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a b s t r a c t

Lentinula edodes, has been utilized as food, as well as, in popular medicine, moreover, its extract isolated
from its mycelium and fruiting body have shown several therapeutic properties. Yet little is understood
about its genes involved in these properties, and the absence of L. edodes genomes has been a barrier to
the development of functional genomics research. However, high throughput sequencing technologies
are now being widely applied to non-model species. To facilitate research on L. edodes, we leveraged
Solexa sequencing technology in de novo assembly of L. edodes C91–3 transcriptome. In a single run, we
produced more than 57 million sequencing reads. These reads were assembled into 28,923 unigene
sequences (mean size = 689 bp) including 18,120 unigenes with coding sequence (CDS). Based on similar-
ity search with known proteins, assembled unigene sequences were annotated with gene descriptions,
gene ontology (GO) and clusters of orthologous group (COG) terms. Our data provides the first compre-
hensive sequence resource available for functional genomics studies in L. edodes, and demonstrates the
utility of Illumina/Solexa sequencing for de novo transcriptome characterization and gene discovery in
a non-model mushroom.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Lentinula edodes, commonly known as the Shiitake mushroom,
is the second most popular and widely cultivated edible mushroom
in the world. As the main medicinal fungi, its extract has demon-
strated high immunopotentiating and antimetastatic activities,
antibacterial, antitumor activity, antifungal, and antidiabetic activ-
ities [1–4]. Numerous studies showed Lentinan could inhibit tumor
cells growth, improve patient’s symptoms, and reduce adverse
reactions. It is now officially used for clinical medicine as adjuvant
chemotherapy drugs [5–9].

However, antitumor activity of L. edodes was rarely reported at
protein level. In our previous studies, the protein components of L.
edodes C91-3 mycelia had significant antitumor effects on inducing
apoptosis in vivo and in vitro, especially a direct anti-tumor effect
in vitro [10,11]. Because the strain was studied beginning in March
1991, it was named as ‘‘C91–3’’ ‘‘C’’ represents ‘‘China’’.

Despite its global importance, genomic sequence resources
available for L. edodes are scarce, especially for L. edodes C91-3. Cur-
rently (April 23th, 2012), there are about 26,541 EST and 1021
nucleotide sequences available on NCBI for L. edodes, but most of
them have no functional annotation. Hence these existing data
ll rights reserved.
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on NCBI, obtained by traditional Sanger sequencing method, are
insufficient to discover the functional genes for L. edodes.

Over the past several years, the next generation sequencing
(NGS) technology has emerged as a cutting edge approach for
high-throughput sequence determination and this has dramati-
cally improved the efficiency and speed of gene discovery [12,13].

With the development of cost efficient and massively parallel
high-throughput sequencing technologies, genome-scale studies
in non-model organisms are being actively pursued for gene dis-
covery, expression profiling, and studies in functional, compara-
tive, and evolutionary genomics in taxa where little or no
previous genomic information exists [14–16]. Despite its obvious
potential, next generation sequencing methods have not yet been
applied to L. edodes research.

This study was conceived to develop an extensive expressed
gene sequence resource in L. edodes C91-3 by deep Illumina/Solexa
sequencing for evolutionary and functional genomics. The first
comprehensive transcriptome characterization for L. edodes C91-3

was presented, including an assessment of transcriptome coverage,
gene sequences and functional annotation by bioinformatics anal-
ysis. In this study, over four billion bases of high-quality DNA se-
quence were generated with Illumina/Solexa technology, which
demonstrated the suitability of short-read sequencing for de novo
assembly and annotation of genes expressed in a eukaryote with-
out the prior genome information. In a single run, we got 28,923
unigene sequences (mean size = 689 bp) including 18,120 unigenes
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with coding sequence. Furthermore, based on similarity search
with known proteins, the unigene sequences were annotated with
gene function. Therefore, the assembled, annotated transcriptome
sequences and gene functional annotation provide an invaluable
resource for functional genomics studies in L. edodes.
2. Materials and methods

2.1. L. edodes C91-3 strain and culture conditions

L. edodes C91-3 strain were obtained from the Department of
Microbiology in Dalian Medical University. It was cultured in the
potato culture medium containing 1% vitamin B1, 2.0% agar,
0.15% MgSO4, 0.3% K2HPO4, and 2.0% glucose having pH 6.0.
2.2. cDNA library construction and sequencing

For Illumina/Solexa sequencing, the total RNA of every sample
was extracted using TaKaRa RNAiso™ Plus from L. edodes C91-3

mycelia which cultured for 10 days, and then treated with TaKaRa
RNase-free DNase I for 45 min according to the manufacturer’s
protocols. Beads with oligo(dT) were used to isolate poly(A) mRNA
after total RNA was collected from eukaryote. Fragmentation buffer
was added for interrupting mRNA to short fragments. The mRNA
was fragmented into small pieces using divalent cations at ele-
vated temperature. The cleaved mRNA fragments were converted
to double-stranded cDNA using SuperScript II, RNaseH, and DNA
Pol I, primed by random primers. Short cDNA fragments were puri-
fied with QiaQuick PCR extraction kit and resolved with EB buffer
for end reparation and adding poly(A). After that, the cDNA short
fragments were connected with sequencing adapters. For PCR
amplification, suitable fragments were selected as templates based
on the result of agarose gel electrophoresis. Finally, the cDNA
library products were sequenced using the 1G Illumina Genome
Analyzer.
Table 1
Output statistics of sequencing.

Total number of reads 57,998,508

Total base pairs (bp) 4,349,888,100
Average read length (bp) 75
Total number of contigs 106,495
Mean length of contigs (bp) 236
Total number of scaffolds 55,322
Mean length of scaffolds (bp) 424
Total number of Unigenes 28,923
Mean length of Unigenes (bp) 689
Q20 percentage 95.39%
G + C percentage 48.31%
2.3. Sequence assembly

All the Solexa reads, stored in fastq format, were filtered to re-
move poly(A/T), low quality sequences and empty reads using the
SeqClean program. Resulting sequences and quality files were
assembled using SOAPdenovo with default parameters [17].
SOAPdenovo firstly combined reads with certain length of overlap
to form longer fragments without N, which were called contigs.
Then the reads are mapped back to contigs; with paired-end reads,
it is able to detect contigs from the same transcript as well as the
distances between these contigs. The contigs were connected using
N to represent unknown sequences between each two contigs, and
then scaffolds were made. Paired-end reads were used again for
gap filling of scaffolds to get sequences with least Ns and cannot
be extended on either end. Such sequences were defined as unig-
enes. When multiple samples were sequenced from the same spe-
cies, unigenes from each sample’s assembly should be taken into
further process of sequence splicing and redundancy removing
with TGICL software to acquire non-redundant unigenes as long
as possible [18]. Finally, blastx alignment (e-value < 0.00001) was
performed between unigenes and protein databases like nr,
Swiss-Prot, KEGG, and COG. The best aligning results were used
to decide sequence direction of unigenes. When some unigene
happened to be unaligned to none of the above databases, ESTScan
software would be introduced to predict its coding regions as well
as to decide its sequence direction [19].
2.4. Functional annotation and KEGG pathway analysis

The annotation of unigenes was based on sequence homology
using BLASTX software. The unigene sequences were searched
against the Swiss-Prot database, the Nr database, the KEGG data-
base, the COG database and the Nt database (e-value < 1 � 10�5).
The unique sequences were assigned to special biochemical path-
ways according to the KEGG standards using BLASTX [20]. The
terms of GO classification were assigned to all well-annotated se-
quences by performing Blast2GO program [21,22]. To reduce the
redundancy, each sequence that had BLAST hit in the Nr database
was given a unigene ID according to the best homologue they were
aligned to.
2.5. CDS prediction

Unigenes were firstly aligned by blastx (e-value < 0.00001) to
protein databases in the priority order of nr, Swiss-Prot, KEGG
and COG. Unigenes aligned to databases with higher priority would
not enter the next circle. The alignments ended when all circles
were finished. Proteins with highest ranks in blast results were ta-
ken to decide the coding region sequences of unigenes. Unigenes
that cannot be aligned to any database were scanned by ESTScan
for getting nucleotide sequence (50–30) and the coding regions [19].
3. Results

3.1. Output statistics of sequencing, assembly quality and CDS
prediction

The output of sequenced data is an important indicator of the
contract. According to the contract, clean reads in each sample
must contain a total base number of no less 1G. After cleaning
and quality checks, 43 million of 75 bp reads were obtained
from sequencing one plate, G + C content was 48.31%, and Q20 va-
lue was 95.39% more than 80%. For sequence assembly using SOAP-
denovo software 106,495 contigs were obtained and the mean
contig size was 236 bp. Using paired-end joining and gap-filling,
the contigs were further assembled into 55,322 scaffolds with a
mean size of 424 bp including 4906 scaffolds larger than
1000 bp. The scaffolds were further assembled into 28,923
unigenes with a mean size of 689 bp, including 25,344 unigenes
without gap (Table 1). All the sequences had randomly covered
the full-length of unigene from 50 to 30 end (Fig. 1). To demonstrate
the accuracy of sequencing data, 17 unigenes were randomly se-
lected for RT-PCR amplification. The identity of all 17 PCR products
were confirmed by Sanger sequencing (Table 2). Comparing to ori-
ginal sequence of 17 unigenes, sequencing results of 9 PCR prod-
ucts showed 100% similarity, 5 PCR products showed 99%
similarity, 2 PCR products showed 98% similarity, and 1 PCR



Fig. 1. Randomness on reads from Lentinula edodes C91-3 sample (all the reads
sequencing from Lentinula edodes C91-3 had randomly covered the full-length of
unigene from 50 to 30)

Table 2
The identity between the original sequence of Unigenes and PCR products.

Gene ID The identity (%)

Unigene1245 94
Unigene24718 100
Unigene28447 100
Unigene10627 99
Unigene20035 100
Unigene21859 98
Unigene23050 100
Unigene4347 100
Unigene14872 99
Unigene24886 99
Unigene2562 99
Unigene3375 99
Unigene8290 100
Unigene19804 98
Unigene24277 100
Unigene6339 100
Unigene13853 100

Fig. 2. The distribution of unigene sequences with CDS based on the proteins
databases and ESTscan in Lentinula edodes C91-3 (a 51% of match efficiency was
observed for sequences in nr databases, 24% in Swiss-Prot databases, 21% in
ESTScan prediction, 3% in COG databases and 1% in KEGG databases)
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products showed 94% similarity. Hence, average accuracy rate of
Solexa sequencing was 99.18%.

Through the blast on the protein databases in the priority order
of nr, Swiss-Prot, KEGG and COG, 14,075 unigenes with CDS were
observed. 4045 unigenes with CDS were gained using the ESTscan
prediction. Fig. 2 indicates the proportion distribution of Unigene
with CDS matches in nr, Swiss-Prot, KEGG and COG databases
and through ESTScan prediction. Obviously, a 51% of match effi-
ciency was observed for sequences in nr databases, 24% in Swiss-
Prot databases, 21% in ESTScan prediction, 3% in COG databases
and 1% in KEGG databases.

In conclusion, all the statistics illustrated a better quality and
depth of sequencing produced by Solexa sequencing on L. edodes
C91-3.

3.2. Functional annotation of predicted proteins

For annotation, distinct unigene sequences were firstly aligned
by blastx to protein databases like nr, Swiss-Prot, KEGG and COG
(e-value < 0.00001), retrieving proteins with the highest sequence
similarity with the given unigenes along with their protein
functional annotations. Using this approach, 14,075 unigenes
(48.7% of all distinct sequences) returned an above cut-off BLAST
result. Because of the relatively short length of distinct gene se-
quences (mean size of 689 bp) and lack of genome information in
L. edodes, most of the 14,848 assembled sequences could not be
matched to known genes (51.3%).

3.3. GO function classification

GO assignments were used to classify the functions of the pre-
dicted L. edodes C91-3 genes. Based on sequence homology, 2853
Unigenes can be categorized into 38 functional groups (Fig. 3). In
each of the three main categories (biological process, cellular com-
ponent and molecular function) of the GO classification, ‘‘metabolic
process’’, ‘‘cell part’’, and ‘‘catalytic’’ terms were dominant respec-
tively; however, we did not find any genes in the clusters of ‘‘cell
killing’’, ‘‘death’’, ‘‘immune system process’’, ‘‘rhythmic process’’,
‘‘viral reproduction’’, ‘‘extracellular region part’’, ‘‘symplast’’, ‘‘syn-
apse’’, ‘‘synapse part’’, ‘‘virion’’, ‘‘virion part’’, ‘‘auxiliary transport
protein’’, ‘‘chemoattractant’’, ‘‘chemorepellent’’, ‘‘metallochaper-
one’’ and ‘‘proteasome regulator’’. We also noticed a high-percent-
age of genes from categories of ‘‘cellular process’’, ‘‘organelle’’ and
‘‘binding’’ and only a few genes from terms of ‘‘biological adhe-
sion’’, ‘‘locomotion’’, ‘‘protein tag’’, ‘‘growth’’ and ‘‘nutrient
reservoir’’.

3.4. COG function classification

To further evaluate the completeness of our transcriptome li-
brary and the effectiveness of our annotation process, we searched
the annotated sequences for the genes involved in COG classifica-
tions. In total, 6203 unigenes have a COG classification (Fig. 4),
and especially some unigene with many functions can be classified
into different COG category. Among the 25 COG categories, the
cluster for general function prediction represents the largest group
(1809 members) followed by ‘‘Carbohydrate transport and metab-
olism’’ (1053 members). The following categories: ‘‘extracellular
structures’’ (8 members) and ‘‘Defense mechanisms’’ (8 members),
represent the smallest groups (Fig. 4).

3.5. KEGG pathway annotation

To identify the biological pathways that are active in L. edodes
C91-3, we mapped the 14,075 annotated sequences to the reference
canonical pathways in Kyoto Encyclopedia of Genes and Genomes.
In total, 2264 unigenes were assigned to 214 KEGG pathways, and
some unigene which distributed in the different pathway, can also
joined into the different links in the same pathway. The pathways
with most representation by the unique sequences were purine
metabolism (966 members) and pyrimidine metabolism (878
members).

In brief, all these annotations provide a valuable resource for
investigating specific processes, functions and pathways associated
with the Unigene of L. edodes C91-3.



Fig. 3. Histogram presentation of Gene Ontology classification (The results are summarized in three main categories: biological process, cellular component and molecular
function. The right y-axis indicates the number of genes in a category. The left y-axis indicates the percentage of a specific category of genes in that main category)

Fig. 4. Histogram presentation of clusters of orthologous groups (COG) classification (6,203 unigene sequences have a COG classification among the 25 categories)
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4. Discussion

The transcriptome is the complete set of transcripts in a cell,
and their quantity, for a specific developmental stage or physiolog-
ical condition. Understanding the transcriptome is essential for
interpreting the functional elements of the genome and revealing
the molecular constituents of cells and tissues, and also for under-
standing development and disease. With the development of large-
scale genomics, traditional Sanger sequencing technology could
not meet the needs of the development [23]. But next-generation
sequencing (NGS) overcame current limitations of Sanger
sequencing with respect to throughput and costs. Among the
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NGS technology, the Roche 454 Genome Sequencer, the Illumina/
Solexa Genome Analyzer, and the ABI SOLiD System sequencing
platforms have become widely available over the past several years
[24,25].

Because of its low cost and vast amounts of data, Solexa
sequencing has become the most widely useful technology among
the next generation sequencing technology platform. Using the
technology, more than 400 research articles have been published
in the world since 2008 [26].

For understanding the medical function at protein level in L.
edodes, insight into transcriptome is required. In this study, a rapid
and cost-effective method were presented for transcriptome using
Solexa sequencing technology on L. edodes C91-3. 28,923 unigene
sequences were got including 18,120 unigenes with coding se-
quence. These findings provide a substantial contribution to gene
sequence resources for L. edodes C91-3, and this is the first publica-
tion using Illumina/Solexa sequencing technology for L. edodes
without prior genome annotation. Additionally, we have demon-
strated the feasibility of using Illumina sequencing technology
for gene expression and have provided new leads for functional
studies of genes involved in L. edodes C91-3.

In short, De novo characterization of L. edodes C91-3 transcrip-
tome, including lots of assembled, annotated transcriptome se-
quences and gene functional annotation, firstly provide an
invaluable resource for functional genomics studies in L. edodes,
especially for protein expression and function research on L.
edodes.
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