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Abstract 

Background  Armillaria species are plant pathogens, but a few Armillaria species can establish a symbiotic relation-
ship with Gastrodia elata, a rootless and leafless orchid, that is used as a Chinese herbal medicine. Armillaria is a 
nutrient source for the growth of G. elata. However, there are few reports on the molecular mechanism of symbiosis 
between Armillaria species and G. elata. The genome sequencing and analysis of Armillaria symbiotic with G. elata 
would provide genomic information for further studying the molecular mechanism of symbiosis.

Results  The de novo genome assembly was performed with the PacBio Sequel platform and Illumina NovaSeq 
PE150 for the A. gallica Jzi34 strain, which was symbiotic with G. elata. Its genome assembly contained ~ 79.9 Mbp 
and consisted of 60 contigs with an N50 of 2,535,910 bp. There were only 4.1% repetitive sequences in the genome 
assembly. Functional annotation analysis revealed a total of 16,280 protein coding genes. Compared with the other 
five genomes of Armillaria, the carbohydrate enzyme gene family of the genome was significantly contracted, while 
it had the largest set of glycosyl transferase (GT) genes. It also had an expansion of auxiliary activity enzymes AA3-2 
gene subfamily and cytochrome P450 genes. The synteny analysis result of P450 genes reveals that the evolutionary 
relationship of P450 proteins between A. gallica Jzi34 and other four Armillaria was complex.

Conclusions  These characteristics may be beneficial for establishing a symbiotic relationship with G. elata. These 
results explore the characteristics of A. gallica Jzi34 from a genomic perspective and provide an important genomic 
resource for further detailed study of Armillaria. This will help to further study the symbiotic mechanism between A. 
gallica and G. elata.
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Background
G. elata, a famous Chinese herbal medicine used for 
more than 2000 years, mainly treats dizziness, headache, 
migraine, rheumatism, neuralgia and paralysis [1–3]. G. 
elata is a rootless and leafless orchid that is completely 

heterotrophic and dependent on fungi for nutrition. Dur-
ing the germination of G. elata seeds, they are infected by 
Mycena strains, become symbiotic with them, and then 
digest the infected fungi to nourish themselves, so that G. 
elata seeds sprout and grow into protocorms. As the pro-
tocorm of G. elata grows, it needs to be symbiotic with 
Armillaria strains, and digests them as nutrition to pro-
mote the further expansion and growth of G. elata tuber 
and complete the life cycle [4–6]. G. elata depends on 
Armillaria for nutrition in most periods. The key to suc-
cessful artificial cultivation of G. elata is whether there 
are abundant sources of Armillaria. Different Armillaria 
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strains affect the yield and quality of G. elata [7, 8]. 
Therefore, in the field of G. elata research, the symbiotic 
molecular mechanism between G. elata and A. mellea 
has attracted extensive attention.

The symbiotic mechanism between G. elata and Armil-
laria has rarely been revealed from the perspective of 
Armillaria, and most studies have focused on G. elata. 
Previous G. elata genomic analyses indicated an expan-
sion of genes for novel metabolic processes and myc-
orrhizal association [9, 10]. Yuan et  al. [9] found that 
strigolactone could stimulate the hyphal branching and 
development of A. mellea. G. elata may preferentially 
guide the colonization of Armillaria in its cortex through 
the ABC transporter mediating the secretion of strigol-
actone to the extracellular space. In addition, some anti-
bacterial components (e.g., phytoalexin gastrodin and 
Gastrodia antifungal protein) are secreted in the cor-
tex to prevent Armillaria overgrowth in the tubers and 
cause a disease. Transcriptome analysis of the symbiosis 
between G. elata and A. mellea showed that the symbi-
otic G. elata synthesizes organic nutrients and energy 
through the digestion of the invaded A. mella for the 
growth of the tuber [11]. Sucrose has been suggested to 
be transported from the fungus to G. elata as a carbon 
source, because high concentrations of sucrose and two 
sucrose transporter-like genes are highly expressed in 
young Armillaria-colonized tubers [12].

Armillaria species are pathogens causing root white 
rot disease [13, 14], but a few Armillaria species can 
establish a symbiotic relationship with G. elata. Previ-
ous studies have shown that the growth of Armillaria is 
closely related to the activities of extracellular enzymes, 
it secretes, such as laccase, cellulase, xylanase, pectinase 
and amylase. Extracellular enzymes play a decisive role 
in the ability of wood rot fungi to degrade nutrients, and 
their species and activity are related to the species of 
fungi [15]. The secretion of these extracellular enzymes 
provides a material basis for Armillaria to infect the 
epidermis of G. elata. It was also found that different 
extracellular enzymes play different roles in Armillaria 
growth. Laccase can degrade lignin and phenols, and its 
activity affects the ability of Armillaria to degrade lignin 
[16, 17]. Cellulase hydrolyzes cellulose to produce glu-
cose, which can provide carbon source for the growth of 
the strain [15, 18]. Xylanase can decompose the polysac-
charide structure xylan located in the secondary wall of 
plants [19]. Amylase mainly hydrolyses plant polysaccha-
ride starch to provide nutrition. Pectinase can degrade 
pectin in plant cell stroma and primary cell walls [16, 19]. 
The study of the extracellular enzyme activity of Armil-
laria is of great significance for the growth of Armillaria 
and G. elata.

The pathogenicity and preferential saprophytic char-
acteristics of Armillaria may affect its symbiotic rela-
tionship with G. elata. The virulence tests on the five 
Armillaria species show that A. tabescens has the weak-
est virulence, and A. mellea has the strongest virulence, 
followed by A. ostoyae, A. gallica and A. cepistipes [16, 20, 
21]. Weakly pathogenic and preferentially saprotrophic 
Armillaria (e.g., A. gallica, and A. cepistipes) may readily 
establish a symbiotic relationship with G. elata [4]. How-
ever, A. mellea can also establish a symbiotic relationship 
with G. elata. This may be due to variation in virulence 
within a species; intraspecific variation has been found 
among strains of some Armillaria species (e.g., A. 
ostoyae) [16, 22]. Therefore, it is necessary to sequence 
the whole genome of Armillaria and analyse its genome 
to identify the genetic variation that is conducive to the 
establishment of a symbiotic relationship between Armil-
laria and G. elata. These results provide genomic infor-
mation for studying the symbiotic mechanism between 
Armillaria and G. elata at the gene level and developing 
useful Armillaria strains to improve the yield of G. elata.

To date, several whole genome sequencing data-
sets of Armillaria have already been published, which 
revealing plant cell wall degradation enzymes and some 
secreted proteins [23–25]. Even among closely related 
Armillaria species, fungal mitogenomes are highly vari-
able in size, gene content, and genome organization [26]. 
Mobile genetic elements invading introns and intergenic 
sequences of Armillaria mitogenomes play an impor-
tant role in shaping their genome structure [26]. Mobile 
and highly repetitive elements (REs) play a significant 
role in the replication and formation of nucleoprotein 
complexes and affect the expression of genes [27]. Most 
REs are derived from transposable elements (TEs) [27]. 
Fungal genomes are densely packed with TEs [28, 29]. 
TEs may play important roles in the adaptation of fungi 
to new ecological niches [30]. In Magnaporthe oryzae, 
TE was found to be associated with the genes involved 
in host specialization [31]. However, there are few stud-
ies on the genome of Armillaria symbiotic with G. elata. 
Zhan found that there were approximately 23.6% repeti-
tive sequences in the genome of a diploid A. gallica 
strain isolated from the tuber of G. elata, but most of the 
repetitive sequences were unknown [32]. The molecular 
mechanism of the symbiotic relationship between Armil-
laria and G. elata is still unclear. Therefore, genomic data 
are critical to resolve the complex properties of Armil-
laria species and to better study the symbiotic relation-
ship between Armillaria and G. elata. It is necessary to 
study the genome of Armillaria species to clarify the 
characteristics of Armillaria and the symbiotic mecha-
nism between Armillaria and G. elata.
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In this study, we used PacBio Sequel and Illumina 
NovaSeq PE150 to analyse the whole genome sequence 
of the haploid A. gallica Jzi34 strain, which symbiotic 
with G. elata, and to assess specific and extended gene 
families. The results will provide enhanced insights for 
solving the complex characteristics of Armillaria spe-
cies and help to study the symbiotic mechanism between 
Armillaria and G. elata.

Results
Genome assembly and characteristics analysis
The A. gallica Jzi34 genome assembly contained ~ 79.9 
Mbp. The final assembly results showed that the genome 
assembly consisted of 60 contigs with an N50 of 2,535,910 
bp. The maximum length of the assembled contig was 
8,033,447 bp. The total contig length was 79,897,101 bp. 
The average GC content of the resulting A. gallica Jzi34 
genome was 47.44% (Table 1).

BUSCO v3.0.2 software was used to assess the integrity 
of the genome assembly and annotation completeness. 
The results showed that 95.9% (278 BUSCOs) were com-
plete genes based on the BUSCO assessment, while 1.4% 
(4 BUSCOs) were fragmented and 2.7% (8 BUSCOs) were 
missing (Table 1).

Gene Prediction
Functional annotation revealed a total of 16,280 protein 
coding genes with an average gene length of 1,258 bp in 
the A. gallica Jzi34 genome (Table 1). These genes, with a 
total length of 20,474,301 bp, accounted for 25.63% of the 
total genome length. Furthermore, 14,044 RE sequences 
were identified in the A. gallica Jzi34 genome assembly. 
Dispersed repeat sequences (6,505) were classified into 

six groups, namely, LTR, DNA, LINE, SINE, RC, and 
unknown and their average lengths were 550, 92, 77, 70, 
436 and 59 bp, respectively (Table 2). The LTR was widely 
represented in A. gallica Jzi34, accounting for 3.1105% 
of the total genome. A total of 7,539 tandem repeat 
sequences (TRs) were classified into TR (4,127), Minis-
atellite DNA (3,118), and Microsatellite DNA (294); they 
were recorded for 0.3926%, 0.1814% and 0.0137% of the 
total genome with repeat sizes of 1 ~ 1,891 bp, 10 ~ 60 
bp, and 2 ~ 6 bp, respectively (Table 3). The RNAs in A. 
gallica Jzi34 are summarized in Table 4. The number of 
tRNAs (308) was highest, followed by snRNAs (24).

Gene Annotation
In the GO analysis, 8,358 coding genes were annotated in 
A. gallica; and classified into molecular function, cellular 
component, and biological process (Fig. 1). Among these 
categories, six functional entries had more than 2,400 
annotated genes. These genes were significantly enriched 
in binding (4,552), metabolic process (4,369), cellular 

Table 1  Genome assembly parameters of A. gallica Jzi34, A. gallica 012m, A. gallica Ar21-2, A. cepistipes B5, A. ostoyae C18/9, A. solidipes 
28 − 4, A. mellea DSM 3731, and A. fuscipes CMW2740 [23–25, 32]

Parameter A. gallica
Jzi34

A. gallica
012m

A. gallica
Ar21-2

A. cepistipes
B5

A. ostoyae
C18/9

A. solidipes
28 − 4

A. mellea
DSM 3731

A. fuscipes
CMW2740

Scaffolds 60 63 319 287 106 229 29,300 24,403

Contigs 68 63 1866 740 106 848 65,823 27,509

Maximum length, bp 8,033,447 6,431,929 4,779,317 6,135,745 6,405,655 3,399,694 639,705 157,180

Scaffold size, bp 79,897,101 87,305,441 85,336,812 75,828,441 60,106,801 58,009,494 79,545,241 52,984,320

Contig size, bp 80,196,756 87,305,441 78,368,969 75,822,108 60,106,801 55,743,814 67,014,010 52,475,986

Scaffold N50, bp 2,535,910 2,159,699 1,035,263 3,291,351 2,283,935 715,667 24,647 5,422

Contig N50, bp 2,534,025 2,159,699 146,437 655,924 2,283,935 242,961 3268 4836

GC (%) 47.44 47.38 47.35 47.71 48.33 48.35 47.26 47.68

Gene number (#) 16,280 26,261 25,704 23,461 22,705 20,811 14,473 14,515

Complete BUSCOs 95.9% 95.8% 98.6% 95.1% 95.6% 98.4%

Duplicated BUSCOs 1.4% 4.9% 3.8% 2.9% 2.2% 3.1%

Fragmented BUSCOs 1.4% 3.3% 1.0% 4.0% 3.7% 1.3%

Missing BUSCOs 2.7% 0.9% 0.4% 0.9% 0.7% 0.3%

Table 2  The dispersed repeat sequences (DRs) of A. gallica Jzi34 
genome on class

Type Number (#) Total 
Length(bp)

In Genome 
(%)

Average 
length(bp)

LTR 4,624 2,485,178 3.1105 550

DNA 751 68,522 0.0858 92

LINE 594 43,237 0.0541 77

SINE 14 975 0.0012 70

RC 511 207,302 0.2595 436

Unknown 11 644 0.0008 59

Total 6,505 2,802,758 3.508 443
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process (3,960), catalytic activity (3,871), cell (2,493) and 
cell part (2,493).

To further reveal the biological function of these cod-
ing genes in A. gallica, KEGG pathway annotation was 
performed. The KEGG database annotated 9,757 genes. 

The biological pathways are classified into six catego-
ries. Among the categories, metabolic pathways had the 
greatest number of annotated genes (2,311), with a high 
number of genes for carbohydrate metabolism and amino 
acid metabolism (Fig. 2).

Based on KOG annotation, 1,982 genes of functional 
categories were annotated. The protein functions were 
mainly enriched in general function prediction only 
(272); post-translation modification, protein turnover, 
chaperones (224); translation, ribosomal structure and 
biology (215); energy production and conversion (203); 
amino acid transport and metabolism (147); and other 
aspects (Fig. 3).

The Carbohydrate Enzyme Classification and Annotation
A total of 664 CAZymes were annotated in the genome of 
A. gallica Jzi34, which included 267 glycoside hydrolases 
(GHs), 158 auxiliary activity enzymes (AAs), 121 glyco-
syl transferases (GTs), 83 carbohydrate-binding modules 

Table 3  Tandem repeat sequences (TRs) of A. gallica Jzi34 genome on class

Type Number(#) Repeat Size(bp) Total Length(bp) In Genome(%)

TR 4,127 1 ~ 1,891 313,651 0.3926

Minisatellite DNA 3,118 10 ~ 60 144,916 0.1814

Microsatellite DNA 294 2 ~ 6 10,937 0.0137

Table 4  A. gallica Jzi34 genome data related RNAs

Type Number(#) Average 
length(bp)

Total length(bp)

tRNA 308 90 27,846

5s(denovo) 4 114 456

5.8s(denovo) 0 0 0

18s(denovo) 2 1,804 3,607

28s(denovo) 2 5,744 11,487

sRNA 0 0 0

snRNA 24 124 2,984

miRNA 0 0 0

Fig. 1  GO functional annotation of the A. gallica Jzi34 genome. GO annotation is divided into three major categories and 47 subclasses. A different 
colour represents each subclass. The x-axis represents the class of genes and the y-axis represents the percent of genes (%). The z-axis represents 
the number of genes
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(CBMs), 50 carbohydrate esters (CEs), and 27 polysac-
charide lyases (PLs) (Fig. 4). Compared with the genome 
assembly of other Armillaria, A. gallica Jzi34 had fewer 
CAZymes, while it had the largest set of GTs involved 
in glycosylation and the synthesis of polysaccharides 
(Table 5).

Although A. gallica Jzi34 had fewer AAs, its AA3-2 
subfamilies (77) are more abundant than those of A. gal-
lica 012m (45) and A. gallica Ar21-2 (58). The copy num-
ber of the AA3-2 subfamily was also higher than those of 
A. cepistipes B5, A. ostoyae C18/9, and A. solidipes 28 − 4 
(Table 5).

P450
P450 enzymes are involved in the construction of impor-
tant metabolites in fungi, but also play a key role in adap-
tation to specific environments by modifying different 
compounds. In total, 349 P450 genes were identified in 
A. gallica Jzi34. The number was greater than those of A. 
gallica Ar21-2 (330), A. cepistipes B5 (324), A. solidipes 
28 − 4 (279), A. ostoyae C18/9 (271), and A. gallica 012m 
(271) (Table  5). According to the annotation of these 
genes in the P450 database, they were divided into 8 
groups. Most (223) of the genes were predicted to encode 

“E-class P450, group I”, followed by “Cytochrome P450” 
(52) and “E − classP450, group IV” (46) (Fig. 5).

Pathogen Host Interaction (PHI)
A total of 885 genes were annotated by searching the 
PHI database. The genes for pathogenicity of A. gallica 
Jzi34 in the pathogen host interaction (PHI) database 
were annotated to 8 categories. It revealed that the larg-
est number (407) of the genes was associated with the 
functional class of “reduced virulence”, followed by the 
functional class of “unaffected pathogenicity” (217) and 
“loss of pathogenicity” (87). It also found that 67, 37 and 
10 genes were identified as “lethal function”, “increased 
virulence” and “effector”, respectively. In addition, 57 
genes were found to be involved in the NA function class 
(Fig. 6).

Synteny analysis of P450 genes
To further explore the evolutionary relationship of P450 
proteins in A. gallica Jzi34 (AgP450s) and other Armil-
laria, the syntenic relationship was traced between 
AgP450s and homologs in other Armillaria species. The 
number of homolog pairs between AgP450s and P450s 
in the other Armillaria, including A. gallica Ar21-2, A. 
cepistipes B5, A. solidipes 28 − 4, and A. ostoyae C18/9, 

Fig. 2  KEGG pathway annotation of the A. gallica Jzi34 genome. KEGG pathway annotation is divided into six major classes and 45 subclasses. The 
x-axis indicates the gene number of the concerned subclass. Each subclass is represented by a different colour
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was 248, 263, 215, and 226. A. gallica Jzi34 had many spe-
cific P450 genes (Table  6). The results showed that the 
genetic relationship between AgP450s and P450s in A. 
gallica Ar21-2, A. cepistipes B5, A. solidipes 28 − 4, and A. 
ostoyae C18/9 was complex (Fig. 7A-D).

To better understand the evolutionary constraints 
affecting the P450 gene family, the Ka / Ks ratios of P450 
gene pairs were calculated. The Ka / Ks ratio of the gene 
pairs between AgP450 genes and the P450 orthologous 
genes was less than 1, which suggests that the P450 gene 
family have undergone a strong selective purge pressure 
during evolution (Additional file 1 Table S 1).

Discussion
The genome size of A. gallica Jzi34 (~ 79.9 Mbp) was 
within the genome size range of other Armillaria species. 
The five draft genomes of Armillaria were assembled into 
63–29,300 scaffolds comprising 53–87 M [25, 32]. How-
ever, the genomes of A. gallica Ar21-2 and A. solidipes 
28 − 4, as pathogens of wood, contain many ambigu-
ous bases [25, 32]. In this study, we obtained a 79.9 Mbp 
genome of A. gallica Jzi34, which consisted of 60 contigs 
with an N50 of 2,535,910 bp and 47.44% GC content. A 

total of 16,280 genes were identified in the A. gallica Jzi34 
genome, with an average length of 1258 bp (Table 1). This 
was less than the number of genes in closely related spe-
cies, which contained 14,473–26,261 genes [23, 25, 32]. 
However, even among closely related Armillara species, 
fungal mitogenomes are significantly different in size, 
gene content, and genome organization [26].

Compared with the complete BUSCO genes in A. 
gallica Ar21-2 (98.6%) as wood pathogens, the lower 
genome completeness of A. gallica 012m (95.8%) and A. 
gallica Jzi34 (95.9%) established a symbiotic relationship 
with G. elata (Table 1). The genome completeness of A. 
gallica Jzi34 was lower than that of A. gallica Ar21-2. 
This may be related to the extensive loss of lignin and cel-
lulose degrading enzymes involved in the transition from 
saprophytic to symbiotic [33].

In this study, only 4.1% of RE sequences were identi-
fied in the A. gallica Jzi34 genome assembly, but few 
sequences were unknown (Table  2). The genome of A. 
gallica strain 012m had approximately 23.6% repetitive 
sequences, but most of the repetitive sequences were 
unknown [32]. There was a significant difference in the 
number of TEs among different Armillaria species [25, 

Fig. 3  KOG functional annotation of proteins in the A. gallica Jzi34 genome. KOG function classification is summarized in 26 classes. The x-axis 
indicates each class and the y-axis shows the number of matched genes. The names of groups and number of genes are mentioned
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33]. Moreover, LTR elements of the identified TE classes 
were the most frequent in basidiomycete fungi [34]. The 
LTR (6,505) was also widely represented in the A. gallica 
Jzi34 genome, accounting for 3.1% of the A. gallica Jzi34 
genome (Table 2).

A. gallica Jzi34 had fewer CAZymes than other Armil-
laria species. This finding coincided with previous 
research showing that certain CAZyme families con-
tracted during the evolution of mycorrhizal fungi com-
pared with those of their saprotrophic ancestors [35, 

Fig. 4  Carbohydrate enzyme functional classification. The CAZy classification is divided into 6 classes, including AA, CBM, CE, GH, GT and PL. The 
x-axis shows the CAZy class and the y-axis indicates the number of genes

Table 5  CAZymes and Cytochrome P450 of A. gallica Jzi34, A. gallica 012m, A. gallica Ar21-2, A. ostoyae C18/9, A. solidipes 28 − 4, A. 
cepistipes B5 [25, 32]

Description Family Subfamily A. gallica Jzi34 A. gallica 012m A. gallica 
Ar21-2

A. ostoyae C18/9 A. solidipes 
28 − 4

A. cepistipes B5

CAZymes Total 664 824 826 764 789 810

GH 267 331 318 300 302 329

GT 121 100 106 92 93 97

PL 27 25 25 31 29 27

CE 50 142 144 135 150 136

CBM 83 82 79 71 79 66

AA 158 170 178 156 158 181

AA3_2 77 45 58 46 51 64

Cytochrome P450 349 271 330 271 279 324
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36]. Although the AA family was significantly contracted 
in A. gallica Jzi34, its AA3-2 subfamily had more genes 
than the other Armillaria (Table 5). Moreover, compared 
with the other Armillaria genomes, A. gallica Jzi34 had 
the largest set of GTs. The AA3-2 subfamily has been 
considered important enzymes in the biodegradation of 
lignocellulose [37, 38]. Glycosylation catalysed by glyco-
syltransferases (GTs) contributes to fungal infection and 
secondary metabolic synthesis. GTs are critical for fungal 
growth, host penetration and immune evasion [39, 40]. 
These may be beneficial for A. gallica Jzi34 to establish a 
symbiotic relationship with G. elata, and continue to pro-
vide nutrition for G. elata.

In fungi, P450 enzymes are widely involved in a vari-
ety of physiological reactions, contributing to the adapta-
tion and fecundity of fungi in specific ecological niches 
[41, 42]. P450 enzymes may play an important role in 

fungal colonization of plant material [43]. Filamentous 
fungi symbionts are important in detoxifying host chemi-
cal defence compounds [44]. There were more P450 
genes identified in A. gallica Jzi34 (349) than in A. gallica 
Ar21-2 (330), A. cepistipes B5 (324), A. solidipes 28 − 4 
(279), A. ostoyae C18/9 (271), and A. gallica 012m (271) 
(Table 5). Therefore, an increase in the P450 genes may 
contribute to the growth of A. gallica Jzi34 in a symbiotic 
relationship with G. elata.

The syntenic analysis on AgP450s and the homologs 
showed that more P450 orthologous pairs were found 
between A. gallica Jzi34 and two other Armillaria, 
including A. gallica Ar21-2 and A. cepistipes B5. How-
ever, the homologous gene pairs between A. gallica Jzi34 
and A. solidipes 28 − 4 and the homologous P450 genes 
pairs between A. gallica Jzi34 and A. ostoyae C18/9 were 
relatively less (Table 6). These results are consistent with 

Fig. 5  Functional classification of cytochrome P450 in the A. gallica Jzi34 genome. cytochrome P450 annotation is divided into 12 classes. The x-axis 
represents the P450 class. The y-axis represents the number of matched genes
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Fig. 6  PHI classification in the A. gallica Jzi34 genome. PHI annotation is classified into 8 classes. The x -axis shows each class, and the y-axis 
represents the number of matched genes

Fig. 7  Syntenic analysis of P450 genes between A.gallica Jzi34 and four other Armillaria. The gray lines at the bottom indicate the collinear blocks 
within A.gallicaJzi34 and other Armillaria genomes. The red lines indicate the pairs of P450 genes. The results of the syntenic analysis between 
A.gallica Jzi34 and other Armillaria, including A. cepistipes B5, A. gallicaAr21-2, A. ostoyae C18/9, and A. solidipes 28-4 (A–D)
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the phylogenetic relationship between A. gallica and the 
other Armillaria [25, 32]. There were still many AgP450s 
in A. gallica Jzi34 did not exhibit the homologous gene 
pairs with these Armillaria, including A. gallica Ar21-2, 
A. cepistipes B5, A. solidipes 28 − 4, and A. ostoyae C18/9 
(Table  6). This may be related to the expansion of the 
cytochrome p450 family in Armillaria species [25], sug-
gesting the unique role in biology of these fungi. It may 
also be related to the symbiosis of A. gallica Jzi34 and G. 
elata.

Conclusions
In this study, we sequenced the genome and annotated 
the functional genes of the A. gallica Jzi34 strain, which 
was symbiotic with G. elata. A total of 16,280 genes were 
predicted in the genome. Repetitive sequences represent 
approximately 4.1% of the genome. Genome comparison 
analyses with other Armillaria strains showed that car-
bohydrate enzyme genes were significantly contracted 
in A. gallica Jzi34. However, it had an expansion of 
cytochrome P450 and AA3-2 subfamily genes. The syn-
teny analysis result of P450 genes showed that the evolu-
tionary relationship of P450 proteins in A. gallica Jzi34, 
A. gallica Ar21-2, A. cepistipes B5, A. solidipes 28 − 4, and 
A. ostoyae C18/9 is complex. The study elucidates the 
characteristics of A. gallica Jzi34. In addition, it provides 
an important genomic resource for further studies on the 
symbiotic relationship between Armillaria and G. elata.

Methods
Materials and sequencing
The haploid A. gallica Jzi34 strain used for genome 
sequencing was isolated from a fruiting body as a sin-
gle spore isolate. The fruiting body was collected from a 
plantation field in Luquan, Kunming, Yunnan Province, 
China, in 2021. For genomic DNA, A. gallica Jzi34 was 
grown in a liquid culture medium [45]. Then, the cul-
ture was shaken for 10 days at 115 rpm/min and 25°C. 
Mycelium was collected and frozen in liquid nitrogen. 
Genomic DNA was extracted with the SDS method [46]. 

The whole genome of A. gallica Jzi34 was sequenced 
using the PacBio Sequel platform and Illumina NovaSeq 
PE150.

Genome assembly
SMRT Link v5.0.1 was used to accomplish preliminary 
assembly [47, 48]. To ensure the accuracy of the subse-
quent analysis results, the low-quality reads were filtered 
(less than 500 bp) to obtain clean data. Using the auto-
matic error correction function of the SMRT portal, the 
long reads were selected (more than 6000 bp) as the seed 
sequence, and the other shorter reads were aligned to the 
seed sequence by Blasr, so as to improve the accuracy of 
the seed sequences. After assembly, we obtained an ini-
tial result. The Variant Caller module of SMRT Link soft-
ware was used to correct and count the variant sites in 
the preliminary assembly results.

We used BUSCO Version 3.0.2 to assess the complete-
ness of the assemblies. The lineage dataset is: fungi_odb9 
(Creation date: 2016-02-13, number of species: 85, num-
ber of BUSCOs: 290).

Genome component prediction included the predic-
tion of the coding gene, repetitive sequences and non-
coding RNA. The steps were as follows:

1)	 The Augustus 2.7 program was used to retrieve the 
related coding genes.

2)	 The interspersed repetitive sequences were predicted 
using RepeatMasker (http://​www.​repea​tmask​er.​org/) 
[49]. The tandem repeats were analysed by the Tan-
dem Repeats Finder [50].

3)	 Transfer RNA (tRNA) genes were predicted by 
tRNAscan-SE [51]. Ribosome RNA (rRNA) genes 
were analysed by rRNAmmer [52]. sRNA, snRNA 
and miRNA were predicted by BLAST against the 
Rfam database (default parameters).

Gene function
We used seven databases to predict gene functions. They 
were respective GO (Gene Ontology) [53], KEGG (Kyoto 
Encyclopedia of Genes and Genomes) [54, 55], KOG 
(Clusters of Orthologous Groups), NR (Non-Redundant 
Protein Database) [56], TCDB (Transporter Classifica-
tion Database), P450 [57, 58], and, Swiss-Prot. A whole 
genome BLAST search (E-value less than 1e-5, minimal 
alignment length percentage larger than 40%) was per-
formed against the above seven databases. The secretory 
proteins were predicted by the Signal P database. For 
pathogenic fungi, we added the pathogenicity analyses. 
PHI (pathogen host interactions) was used to perform 
the above analyses [59, 60]. Carbohydrate-active enzymes 

Table 6  Homologous gene pairs between AgP450s and P450s 
in the other Armillaria 

Note: There were 349 AgP450s in A.gallica Jzi34. Homolog pairs: The number of 
AgP450 that had homologous gene in other Armillaria. None pairs: The number 
of AgP450 that had none homolog in other Armillaria

Armillaria species Homolog pairs None pairs

A.gallica Jzi34 vs A.cepistip B5 263 86

A.gallica Jzi34 vs A.gallica Ar21-2 248 101

A.gallica Jzi34 vs A.ostoyae C18/9 226 123

A.gallica Jzi34 vs A.solidipes 28 − 4 215 134

http://www.repeatmasker.org/
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were predicted by the Carbohydrate-Active Enzymes 
Database.

Syntenic analysis and Ka/Ks analysis
The four Armillaria species amino acid, genome, and 
CDS sequence assembly and corresponding annotation 
were downloaded from the US DoE JGI fungal genomics 
resource database (https://​mycoc​osm.​jgi.​doe.​gov/) [25]. 
TBtools [61] was used to analyse the homology and col-
linearity of the P450 family gene between A. gallica Jzi34 
and the other Armillaria (default parameters).

Abbreviations
AA	� Auxiliary activity
BLAST	� Basic Local Alignment Search Tool
bp	� Base pair
CBM	� Carbohydrate-binding modules
CE	� Carbohydrate esters
DNA	� Deoxyribonucleic acid
GH	� Glycoside hydrolase
GT	� Glycosyl transferase
LINE	� Long interspersed nuclear element
LTR	� Long terminal repeat
Mbp	� Million base pair
N50	� A weighted median statistic such that 50% of the entire assembly 

is contained in contigs or scaffolds equal to or larger than this 
value

PL	� Polysaccharide lyase
PHI	� Pathogen host interaction
RC	� Rolling coil
RE	� Repetitive element
RNA	� Ribonucleic acid
rRNA	� ribosomal RNA
SINE	� Short interspersed nuclear element
TE	� Transposable element
TR	� Tandem repeat sequences

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12864-​023-​09384-4.

Additional file 1: TableS1. Ka/Ks value for the collinear P450 gene pairs 
between A. gallica Jzi34 and other Armillaria.

Acknowledgements
We thank the National Natural Science Foundation of China. We acknowledge 
support by Kunming Hongyao Agricultural Development Investment Co., Ltd

Authors’ contributions
Jinlong Cai and Kunzhi Li designed the study and drafted the manuscript. 
Yiguo Li provided fungal material. Yiguo Li and Huini Xu administered the 
project. Jinlong Cai, Ikram Muhammad, Bilian Chen, Peng Xu, and Kunzhi Li 
contributed to analysis and interpretation of data and revised the paper. All 
authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(Grant number 31960071; 31760349).

Availability of data and materials
This Whole Genome Shotgun project has been deposited at DDBJ/ENA/
GenBank under the accession JANYMC000000000. The version described 
in this paper is version JANYMC010000000. The bioproject is PRJNA874901. 

The BioSample is SAMN30589529. (http://​www.​ncbi.​nlm.​nih.​gov/​biopr​oject/​
874901)

Declarations

Ethics approval and consent to participate
We collected A. gallica Jzi34 from the plantation with permission from Kun-
ming Hongyao Agricultural Development Investment Co., Ltd. We collected 
A. gallica in accordance with relevant institutional, national, and international 
guidelines and legislation.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 24 August 2022   Accepted: 16 May 2023

References
	1.	 Zhan HD, Zhou HY, Sui YP, Du XL, Wang WH, Dai L, et al. The rhizome of 

Gastrodia elata Blume - An ethnopharmacological review. J Ethnophar-
macol. 2016;189:361–85.

	2.	 Hsu WH, Huang NK, Shiao YJ, Lu CK, Chao YM, Huang YJ, et al. Gastrodiae 
rhizoma attenuates brain aging via promoting neuritogenesis and neu-
rodifferentiation. Phytomedicine. 2021;87:153576.

	3.	 Yang CS, Chiu SC, Liu PY, Wu SN, Lai MC, Huang CW. Gastrodin alleviates 
seizure severity and neuronal excitotoxicities in the rat lithium-pilocar-
pine model of temporal lobe epilepsy via enhancing GABAergic transmis-
sion. J Ethnopharmacol. 2021;269:113751.

	4.	 Guo T, Wang HC, Xue WQ, Zhao J, Yang ZL. Phylogenetic Analyses of 
Armillaria Reveal at Least 15 Phylogenetic Lineages in China, Seven 
of Which Are Associated with Cultivated Gastrodia elata. PLoS ONE. 
2016;11(5):e0154794.

	5.	 Xing YM, Li B, Liu L, Li Y, Yin SX, Yin SC, et al. Armillaria mellea symbiosis 
drives metabolomic and transcriptomic changes in Polyporus umbellatus 
Sclerotia. Front Microbiol. 2022;12:792530.

	6.	 Li MH, Liu KW, Li Z, Lu HC, Ye QL, Zhang D, et al. Genomes of leafy and 
leafless Platanthera orchids illuminate the evolution of mycoheterotro-
phy. Nat Plants. 2022;8(4):373–88.

	7.	 Sun SQ, Chen GH. The influences of different Armillaria on the yield of 
Gastrodia and the content of gastrodin. Shandong Sci. 2003;16(2):7–10.

	8.	 Liu TR, Wang ZQ, Chen XD, Zhang WW, Yang YS, Xu WL, et al. Identification 
of four Armillaria strains and their effects on quality and yield of Gastrodia 
elata f. glauca. Zhongguo Zhong Yao Za Zhi. 2019;44(24):5352–7.

	9.	 Yuan Y, Jin X, Liu J, Zhao X, Zhou J, Wang X, et al. The Gastrodia elata 
genome provides insights into plant adaptation to heterotrophy. Nat 
Commun. 2018;9(1):1615.

	10.	 Bae EK, An C, Kang MJ, Lee SA, Lee SJ, Kim KT, et al. Chromosome-level 
genome assembly of the fully mycoheterotrophic orchid Gastrodia elata. 
G3 (Bethesda). 2022;12(3):jkab433.

	11.	 Liu YX, Di YG, Chou QL, Xiao SH, Tan YW, Chen LM, et al. Preliminary 
revealing molecular mechanism of growth and metabolism of Gastrodia 
elata based on transcriptome sequencing. Chin Traditional Herb Drugs. 
2021;52(3):827–37.

	12.	 Ho LH, Lee YI, Hsieh SY, Lin IS, Wu YC, Ko HY, et al. GeSUT4 mediates 
sucrose import at the symbiotic interface for carbon allocation of hetero-
trophic Gastrodia elata (Orchidaceae). Plant Cell Environ. 2021;44(1):20–33.

	13.	 Coetzee MPA, Wingfield BD, Wingfield MJ. Armillaria Root-Rot Pathogens: 
Species Boundaries and Global Distribution. Pathogens. 2018;7(4):83.

	14.	 Linnakoski R, Sutela S, Coetzee MPA, Duong TA, Pavlov IN, Litovka YA, 
et al. Armillaria root rot fungi host single-stranded RNA viruses. Sci Rep. 
2021;11(1):7336.

	15.	 Heinzelmann R, Dutech C, Tsykun T, Labbé F, Soularue J, Prospero S. Latest 
advances and future perspectives in Armillaria research. Can J Plant Pathol. 
2019;41(1):1–23.

https://mycocosm.jgi.doe.gov/
https://doi.org/10.1186/s12864-023-09384-4
https://doi.org/10.1186/s12864-023-09384-4
http://www.ncbi.nlm.nih.gov/bioproject/874901
http://www.ncbi.nlm.nih.gov/bioproject/874901


Page 12 of 12Cai et al. BMC Genomics          (2023) 24:275 

	16.	 Baumgartner K, Coetzee MP, Hoffmeister D. Secrets of the subterranean 
pathosystem of Armillaria. Mol Plant Pathol. 2011;12(6):515–34.

	17.	 Mosbech C, Holck J, Meyer A, Agger JW. Enzyme kinetics of fungal glucu-
ronoyl esterases on natural lignin-carbohydrate complexes. Appl Microbiol 
Biotechnol. 2019;103(10):4065–75.

	18.	 Ramachandran P, Kim TS, Dhiman SS, Li J, Park JH, Choi JH, et al. Saccharifi-
cation of sunflower stalks using lignocellulases from a fungal consortium 
comprising Pholiota adiposa and Armillaria gemina. Bioprocess Biosyst Eng. 
2015;38(9):1645–53.

	19.	 Dhiman SS, Kalyani D, Jagtap SS, Haw JR, Kang YC, Lee JK. Characterization 
of a novel xylanase from Armillaria gemina and its immobilization onto SiO2 
nanoparticles. Appl Microbiol Biotechnol. 2013;97(3):1081–91.

	20.	 Morrison D. Rhizomorph growth habit, saprophytic ability and virulence of 
15 Armillaria species. For Pathol. 2004;34(1):15–26.

	21.	 Heinzelmann R, Prospero S, Rigling D. Virulence and Stump Colonization 
Ability of Armillaria borealis on Norway Spruce Seedlings in Comparison to 
Sympatric Armillaria Species. Plant Dis. 2017;101(3):470–9.

	22.	 Morrison DJ, Pellow KW. Variation in virulence among isolates of Armillaria 
ostoyae. For Pathol. 2002;32(2):99–107.

	23.	 Collins C, Keane TM, Turner DJ, O’Keeffe G, Fitzpatrick DA, Doyle S. 
Genomic and proteomic dissection of the ubiquitous plant pathogen, 
Armillaria mellea: toward a new infection model system. J Proteome Res. 
2013;12(6):2552–70.

	24.	 Wingfield BD, Ambler JM, Coetzee MP, de Beer ZW, Duong TA, Joubert 
F, et al. IMA Genome-F 6: Draft genome sequences of Armillaria fusci-
pes, Ceratocystiopsis minuta, Ceratocystis adiposa, Endoconidiophora 
laricicola, E. polonica and Penicillium freii DAOMC 242723. IMA Fungus. 
2016;7(1):217–27.

	25.	 Sipos G, Prasanna AN, Walter MC, O’Connor E, Bálint B, Krizsán K, et al. 
Genome expansion and lineage-specific genetic innovations in the forest 
pathogenic fungi Armillaria. Nat Ecol Evol. 2017;1(12):1931–41.

	26.	 Kolesnikova AI, Putintseva YA, Simonov EP, Biriukov VV, Oreshkova NV, Pavlov 
IN, et al. Mobile genetic elements explain size variation in the mitochon-
drial genomes of four closely-related Armillaria species. BMC Genomics. 
2019;20(1):351.

	27.	 Hirsch CD, Springer NM. Transposable element influences on gene 
expression in plants. Biochim Biophys Acta Gene Regul Mech. 
2017;1860(1):157–65.

	28.	 Moller M, Stukenbrock EH. Evolution and genome architecture in fungal 
plant pathogens. Nat Rev Microbiol. 2017;15(12):756–71.

	29.	 Muszewska A, Steczkiewicz K, Stepniewska-Dziubinska M, Ginalski K. Trans-
posable elements contribute to fungal genes and impact fungal lifestyle. Sci 
Rep. 2019;9(1):4307.

	30.	 Ma LJ, van der Does HC, Borkovich KA, Coleman JJ, Daboussi MJ, Di Pietro A, 
et al. Comparative genomics reveals mobile pathogenicity chromosomes in 
Fusarium. Nature. 2010;464(7287):367–73.

	31.	 Yoshida K, Saunders DG, Mitsuoka C, Natsume S, Kosugi S, Saitoh H, et al. 
Host specialization of the blast fungus Magnaporthe oryzae is associated 
with dynamic gain and loss of genes linked to transposable elements. BMC 
Genomics. 2016;17(1):370.

	32.	 Zhan M, Tian M, Wang W, Li G, Lu X, Cai G, et al. Draft genomic sequence of 
Armillaria gallica 012m: insights into its symbiotic relationship with Gastrodia 
elata. Braz J Microbiol. 2020;51(4):1539–52.

	33.	 Miyauchi S, Kiss E, Kuo A, Drula E, Kohler A, Sánchez-García M, et al. Large-
scale genome sequencing of mycorrhizal fungi provides insights into the 
early evolution of symbiotic traits. Nat Commun. 2020;11(1):5125.

	34.	 Castanera R, Borgognone A, Pisabarro AG, Ramírez L. Biology, dynamics, 
and applications of transposable elements in basidiomycete fungi. Appl 
Microbiol Biotechnol. 2017;101(4):1337–50.

	35.	 Kohler A, Kuo A, Nagy LG, Morin E, Barry KW, Buscot F, et al. Convergent 
losses of decay mechanisms and rapid turnover of symbiosis genes in 
mycorrhizal mutualists. Nat Genet. 2015;47(4):410–5.

	36.	 Hage H, Rosso MN. Evolution of Fungal Carbohydrate-Active Enzyme 
Portfolios and Adaptation to Plant Cell-Wall Polymers. J Fungi (Basel). 
2021;7(3):185.

	37.	 Levasseur A, Lomascolo A, Chabrol O, Ruiz-Dueñas FJ, Boukhris-Uzan E, 
Piumi F, et al. The genome of the white-rot fungus Pycnoporus cinnabarinus: 
a basidiomycete model with a versatile arsenal for lignocellulosic biomass 
breakdown. BMC Genomics. 2014;15:486.

	38.	 Mathieu Y, Piumi F, Valli R, Aramburu JC, Ferreira P, Faulds CB, et al. Activi-
ties of Secreted Aryl Alcohol Quinone Oxidoreductases from Pycnoporus 

cinnabarinus Provide Insights into Fungal Degradation of Plant Biomass. 
Appl Environ Microbiol. 2016;82(8):2411–23.

	39.	 Deng Q, Wu H, Gu Q, Tang G, Liu W. Glycosyltransferase FvCpsA Regulates 
Fumonisin Biosynthesis and Virulence in Fusarium verticillioides. Toxins 
(Basel). 2021;13(10):718.

	40.	 Liu C, Talbot NJ, Chen XL. Protein glycosylation during infection by plant 
pathogenic fungi. New Phytol. 2021;230(4):1329–35.

	41.	 Chen W, Lee MK, Jefcoate C, Kim SC, Chen F, Yu JH. Fungal cytochrome p450 
monooxygenases: their distribution, structure, functions, family expansion, 
and evolutionary origin. Genome Biol Evol. 2014;6(7):1620–34.

	42.	 Hussain R, Ahmed M, Khan TA, Akhter Y. Fungal P450 monooxygenases - the 
diversity in catalysis and their promising roles in biocontrol activity. Appl 
Microbiol Biotechnol. 2020;104(3):989–99.

	43.	 Syed K, Shale K, Pagadala NS, Tuszynski J. Systematic identification and evo-
lutionary analysis of catalytically versatile cytochrome p450 monooxygenase 
families enriched in model basidiomycete fungi. PLoS ONE. 2014;9(1):e86683.

	44.	 Hernández-Martínez F, Briones-Roblero CI, Nelson DR, Rivera-Orduña FN, 
Zúñiga G. Cytochrome P450 complement (CYPome) of Candida oregonensis, 
a gut-associated yeast of bark beetle, Dendroctonus rhizophagus. Fungal Biol. 
2016;120:1077–89.

	45.	 Cao WQ, Xu JT. Liquid culture of the fruiting body of Armillaria mellea. CHIN 
MED MAT. 1992;15:3–4. (Chinese).

	46.	 Lim HJ, Lee EH, Yoon Y, Chua B, Son A. Portable lysis apparatus for 
rapid single-step DNA extraction of Bacillus subtilis. J Appl Microbiolog. 
2016;120(2):379–87.

	47.	 Ardui S, Ameur A, Vermeesch JR, Hestand MS. Single molecule real-time 
(SMRT) sequencing comes of age: applications and utilities for medical 
diagnostics. Nucleic Acids Res. 2018;46(5):2159–68.

	48.	 Reiner J, Pisani L, Qiao W, Singh R, Yang Y, Shi LS, et al. Cytogenomic identi-
fication and long-read single molecule real-time (SMRT) sequencing of a 
Bardet–Biedl Syndrome 9(BBS9) deletion. NPJ Genomic Med. 2018;3:3.

	49.	 Saha S, Bridges S, Magbanua ZV, Peterson DG. Empirical comparison of 
ab initio repeat finding programs. Nucleic Acids Res. 2008;36(7):2284–94.

	50.	 Benson G. Tandem repeats finder: a program to analyze DNA sequences. 
Nucleic Acids Res. 1999;27(2):573–80.

	51.	 Lowe TM, Eddy SR. tRNAscan-SE: a program for improved detec-
tion of transfer RNA genes in genomic sequence. Nucleic Acids Res. 
1997;25(5):0955–964.

	52.	 Lagesen K, Hallin P, Rødland EA, Staerfeldt HH, Rognes T, Ussery DW. RNAm-
mer: consistent and rapid annotation of ribosomal RNA genes. Nucleic 
Acids Res. 2007;35(9):3100–8.

	53.	 Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene 
ontology: tool for the unification of biology. The Gene Ontology Consor-
tium. Nat Genet. 2000;25(1):25–9.

	54.	 Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes. 
Nucleic Acids Res. 2000;28:27–30.

	55.	 Kanehisa M, Goto S, Hattori M, Aoki-Kinoshita KF, Itoh M, Kawashima S, 
et al. From genomics to chemical genomics: new developments in KEGG. 
Nucleic Acids Res. 2006;34:D354–7.

	56.	 Li W, Jaroszewski L, Godzik A. Tolerating some redundancy signifi-
cantly speeds up clustering of large protein databases. Bioinformatics. 
2002;18(1):77–82.

	57.	 Kgosiemang I, Mashele SS, Syed K. Comparative genomics and evolutionary 
analysis of cytochrome P450 monooxygenases in fungal subphylum Sac-
charomycotina. J Pure Appl Microbiol. 2014;8:291–302.

	58.	 Park J, Lee S, Choi J, Ahn K, Park B, Park J, et al. Fungal cytochrome P450 
database. BMC Genomics. 2008;9(1):402.

	59.	 Urban M, Pant R, Raghunath A, Irvine AG, Pedro H, Hammond-Kosack KE. 
The Pathogen-Host Interactions database (PHI-base): Additions and future 
developments. Nucleic Acids Res. 2015;43:645–55.

	60.	 Ramzi AB, Me MLC, Ruslan US, Baharum SN, Muhammad NAN. Insight into 
plant cell wall degradation and pathogenesis of Ganoderma boninense via 
comparative genome analysis. PeerJ. 2019;7:e8065.

	61.	 Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, et al. TBtools: An 
Integrative Toolkit Developed for Interactive Analyses of Big Biological Data. 
Mol Plant. 2020;13(8):1194–202.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Whole genome sequencing and analysis of Armillaria gallica Jzi34 symbiotic with Gastrodia elata
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Genome assembly and characteristics analysis
	Gene Prediction
	Gene Annotation
	The Carbohydrate Enzyme Classification and Annotation
	P450
	Pathogen Host Interaction (PHI)
	Synteny analysis of P450 genes

	Discussion
	Conclusions
	Methods
	Materials and sequencing
	Genome assembly
	Gene function
	Syntenic analysis and KaKs analysis

	Anchor 22
	Acknowledgements
	References


