software
[27], and the incomplete reading frame sequences and
redundant sequences were manually eliminated. The
remaining candidate protein domains were further veri-
fied using the Conserved Domain Database (CDD) (ht
tps://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi),
and the sequences that did not contain the CYP450 con-
served domain or had an incomplete domain were fur-
ther excluded. The physicochemical parameters of the
proteins were predicted using the ExPASy ProtParam
tool (http://web.ExPASy.org/protparam/) [28]. The sub-
cellular localization prediction was generated using
BUSCA (http://busca.biocomp.unibo.it/) [29].
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Phylogenetic analysis of CYP450 family members

The amino acid sequences of 59 members of the CYP450
family in E filiformis were analyzed through multiple
sequence alignments using Clustal X software. Sub-
sequently, a phylogenetic tree was constructed using
MEGA 7 software [30] with parameters set to the neigh-
bor-joining (NJ) method, a bootstrap value of 1000, ‘No.
of differences’ as the model, ‘pairwise deletion” for gaps/
missing data treatment. The iTOL online tool was uti-
lized to enhance the visual presentation of the phyloge-
netic tree (https://itol.embl.de/).

Chromosome localization and gene replication analysis
Based on the genomic annotation data of E filiformis, the
distribution positions of 59 CYP450 family genes on the
chromosomes and the total lengths of the 12 chromo-
somes of E filiformis were obtained. Visualization and
analysis of gene positions were performed using TBtools.
Pairwise similarity comparisons of the CYP450 fam-
ily genes were conducted. Gene duplication events are
defined by two criteria: an alignment sequence length
covering >80% of the longest genes and sequence similar-
ity >270% within the alignment region [31]. Additionally,
adjacent genes exhibiting more than 70% identity within
200 kb were classified as tandem duplication genes [32].
Different colored lines were employed to connect tandem
and segmental duplicated genes.

Analysis of conserved motifs and domains of amino acids
The conserved motifs within the CYP450 protein
sequences were identified utilizing the MEME online
platform (http://meme-suite.org/tools/meme) [33]. The
analysis was conducted with the number of motifs speci-
fied at 10, while other parameters were maintained at
their default settings. The results were subsequently
visualized using TBtools. Additionally, the conserved
domains within the protein sequences were predicted
using the CDD database to ascertain their locational
information, and visualization was performed using
TBtools based on the amino acid sequences and gene
IDs. The logo of the conserved motifs was generated via
an online tool (https://weblogo.berkeley.edu/logo.cgi)
[34] based on the amino acid sequence.

De Novo assembly transcriptome analysis

Transcriptome sequencing was performed on samples
M, ML, and P from white E filiformis strains by Novo-
gene Co., Ltd. (Beijing, China). Total RNA was extracted
from the samples using the Spin Column Plant Total
RNA Purification Kit (Sangon Biotech, Shanghai, China)
according to the manufacturer’s protocol. The mRNA in
the total RNA was enriched using magnetic beads with
Oligo (dT), and approximately 4 mg mRNA was col-
lected from each sample for library construction using
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the NEBNext® Ultra™ Directional RNA Library Prep
Kit (NEB) following the manufacturer’s protocol. The
constructed libraries were sequenced on the Illumina
sequencing platform (Illumina HiSeqTM 2500). Clean
reads were obtained from raw data by removing adapter-
containing reads, reads with N bases, and low-quality
reads (Phred score Q<20) using fastp software (version
2.19) for filtering and quality control. Quality-controlled
reads were mapped to the reference genome using Hisat2
(version 2.0.5). Finally, gene expression levels were quan-
tified by counting the aligned BAM files against the gene
annotation file using FeatureCounts software (version
1.5.0-p3). Gene expression levels were quantified using
the fragments per kilobase of transcript per million frag-
ments mapped (FPKM). Differentially expressed genes
(DEGs) were analyzed using DESeq2 (version 1.20.0),
with the significance threshold set at padj <0.05 and|log2
fold change|> 1. Gene function was annotated via the fol-
lowing databases, including Nr (NCBI non-redundant
protein sequences), Nt (NCBI non-redundant nucleotide
sequences), Pfam (Protein family), KOG/COG (Clusters
of Orthologous Groups of proteins), and Swiss-Prot (A
manually annotated and reviewed protein sequence data-
base) using Blastx software (version 2.2.23). Gene Ontol-
ogy (GO) enrichment analysis of differentially expressed
genes was performed using the cluster Profiler R pack-
age, with GO terms exhibiting p <0.05 considered signifi-
cantly enriched.

Quantitative real-time PCR (qRT-PCR) assay

Total RNA was isolated from mycelium and fruiting
body of E filiformis using MolPure® TRIeasy™ Plus Total
RNA Kit (YEASEN) according to the protocol. Approx-
imately 1.0 pg total RNA was used for cDNA synthesis
using Hifair II 1st Strand cDNA Synthesis SuperMix Kit
(YEASEN). qRT-PCR was performed on CFX96 real-
time PCR detection system (Bio-Rad) using the 2 x Hieff
qPCR SYBR Green Master Mix (YEASEN). The reaction
system (20 uL) contained 10 uL qPCR SYBR Green Mix,
8 uL ddH, 0, 0.5 uL forward primer, 0.5 puL reverse primer
and 1.0 pL ¢cDNA. Reaction program: 94°C for 3 min for
pre-denaturation; denatured at 94°C for 20 s, annealing at
60C for 15 s, extended for 10 s at 72°C, 40 cycles. Three
independent biological replicates and three independent
technical replicates were used for all the samples. The
GAPDH gene was used as an internal control, and the rel-
ative expression was calculated using the 2-*2t method
[35]. The primers used in this work are listed in Table S1.

Results

Identification of CYP450 family genes in F. filiformis

The typical protein domain of the CYP450 family
(PFO0067) was utilized to extract sequences from the
genome of E filiformis. Following validation using the
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CDD conserved domain database and the removal
of incomplete sequences, a total of 59 CYP450 fam-
ily members were identified. These members are repre-
sented by gene IDs in the genomic dataset (Table 1), with
detailed gene and protein sequences provided in Table
S2 and Table S3. The encoded proteins exhibit vary-
ing lengths, from 344 to 656 amino acids, and molecu-
lar weights ranging from 38.94 kDa (HNY6_8704) to
74.75 kDa (HNY6_9098), with an average molecular
weight of 57.12 kDa. The predicted isoelectric points
of these proteins range from 5.68 (HNY6_9581) to 9.69
(HNY6_10552). Additionally, the CYP450 proteins of E
filiformis display diverse hydrophilicity, with values rang-
ing from -0.339 (HNY6_11381) to 0.072 (HNY6_9888),
and instability index ranging from 30.48 (HNY6_8704) to
52.57 (HNY6_12360). According to BUSCA subcellular
localization predictions, the majority of CYP450 proteins
are located in the endomembrane system, with the excep-
tions of HNY6_10552, which is found in the mitochon-
drial membrane, and HNY6_11869 and HNY6_1787,
which are located in the organelle membrane.

Phylogenetic analysis of CYP450 proteins

To investigate the evolutionary relationships among
E filiformis CYP450 enzymes, a phylogenetic tree was
constructed using MEGA software based on amino acid
sequences. The results revealed that the 59 CYP450
members could be categorized into 6 clades, namely
CYP64, CYP58, CYP67, CYP52, CYP503, and CYP_
FUM15. Notably, the CYP64 clade comprised the largest
number of members, totaling 25, followed by the CYP_
FUM15 clade with 13 members, the CYP52 clade with 7
members, and both the CYP503 clade and CYP58 clade
with 5 members each. The CYP67 clade contained the
fewest members, with only 4 (Fig. 1).

Chromosomal locations and duplication analysis of
CYP450 genes

The 59 CYP450 family genes were randomly distributed
on 12 chromosomes. Chromosome Chr6 harbored the
highest number of genes, with a total of 11, followed by
Chr10 with 9 genes, while Chr4 and Chrl2 each con-
tained only 1 gene. Furthermore, based on the criteria for
gene duplication events, we identified 3 pairs of tandem
duplicate genes in the CYP450 gene family of E filiformis,
namely HNY6_12360 and HNY6_12366, HNY6_1784 and
HNY6_1786, HNY6_2891 and HNY6_2892. Addition-
ally, 3 pairs of segmental duplicate genes were identified,
namely HNY6_1362 and HNY6_2710, HNY6_4969 and
HNY®6_10906, HNY6_10740, and HNY6_11381 (Fig. 2,
Table S4). These findings suggest that both tandem and
segmental duplications contributed to the expansion of
CYP450 genes in . filiformis.
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Motif compositions and conserved domains

The conserved domains within the protein sequences of
E filiformis CYP450 were examined using the CDD data-
base, which revealed that all the sequences contained the
typical conserved domain of the CYP450 family, namely
the CypX superfamily. This observation confirms that
the 59 identified members belong to the cytochrome
P450 family. Further analysis of the CYP450 amino acid
sequences was conducted using the MEME online tool,
which predicted the presence of 10 conserved motifs
(Fig. 3). The number and distribution of these motifs on
different CYP450 protein sequences vary, ranging from
4 (e.g., HNY6_83, HNY6_8704) to 10 (e.g., HNY6_1362,
HNY6_  HNY6_6485, HNY6_9082, HNY6_2915,
HNY6_4365, HNY6_2159, HNY6_10186, HNY6_10194,
HNY6_10740, HNY6_6085, HNY6_10206). More-
over, the number and distribution of conserved motifs
among family members in different clades are similar.
The identified conserved motifs included the typical
conserved motifs of the CYP450 family: K-helix regin
(motifl), PERF motif (motif4), and Heme-binding region
(motif2). All 59 CYP450 members of E filiformis contain
the K-helix region, 53 members (89.8%) possess the con-
served PERF motif, and 47 members (79.7%) contain the
conserved Heme-binding region (Fig. 4).

Transcriptome analysis at different developmental stages

Due to the current lack of comprehensive annotation
information for the genes of E filiformis, some genes
within the genome assembled in our laboratory remain
functionally uncharacterized. Therefore, to obtain more
gene function annotations, this work employed de novo
transcriptome sequencing on the mycelia (M), low-
temperature treated mycelia (ML), and primordia (P)
of the white strain. This approach aimed to investigate
gene-level alterations during the transition from myce-
lia to primordia. Principal component analysis (PCA)
demonstrated significant overall differences among the
three groups, whereas the variability among the three
biological replicates within each group was minimal, sug-
gesting that there were obvious distinctions in the tran-
scriptional profiles at different developmental stages of F
filiformis (Fig. 5A). Comparative analysis of significantly
differentially expressed genes (DEGs) between the ML
and M samples revealed 431 up-regulated and 430 down-
regulated genes; when comparing P to ML, 1392 genes
were up-regulated and 1816 down-regulated (Fig. 5B).
Therefore, the gene expression profiles exhibited more
pronounced changes following the development of myce-
lia into fruiting bodies. The GO functional enrichment
analysis of DEGs in the comparison groups ML vs. M and
P vs. ML revealed a significant enrichment of the ‘oxido-
reductase activity’ GO term (Fig. 5C). In the “oxidore-
ductase activity” GO term of ML vs. M, 135 genes were
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Table 1 Identification of CYP450 genes and analysis of physicochemical properties of proteins in Flammulina filiformis

Gene ID Chromosome  Start End Size(AA) Molecular pl Insta- Grand average  Predicted location
weight(kDa) bility of hydropathic-
index ity (GRAVY)
HNY6_10186  Chr6 1,740,764 1,742946 539 60.75 571 33.24 -0.175 endomembrane system
HNY6_10194  Chré 1,760,615 1,762411 517 57.79 922 4232 -0.19 endomembrane system
HNY6_10195  Chr6 1,762,797 1,764961 559 63.01 689 4133 -0.127 endomembrane system
HNY6_10205  Chr6 1,790,012 1,792,351 451 51.25 6015  42.05 -0.294 endomembrane system
HNY6_10206  Chr6 1,792,615 1,794,667 546 60.85 6.57 4362 -0.186 endomembrane system
HNY6_10552  Chr6 2,707,654  2,708257 452 51.54 969 3862 -0.17 mitochondrial
membrane
HNY6_10740  Chr7 217,860 219,697 512 57.87 6.68 3749 -0.263 endomembrane system
HNY6_10742  Chr7 228,944 230,858 534 60.48 768 4362 -0.295 endomembrane system
HNY6_10858  Chr7 558,125 560,743 540 59.89 844 352 -0.119 endomembrane system
HNY6_10906  Chr7 684,824 687,839 595 67.55 6.64 4268 -0.096 endomembrane system
HNY6_11175  Chr7 1,550,586 1,552,736 470 53.07 776 4167 -0.073 endomembrane system
HNY6_11381  Chr7 2,161,141 2,165335 468 53.28 879 3945 -0.339 endomembrane system
HNY6_11869  Chr8 695,540 697,097 457 51.15 587 4699 -0.162 organelle membrane
HNY6_11881  Chr8 741,160 741,402 468 51.59 722 3741 0.013 endomembrane system
HNY6_1216  Chrl 3,007,617 3,009,747 511 57.32 789 4117 -0.148 endomembrane system
HNY6_12360 Chr8 2,035,894 2,036491 581 66.45 795 5257 -0.144 endomembrane system
HNY6_12367  Chr8 2,051,513 2053961 607 68.67 8.06 4209 -0.146 endomembrane system
HNY6_1362 Chr1 3,362,380 3,364,366 509 56.35 6.89 3822 -0.048 endomembrane system
HNY6_1561 Chr1 3,859,169 3,861,552 523 58.58 762 4127 0.028 endomembrane system
HNY6_1777  Chr10 326411 327,055 507 5748 851 4776 -0.105 endomembrane system
HNY6_ 1784 Chr10 348,358 349316 525 59.74 718 4482 -0.085 endomembrane system
HNY6_ 1786 Chr10 352,850 355,175 454 51.28 705 46386 -0.063 endomembrane system
HNY6_1787 Chr10 357,015 357995 413 46.92 844 463 -0.118 organelle membrane
HNY6_1887  Chr10 631,591 633,983 386 4341 786  46.12 -0.023 endomembrane system
HNY6_1909  Chr10 707,428 709,050 506 56.01 722 4575 0.053 endomembrane system
HNY6_1915 Chr10 721,768 723,566 533 59.31 732 4415 -0.139 endomembrane system
HNY6_2159 Chr10 1,338431 1,340,994 493 54.99 729 3512 -0.114 endomembrane system
HNY6_2187  Chrl10 1405473 1,407,395 511 57.65 714 4972 -0.115 endomembrane system
HNY6_2710 Chr11 771,679 773,377 510 57.1 6.58 4358 -0.201 endomembrane system
HNY6_281 Chr1 729,664 731,634 532 5943 762 4556 0.031 endomembrane system
HNY6_2891 Chr11 1,298915 1,301,225 533 5878 716 3105 -0.119 endomembrane system
HNY6_2892 Chr11 1,302,810 1,304,766 466 5157 824 3568 -0.125 endomembrane system
HNY6_2915  Chrl1 1,362,630 1,364,812 529 599 6.7 51.51 -0.22 endomembrane system
HNY6_3733 Chri12 1574173 1,574,715 579 66.39 7.05 48.99 -0.144 endomembrane system
HNY6_4003 Chr2 725,670 727816 491 55.68 812  46.12 -0.009 endomembrane system
HNY6_4033 Chr2 807,723 809,648 500 56.15 823 4631 -0.06 endomembrane system
HNY6_4365 Chr2 1,655,774 1657225 510 57.32 689 4384 -0.123 endomembrane system
HNY6_4590 Chr2 2,204,492 2206852 472 52.89 928 4248 -0.037 endomembrane system
HNY6_4620 Chr2 2275563 2,276,151 583 66.68 6.61 36.57 -0.109 endomembrane system
HNY6_4845 Chr2 2,849,217 2851907 535 60.19 805 4692 -0.181 endomembrane system
HNY6_4969  Chr2 3,188,477 3,189,373 595 68.1 739 4544 -0.249 endomembrane system
HNY6_5840 Chr3 1,333,413 1336321 511 57.22 6.8 4247 -0.111 endomembrane system
HNY6_5841 Chr3 1,336,357 1,338315 540 61.06 8.8 40.04 -0.141 endomembrane system
HNY6_6084  Chr3 1915181 1916382 496 5643 9.19 4303 -0.259 endomembrane system
HNY6_6085 Chr3 1,917,999 1,921,105 507 56.46 729 4383 -0.29 endomembrane system
HNY6_6485 Chr3 2,862,408 2,863,938 499 56.33 6.12 4362 -0.131 endomembrane system
HNY6_6881 Chr3 3,899,450 3,901,638 530 59.29 659 4202 -0.004 endomembrane system
HNY6_7262 Chr4 929,168 932,787 451 50.74 6.84 3422 -0.126 endomembrane system
HNY6_83 Chr1 192,144 193461 430 47.92 732 386 -0.045 endomembrane system
HNY6_8517  Chr5 573,012 573,489 494 55.28 8.3 4831 -0.061 endomembrane system

HNY6_8571 Chr5 723,422 725357 495 55.78 595 5192 -0.206 endomembrane system
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Table 1 (continued)

Gene ID Chromosome  Start End Size(AA) Molecular pl Insta- Grand average  Predicted location
weight(kDa) bility of hydropathic-
index ity (GRAVY)
HNY6_8704 Chrs 1,102,904 1,104,280 344 38.94 6.87 3048 -0.239 endomembrane system
HNY6_9082  Chr5 2,060,496 2,061,690 507 56.9 6.74  39.69 -0.11 endomembrane system
HNY6_9098 Chr5 2,101,803 2,102,310 656 74.75 697 3687 -0.247 endomembrane system
HNY6_9581  Chr6 198,931 202,175 476 52.78 568 3356 -0.066 endomembrane system
HNY6_9638 Chre 358,908 361,211 582 65.21 884 3331 -0.067 endomembrane system
HNY6_9861 Chre 936,158 938,867 391 446 6.19 4404 -0.183 endomembrane system
HNY6_9888  Chr6 992,676 994,642 522 57.64 6.8 352 0.072 endomembrane system
HNY6_9992 Chro 1,250,235 1,252,002 521 58.25 9.62  49.06 -0.059 endomembrane system
CYP52

CYP503

Fig. 1 Phylogenetic tree of CYP450 proteins of Flammulina filiformis. Phylogenetic tree was constructed by using Neighbor-joining method with 1000
bootstrap replications. Different clans are represented by different background colors, including CYP64, CYP58, CYP67, CYP_FUM15, CYP52, and CYP503
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