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Abstract

Pleurotus mushrooms are among the most cultivated fungi in the world and are highly valuable for food, medicine, and biotechnology in-
dustries. Furthermore, Pleurotus species are camivorous fungi; they can rapidly paralyze and kill nematodes when nutrient-deprived. The
predator—prey interactions between Pleurotus and nematodes are still widely unexplored. Moreover, the molecular mechanisms and
the genes involved in the carnivorous behavior of Pleurotus mushrooms remain a mystery. We are attempting to understand the
interactions between Pleurotus mushrooms and their nematode prey through genetic and genomic analyses. Two single spores (ss2 and
ss5) isolated from a fruiting body of Pleurotus pulmonarius exhibited significant differences in growth and toxicity against nematodes.
Thus, using PacBio long reads, we assembled and annotated two high-quality genomes for these two isolates of P. pulmonarius. Each of
these assemblies contains 23 scaffolds, including 6 (ss2) and 8 (ss5) telomere-to-telomere scaffolds, and they are among the most
complete assembled genomes of the Pleurotus species. Comparative analyses identified the genomic differences between the two
P. pulmonarius strains. In sum, this work provides a genomic resource that will be invaluable for better understanding the Italian oyster

mushroom P. pulmonarius.
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Introduction

Pleurotus mushrooms are among the most cultivated and con-
sumed edible fungi in the world (Gregori et al. 2007; Yin et al.
2014). While most fungi are difficult to cultivate, Pleurotus can be
grown commercially to high yield (Banik and Nandi 2004). In ad-
dition to their nutritional value, these mushrooms are a natural
source of prebiotics (Aida et al. 2009) and antioxidants (Khatun
et al. 2015) and are thus of great interest to the food industry.
Also, Pleurotus species contain remarkable medicinal properties
(Golak-Siwulska et al. 2018). For example, Pleurotus pulmonarius
exhibits anti-inflammatory (Smiderle et al. 2008; Nguyen et al.
2016), analgesic, and antitumor activities (Zhang et al. 2007). This
fungus has also shown its potential in bioremediation since it is
able to degrade contaminants such as aromatic pollutants
(Rodr’guez et al. 2004) and biocides (Law et al. 2003). More recent
studies have focused on the potential outcomes for the biotech-
nology of P. pulmonarius. For instance, this fungus can produce
useful enzymes even while degrading waste products (Inécio et al.
2015) as well as being consumed after being part of biofuel pro-
duction (Chen et al. 2020), therefore underlying the versatility of
this fungus.

One of the most unknown characteristics of Pleurotus mush-
rooms is their ability to kill and feed on living nematodes

(Thom and Barron 1984) and therefore their potential for the bio-
control of parasitic nematodes (Degenkolb and Vilcinskas 2016;
Sivanandhan et al. 2017; Castaneda-Ramirez et al. 2020). Although a
few compounds produced by Pleurotus have been reported to cause
paralysis in nematode worms (Kwok et al. 1992; Satou et al. 2008), a
more recent study has suggested that the true identity of the toxins
targeting nematodes remains to be discovered (Lee et al. 2020).

The advance of sequencing techniques has led to the publica-
tion of the genome of several Pleurotus species; however, only a few
high-quality assemblies have been produced for Pleurotus so far.
Only the latest assemblies of Pleurotus ostreatus (Riley et al. 2014; Qu
et al. 2016; Wang et al. 2018) show the overall quality and contiguity
necessary for more comprehensive genetic analyses of these
mushrooms. In contrast, most of the Pleurotus genome assemblies
are very fragmented, including Pleurotus eryngii, Pleurotus tuoliensis
(Zhang et al. 2018), Pleurotus platypus and Pleurotus citrinopileatus (Li
et al. 2018) ranging from 106 to 10,689 scaffolds. In addition, other
Pleurotus species, such as P. pulmonarius, have not yet been se-
quenced despite their importance for different industries.

We thus studied the genomes of two haploid monokaryotic
strains derived from spores of a wild isolate of P. pulmonarius col-
lected in Taiwan. These two haploid monokaryons (ss2 and ss5)
exhibit significant phenotypic differences in their growth and
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toxicity against nematodes. Using PacBio long reads, we produced
two high-quality annotated genomes for P. pulmonarius.
Moreover, our assemblies represent the first available P. pulmo-
narius genomes and are among the most complete assembled
Pleurotus. Through this report we also provide genomic compari-
sons between the two assemblies, identifying highly dissimilar
regions that might contribute to their observed phenotypic
differences. We believe that the two high-quality genomes will be
useful genomic resources that will contribute to a better
understanding of P. pulmonarius and pave the way for future com-
parative genomic analyses of Pleurotus mushrooms.

Materials and methods
Fungal strains and DNA extraction

Spores of P. pulmonarius were collected from a fruiting body. Two
of the monokaryon strains (ss2 and ss5) each derived from a sin-
gle basidiospore were established in the laboratory for analysis.
Fungi were cultured on YMG medium (yeast extract, malt extract,
and glucose) at 25°C. To extract their DNA, fungal mycelium was
inoculated in 100ml of YMG liquid medium at 25°C for 3days.
DNA was extracted using the cetyltrimethylammonium bromide
and purified with chloroform, isopropanol, and phenol-
chloroform. The genome of ss2 and ss5 was sequenced from the
Pacbio RSII platform performed at Ramaciotti Centre for
Genomics (Sydeny, Australia) using a PacBio SMRTBell Template
Prep Kit 1.0 SPv3.

Fresh cultures of the P. pulmonarius strains were grown from
mother cultures on YMG at 25°C for 7 days and then transferred
to potato dextrose agar (PDA) and low nutrient medium (LNM)
plates (5-cm diameter) for phenotypic characterization (in biolog-
ical triplicates). After 13 days of growth, 30 adult C. elegans nemat-
odes (strain N2) were added to the LNM plates and the number of
paralyzed worms on each place was computed after 10 min.

Genome sequencing and assembly

Long PacBio reads were sequenced from each P. pulmonarius
strain with the Pacbio RSII platform. A total of ~0.5M reads with
a mean length of 9419bp were obtained from ss2, while ~0.7 M
reads with a mean length of 8422bp were obtained from ss5;
these corresponded to 122x genome coverage for ss2 and 142x
genome coverage for ss5. The Pacbio reads were used to build
two preliminary assemblies: one using Canu (v1.7) (Koren et al
2017) and the other using Falcon (pbalign v0.0.2) (Chin et al. 2016).
Canu was executed with parameters genomeSize=40m
useGrid=false maxThreads=8, where the estimated genome size of
40 Mbp was calculated as the average of the genome sizes of
P. eryngii (44.61 Mbp) and P. ostreatus (34.3-35.6 Mbp). Falcon was
run using an adapted version of the configuration file for fungal
genomes assembling provided at: https://pb-falcon.readthedocs.
io/en/latest/parameters.html, where Genome_size was set to
40Mb and memory-related options were changed to fit the
requirements of PSC Bridges (Towns et al. 2014; Nystrom et al.
2015). Next, we used Sourmash (v2.0.0) (Titus Brown and Irber
2016) to identify and remove contaminants from each prelimi-
nary assembly. The decontaminated assemblies were subse-
quently polished using Quiver (genomicconsensus v2.3.2) (Chin
et al. 2013) with the original raw PacBio reads, mapped to the
decontaminated assembly using pbalign (v0.0.2), as input.
Further information about the preliminary assemblies together
with the results obtained from each of the abovementioned steps
is found in Supplementary Table S1.

The polished assemblies obtained with Canu were more accu-
rate at the telomeric regions, while the Falcon assemblies were
more contiguous. Hence, we merged the Canu and Falcon assem-
blies of each P. pulmonarius strain using Quickmerge (v0.3)
(Chakraborty et al. 2016). Quickmerge uses the information of a
donor assembly to fill in the gaps of a reference assembly; ac-
cordingly, we tested both Canu as reference and Falcon as donor
(Canu-Falcon) and vice versa (Falcon-Canu). Since the Canu-
Falcon assemblies showed better contiguity and overall statistics
(Supplementary Table S2), they were selected for further assem-
bling steps. Nucmer (Mummer4) (Marcais et al. 2018) was used to
detect redundant contigs in the Canu-Falcon assemblies (func-
tion maxmatch where the Canu-Falcon assembly was used both
as reference and query). As a result, two small contigs (28,260
and 15,057 bp in size) were removed from the ss2 assembly, while
only one contig (22,621bp in size) was removed from the assem-
bly of ss5. Finally, the contigs from the two assemblies were
sorted by size and renamed.

Genome annotation

The assemblies of P. pulmonarius were annotated with funanno-
tate (v1.5.2) (Palmer and Stajich 2016) using the following steps
and options. First, the genomes were softmasked using funanno-
tate mask, calling RepeatMasker (Smit et al. 2013). The masked
genomes were used as input for funannotate train (options: -max_
intronlen 2000 —stranded no), together with RNA-seq data from
P. ostreatus [strain PC9 (Alfaro et al. 2016), downloaded from the
Joint Genome Institute (JGI) at https://mycocosm.jgi.doe.gov/
PleosPC9_1/PleosPCO_1.info.html (Grigoriev et al. 2012)]. During
this step, Trinity (Grabherr et al. 2011) and PASA (Haas et al. 2003)
were run to generate preliminary gene models. Then, funannotate
predict was used to generate consensus gene models from the pre-
liminary gene models and known transcripts and proteins of
P. ostreatus (use as evidence for gene prediction). Funannotate pre-
dict calls the following programs: AUGUSTUS (Stanke and Waack
2003), GeneMark (Borodovsky and Mclninch 1993), and
EVidenceModeler (Haas et al. 2008). In the final step of the anno-
tation, funannotate annotate was run to add functional annotation
to the final gene models including: InterPro and PFAM domains,
GO ontology terms, fungal transcription factors, COGs, secondary
metabolites [AntiSMASH (Medema et al. 2011) was run using fun-
nanotate remote], CAZYmes, secreted proteins, proteases
(MEROPS), and BUSCO groups.

Genome analysis and comparison
General assembly statistics such as N50, length, and number of
scaffolds were computed directly from the fasta files using the
Perl script count fasta_residues.pl (https://github.com/Schwarz
EM/ems_perl/blob/master/fasta/count_fasta_residues.pl). BUSCO
completeness was assessed using BUSCO 3.0.1 (Simao et al. 2015)
against the basidiomycota dataset basidiomycota_odb9. We
used the protocol described in Coghlan et al. (2018) to make re-
peat libraries and subsequently look for repetitive elements in
each genome. We further identified and classified transposable
elements (TEs) using the one_code_to_find_them_all script
(Bailly-Bechet et al. 2014). In addition, we searched for telomeric
regions characterized by the telomeric repeating unit TTAGGG
(Pérez et al. 2009). Raw PacBio reads were mapped to each
genome using pbalign and SAMtools (Li et al. 2009) to compute lo-
cal coverage.

To find structural differences between the two genomes, we
used megablast (Morgulis et al. 2008) to precisely define the
boundaries for regions of similarity and dissimilarity that were
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grossly visible in plots by Circos (Krzywinski et al. 2009) and
Dgenies (relying on minimap2) (Cabanettes and Klopp 2018).
Other comparisons between genomes were derived from the
results of funannotate compare (Palmer and Stajich 2016).

Data availability

The final assembled and annotated genomes of P. pulmonarius
spores ss2 and ss5 were uploaded to NCBI and are available with
accession codes: GCA_012980525.1 and GCA_012980535.1, respec-
tively. In addition, all the strains used in this study will be depos-
ited in FGSC and are available upon request.

Supplementary materials are available at figshare DOIL
https://doi.org/10.25387/g3.13078253.

Results and discussion

Phenotypic differences between the two meiotic
progenies of a P. pulmonarius mushroom

A wild P. pulmonarius mushroom (heterokaryon) was collected
near Taipei, Taiwan, and its basidiospores were collected and in-
dividually dissected using a dissecting microscope. Two mono-
karyotic strains derived from two basidiospores (referred as ss2
and ss5 strains from here on) were selected for genome sequenc-
ing because they exhibited prominently different phenotypes. For
example, the growth of the two strains on LNM and on the rich
PDA was visibly dissimilar (Figure 1A). On nutrient-rich medium
(PDA), ss2 developed a denser, but smaller mycelium colony com-
pared to that of ss5. On LNM, ss2 developed a smaller colony that
exhibited similar hyphal density compared to that of ss5. In both
conditions, the growth of ss5 was much faster than ss2. We fur-
ther discovered that ss2 and ss5 exhibited differences in toxicity
toward the nematode Caenorhabditis elegans. All nematodes in
contact with the mycelium of ss5 were paralyzed after 10 min ex-
posed to the fungal hyphae, which was comparable to previous
studies of Pleurotus species (Thormn and Barron 1984; Lee et al.

A ss2 ssb

2020). In contrast, the mycelium of ss2 showed a much weaker
toxicity toward C. elegans, being able to paralyze only ~40% of the
nematode population tested (Figure 1B). In view of these results,
we decided to further analyze the genetic differences of the two
P. pulmonarius spores by sequencing their genomes.

High-quality genome assemblies of

P. pulmonarius

Long PacBio reads were sequenced from both P. pulmonarius
strains, ss2 and ss5, to build two high-quality genome assem-
blies. The genome size of the assembled P. pulmonarius is
~39.2Mb for ss2 and ~39.9Mb for ss5 (Table 1). These sizes are
consistent with genome sizes observed in other related Pleurotus
species: for example P. ostreatus with about 35Mb (Riley et al.
2014; Qu et al. 2016; Wang et al. 2018) and P. eryngii with 49.9 Mb
(Zhang et al. 2018). Both of our genomes are distributed in 23 scaf-
folds ranging in size from 5.55Mb to 11kb (in ss2) and 5.06 Mb to
21kb (in ss5), and with N50 values of 3.2 and 3.4 MDb (respectively),
showing high contiguity. These N50 values are higher than those
of four other available Pleurotus assemblies: P. platypus
(NS50=62kb); P. citrinopileatus (N50=9.7kb) (Li et al. 2018);

Table 1 Genome features of P. pulmonarius strains ss2 and ss5

General features P. pulmonarius ss2 P. pulmonarius ss5

Genome size (bp) 39,235,597 39,866,212
Number of scaffolds 23 23
GC content (%) 51 51.04
Scaffold N50 (bp) 3,175,356 3,374,720
Scaffold N90 (bp) 1,418,296 1,759,240
Scaffold max size (bp) 5,554,685 5,063,380
Scaffol min size (bp) 10,862 21,250
Number of genes 10,848 11,139
Number of tRNA genes 208 186
BUSCO completeness (%) 97.3 9%
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Figure 1 Phenotypic characterization of P. pulmonarius mycelia from ss2 and ss5. (A) Mycelia developed after 13 days of growth for each of the studied
spores on PDA and LNM. (B) Percentage of C. elegans (over a total of 30 nematodes) paralyzed after 10 min of contact with each P. pulmonarius strain.
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P. tuoliensis (N50=1.17Mb); and P. eryngii (N50=>563kb) (Zhang
et al. 2018). Moreover, these N50 values are comparable to two of
the best-quality Pleurotus genome assemblies: P. ostreatus strain
PC15 (N50=3.27Mb) (Riley et al. 2014) and P. ostreatus strain
CCMSSC00389 (N50=3.07 Mb) (Wang et al. 2018). We also com-
puted the BUSCO completeness of both assemblies against the
basidiomycota dataset; both assemblies showed high complete-
ness (97.3% for ss2 and 96% for ss5). Overall, the P. pulmonarius as-
semblies presented here are among the most complete and
contiguous of the Pleurotus species, only matched by the latest as-
semblies of P. ostreatus [strains PC15 (Riley et al. 2014) and
CCMSSC00389 (Wang et al. 2018)).

The distribution and size of the scaffolds comprising the as-
sembled genomes of P. pulmonarius is shown in Figure 2. First, we
looked at the depth coverage at each genome position for both as-
semblies. While ss2 shows an average depth of 97.7 reads
(Figure 2A), the average depth at each genome position of ss5 is
only 86.36 reads (Figure 2B). High depth regions correspond
mostly with the ends of the scaffolds for both genomes, whereas
low depth is observed in some of the smaller scaffolds of both as-
semblies (scaffolds ss2.20 and ss2.22 for ss2 and ss5.18, ss5.19
and ss5.20 for ss5). Out of the 23 scaffolds of ss2, 6 scaffolds rep-
resent telomere-to-telomere complete chromosomes, while an-
other 14 scaffolds show only one telomere at one end (Figure 2A).
The genome of ss5 is distributed in eight whole chromosomes
and eight half-chromosomes (Figure 2B). In addition, we observed
telomeric repeats in several of the small scaffolds; this suggests
that they may correspond to the other ends of some half-
chromosomes but failed to be assembled into these larger contigs
due to their repetitive nature. These results are in line with the
total number of chromosomes estimated in other Pleurotus spe-
cies such as P. ostreatus (11 chromosomes) (Larraya et al. 2000;
Pérez et al. 2009) and P. tuoliensis (12 chromosomes) (Gao et al.
2018). Next, we generated a custom-built repeat library for each
genome to study the distribution of TEs. About 7.3% (6.4%) of the
genome of P. pulmonarius ss2 (ss5) consists of TEs (Table 2). The
repetitive sequences of our P. pulmonarius genome assemblies
mainly contain class I elements, retrotransposons, accounting
for ~90% and ~80% of the repetitive genome fraction and about
78% and 85% of the total repeats in ss2 and ss5, respectively. TE
density and distribution are also observed in Figure 2; these are
highly variable, as has been previously reported for other
Pleurotus species (Castanera et al. 2016). We observed clusters of
TEs in both genomes mostly aligning with regions of relative low
gene density (Figure 2). However, we did not observe clear evi-
dence of centromeres, which are often characterized by clusters
of TEs in fungi (Stajich et al. 2010). Detailed information about
each of the classified TE identified in ss2 and ss5 is found in
Supplementary Tables S3 and S4, respectively. Gene density was
computed for each assembly (Figure 2) in sliding windows of 100
kb. A total of 10,848 genes were predicted in ss2 using funanno-
tate (Palmer and Stajich 2016) and 11,139 were found in ss5 ge-
nome. These values are within the range of close Pleurotus
species, such as P. ostreatus [11,603 genes in PC15 and 12,206 in
PC9 (Castanera et al. 2016)] and P. eryngii [15,960 genes in strain
ATCC 90797 (Gao et al. 2018)] as described in jgi (Grigoriev et al.
2012). On average about 28 genes per 100-kb sliding window were
annotated in both ss2 and ss5; however, genes are not evenly dis-
tributed across the genomes presenting areas of low and high
gene density for most scaffolds (Figure 2). Moreover, few genes
were predicted in the smaller scaffolds of both genomes, once
again suggesting that these scaffolds may correspond to mis-
placed telomeric or centromeric regions of chromosomes. The
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Figure 2 Genome architecture of P. pulmonarius. Tracks (outer to inner)
represent the distribution of genomic features: (1) positions (in Mb) of the
assembled scaffolds, with numbers indicating the order of scaffolds by
size; (2) gene density (along 100-kb sliding windows, ranging between 0
and 50 genes); (3) distribution of TEs along the genome; (4) telomere
repeat frequency (along 10 kb sliding window, ranging between 10 and 30
repeats); and (5) mean base pair depth coverage (along a 10-kb sliding
window, ranging between 0 and 300 depth) for strains ss2 (A) and ss5 (B).
(C) Predicted function of genes in each P. pulmonarius assembly
catalogued using the COGs database.

predicted function of genes in both genomes, cataloged using the
cluster of orthologous groups (COGs) database, is found in
Figure 2C. As hinted by the difference in total number of anno-
tated genes between the genomes, ss5 contains more genes than
ss2 for most functional categories. However, significant differen-
ces in the overall distribution of genes by function between the
two genomes were not observed (Figure 2C).
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Table 2 Classification of TEs identified in P. pulmonarius monokaryon strains ss2 and ss5

Family P. pulmonarius ss2 P. pulmonarius ss5
Fragments Copies Total bp Fragments Copies Total bp
Class I
LINE/I 1 1 414 1 0 0
LINE/L1 107 5 11,665 19 11 23,464
LINE/L1-Tx1 3 1 2451 21 8 23,115
LINE/L2 157 102 651,829 101 93 184,053
LINE/R1 64 41 21,126 0 0 0
LINE/Tad1 48 37 56,788 20 14 28,805
Other LINE 5 1 834 0 0 0
LTR/Caulimovirus 0 0 0 55 21 23,920
LTR/Copia 227 134 299,643 425 167 292,397
LTR/Gypsy 947 525 1,413,722 1117 641 1,380,124
LTR/Ngaro 128 33 87,204 60 36 61,347
LTR/Pao 0 0 0 12 4 4632
Other LTR 16 16 5979 18 18 6256
Class II
DNA/CMC-EnSpm 142 82 88,249 126 47 93,887
DNA/Crypton 5 4 25,088 0 0 0
DNA/Crypton-V 0 0 0 54 51 316,697
DNA/Dada 0 0 0 12 10 9340
DNA/hAT-Ac 10 7 6624 4 1 786
DNA/Maverick 152 52 41,933 39 20 51,514
DNA/MULE-MuDR 77 17 41,283 26 3 1870
DNA/PIF-Harbinger 19 9 8138 13 3 1103
DNA/RC 95 59 78,957 33 22 44 417
DNA/TcMar-Antl 11 7 5873 3 1 981
DNA/TcMar-Fotl 10 7 9998 8 6 9088
DNA/TcMar-Pogo 2 2 1284 3 1 540
DNA/TcMar-Tcl 3 3 2578 0 0 0
Other DNA 5 3 5289 37 9 7742
Total repeats 2218 1132 286,0970 2189 1169 2,559,822
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Figure 3 Comparison between the assembled genomes of P. pulmonarius, strains ss2 and ss5. (A) Dot-plot alignment of ss5 (query) against ss2 (reference).
(B) Correspondence between regions of high similarity (>95%, length >10 kb) among the most relevant scaffolds (>500kb in size) of the two assembled
genomes. Tracks (outer to inner) represent the distribution of genomic features in each assembly: (1) positions (in Mb) of the assembled scaffolds; (2)
number of genes unique in each assembly (along 100-kb sliding windows, ranging between 0 and 35 genes); and (3) telomere repeat frequency (along 10-
kb sliding window, ranging between 10 and 30 repeats).
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Genomic differences between P. pulmonarius
strains

Using our high-quality assemblies of P. pulmonarius, we con-
ducted a preliminary analysis of the main differences between
the genomes of ss2 and ss5. As can be observed in the dot plot of
Figure 3A, our assemblies aligned almost perfectly to each other,
only showing lower identity at the ends of the scaffolds and a few
regions of low similarity. Moreover, we observed that the end of
scaffold10 of ss2 and the beginning of scaffold9 of ss5 do not cor-
respond to any of the major scaffolds of the opposite assembly
(Figure 3A). A closer look to the similarities between both assem-
blies is found in Figure 3B, showing high similarity regions (>95%)
between the most relevant scaffolds of each genome (>500kb in
size). In this comparison, the missing beginning of scaffold 9 in
ss5 and end of scaffold 10 in ss2 become even more apparent. We
observed some possible chromosomal translocation in scaffold 2
of ss5 consisting of the majority of scaffold 1 and a piece of scaf-
fold 10 from ss2; however, due to the presence of many TEs in the
genome, we cannot rule out the possibility that this is a result of
misassembly. Further experimental analysis would be necessary
to confirm this phenomenon. Finally, we looked for genes that
are present only in one of the genomes. A prominent cluster of
unique genes at the beginning of scaffold 9 in ss5 contained 159
genes that are missing in ss2 (Supplementary Table S6).
Similarly, we also observed that ss2 harbored 66 genes on scaf-
fold 10 that were not present in ss5 (Supplementary Table S5).

Conclusions

In this study, we conducted PacBio genome sequencing for two
spores harvested from a dikaryotic strain of P. pulmonarius and as-
sembled two high-quality genomes. We observed significant pheno-
typic differences in terms of growth and toxicity against nematodes
between the two monokaryotic strains. Motivated by these results,
we conducted genomic analyses of these two P. pulmonarius strains.
Their two assemblies are the first available genome resources for
P. pulmonarius, and their quality places them among the best
Pleurotus genome assemblies. Comparison of these two assemblies
showed dissimilar regions that may contribute to the phenotypic
differences of these two strains. The de novo assemblies presented
here will be crucial genomic resources for studying the biology of
P. pulmonarius; they will also enable comparative genomic studies in
Pleurotus mushrooms, which contains several species of most culti-
vated mushrooms around the globe.
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