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Abstract Agaricus subrufescens is one of the most important
culinary-medicinal cultivable mushrooms with potentially
high-added-value products and extended agronomical valori-
zation. The development of A. subrufescens-related technolo-
gies is hampered by, among others, the lack of suitable mo-
lecular tools. Thus, this mushroom is considered as a genomic
orphan species with a very limited number of available mo-
lecular markers or sequences. To fill this gap, this study
reports the generation and analysis of the first set of expressed
sequence tags (EST) for A. subrufescens. cDNA fragments
obtained from young sporophores (SP) and vegetative myce-
lium in liquid culture (CL) were sequenced using 454 pyro-
sequencing technology. After assembly process, 4,989 and
5,125 sequences were obtained in SP and CL libraries, respec-
tively. About 87 % of the EST had significant similarity with
Agaricus bisporus-predicted proteins, and 79 % correspond to
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known proteins. Functional categorization according to Gene
Ontology could be assigned to 49 % of the sequences. Some
gene families potentially involved in bioactive compound
biosynthesis could be identified. A total of 232 simple se-
quence repeats (SSRs) were identified, and a set of 40 EST-
SSR polymorphic markers were successfully developed. This
EST dataset provides a new resource for gene discovery and
molecular marker development. It constitutes a solid basis for
further genetic and genomic studies in 4. subrufescens.

Keywords Basidiomycete - Pyrosequencing - EST-SSR -
Almond mushroom

Introduction

Mushrooms have always been a part of the human diet since
ancient times, due to their gourmet interest but also to their
nutraceutical and medicinal properties (Chang and Wasser
2012). Among the cohort of edible mushrooms, the cultivated
species belonging to Agaricus genera hold an important place.
Agaricus bisporus (Lange) Imbach, the button mushroom, is
one of the most widely consumed mushrooms throughout the
world. In recent years, an increasing attention has been paid to
another Agaricus species, Agaricus subrufescens Peck (syn.
A. blazei Murrill sensu Heineman, Agaricus rufotegulis Nauta
or Agaricus brasiliensis Wasser, M. Didukh, Amazonas and
Stamets), popularly known as the almond mushroom
(Largeteau et al. 2011). It is a tropical species that can rarely
be found in temperate countries (Zhao et al. 2011), and as leaf
litter secondary decomposers, it is cultivated on composts
prepared from various agricultural wastes, following the gen-
eral cultivation processes developed for 4. bisporus (Llarena-
Hernandez et al. 2013). Due to its particular fragrance and
taste, this basidiomycete is appreciated as a gourmet
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mushroom, but its main interest lies in its potential health
benefits and other potential valorizations.

Indeed, 4. subrufescens has been reported to produce var-
ious bioactive compounds that have potential medicinal ap-
plications for the prevention and treatment of cancer, diabetes,
hyperlipidemia, arteriosclerosis, chronic hepatitis, and stimu-
lation of the immune system (Firenzuoli et al. 2008;
Wisitrassameewong et al. 2012). These compounds are main-
ly polysaccharides or polysaccharide-enriched fractions cor-
responding to riboglucans (Cho et al. 1999), 3-glucans
(Mizuno et al. 1990; Fujimiya et al. 1998; Gonzaga et al.
2005), and glucomannans (Hikichi et al. 1999). Other bioac-
tive molecules providing medicinal benefits in
A. subrufescens have been identified such as ergosterol
(Takaku et al. 2001), sodium pyroglutamate (Kimura et al.
2004), or lectin (Kawagishi et al. 1990). Aromatic hydrazins,
especially agaritin, and its derivatives also abound in
A. subrufescens (Nagaoka et al. 2006). The agaritin extracted
from A. subrufescens showed an in vitro antitumor activity
(Endo et al. 2010; Akiyama et al. 2011). Blazein is a steroid
derivative found in A. subrufescens and is supposed to exert
an anticancer activity (Itoh et al. 2008). All these examples
illustrate the extensive literature available on biomolecules
with potential beneficial properties that can be found in
A. subrufescens. But surprisingly, whereas numerous meta-
bolic pathways have been highlighted, no study dedicated to
identify underlying molecular mechanisms and genes has
been reported yet.

Beyond the medicinal issue, other agronomic valorizations
of A. subrufescens mushroom have been proposed (for review,
see Largeteau et al. 2011). As well as A. bisporus, such a leaf
litter decomposer fungus is able to convert lignocellulosic
waste materials into highly nutritious food. In this way, it
contributes to a more sustainable agriculture, and industrial
production of lignocellulolytic enzymes by A. subrufescens
appears promising. The culture of this species offers a new
market niche and a potential source of diversification for the
Agaricus growers. Due to the higher optimal temperature
required for its production when compared to the button
mushroom, 4. subrufescens represents an interesting agricul-
tural option for tropical emerging countries, and it could be a
good seasonal alternative in western region during summer
(Largeteau et al. 2011).

Despite its importance as a culinary-medicinal cultivable
mushroom with potentially high-added-value products and
extended outlets, the expansion of A. subrufescens-related
biotechonologies is hampered by several bottlenecks, among
which a lack of knowledge on its ecology, reproductive biol-
ogy, biodiversity, and genetics (Largeteau et al. 2011). The
almost total absence of adequate molecular tools and geno-
mics resources greatly contributes to impede research in those
fields. In order to fill this gap, we have initiated a sequencing
approach of A. subrufescens expressed sequence tagged (EST)
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fragments. The generation of large-scale EST dataset has
proved useful in addressing a large array of biological ques-
tions, through comparative genomics, functional genomics,
gene discovery, and marker development. This approach has
been broadly applied in numerous plant, animal, and fungal
species (Soanes et al. 2002; Parkinson and Blaxter 2009), but
EST-sequencing projects in cultivated and edible mushrooms
are scarce (Ospina-Giraldo et al. 2000; Lee et al. 2002; Joh
etal. 2007, 2009; Chum et al. 2008; Ramirez et al. 2011). The
recent advances in sequencing technologies provide now rap-
id and cost-effective means to access to transcriptomic and
genomic resources of a given species, particularly for
nonmodel organisms (Vera et al. 2008; Varshney et al. 2009;
Ward et al. 2012).

The present study describes the development and possible
applications allowed by the deciphering of the first EST
dataset available for A. subrufescens: we first reported in detail
the EST assembly and functional annotation processes obtain-
ed from 454 pyrosequencing in the light of the genomic data
available for the congeneric species A. bisporus (Morin et al.
2012); second, we explored in silico the assembled contig
sequence data to identify putative genes involved in bioactive
compound production pathways or secondary metabolic en-
gineering; third, we developed and characterized a set of EST-
SSR markers. Finally, we assessed the reliability and useful-
ness of such an approach for further genomic and genetic
applications in A. subrufescens studies.

Materials and methods
Fungal tissue source

One A. subrufescens genotype, the hybrid strain CA487-100 x
CA454-3 (Llarena-Hernandez et al. 2013), was used in this
study. This strain, together with the two homokaryotic paren-
tal strains CA487-100 and CA454-3, is maintained in the
“Collection du Germplasm des Agarics a Bordeaux”
(CGAB), INRA-Bordeaux (Callac et al. 2002) (http://wwwo.
bordeaux-aquitaine.inra.fr/mycsa/Des-ressources-
biologiques-uniques/La-collection-d-Agarics-CGAB). In
order to obtain the widest range of expressed genes, two
contrasted conditions were analyzed. For the sporophore
(SP) condition, the strain was grown on commercial compost
at INRA facilities as described by Peter-Valence et al. (2011).
Samples of tissue (from five mushrooms) were excised from
young nonmature SPs (equivalent to stage 3 in A. bisporus
according to Hammond and Nichols 1976) and immediately
frozen in liquid nitrogen. For the liquid culture (CL) condition
(static CL), fungal biomass was produced using 100-mL flasks
containing 50 mL of liquid medium (cristomalt 15 g/L, bio-
polytone 1.5 g/L) in three replicates. The flasks were incubated
at 25 °C for 10 days. The mycelium was recovered by filtration
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and rinsed with cold sterile water before freezing in liquid
nitrogen.

RNA isolation and cDNA preparation

For each condition, total RNA was extracted by using the
RNeasy mini kit (Qiagen) according to the manufacturer’s
protocol with an additional RNase-free DNase (Qiagen,
Hilden, Germany) treatment. RNA quality was checked on
agarose gel electrophoresis, and the quantification was
assessed using an ND-1000 spectrophotometer (NanoDrop,
Wilmington, USA). Five micrograms of total RNA from each
condition was sent to GATC Biotech SARL (Mulhouse,
France) for library construction, tagging and subsequent
high-throughput sequencing according to GS-FLX Titanium
chemistry procedures (Roche Applied Science, Penzberg,
Germany).

EST sequencing, assembly, and functional annotation

A one-quarter-plate run on a 454 GS-FLX machine
(Roche Applied Science, Penzberg, Germany) was dedi-
cated to our samples. Raw sequence reads were cleaned
of adapters, primers, and low sequence quality. Then, the
trimmed sequences were first clustered with the CD-HIT
suite (Li and Godzik 2006) using cd-hit-est algorithm
configured with a sequence identity cutoff of 90 %.
The assembly into contigs and singletons was performed
with Newbler V2.3 software (Margulies et al. 2005)
(module gsAssembler—cdna option) with the following
parameters: 40-bp min overlapping length; 90 % min
overlapping identity; 100-bp all contig threshold, 500-
bp large contig threshold.

A. subrufescens sequences were mapped to A. bisporus
scaffolds V2.0 (http://genome.jgi-psf.org/Agabi_varbisH97
2/Agabi_varbisH97 2.home.html) using BLAT (Kent 2002)
with parameters for EST mapping to genome across species
(six translated frames for both contigs and genome). A score
of 60 % which corresponds to the product of the first quartile
value for alignment coverage (75 %) and identity
(80 %) was used as threshold. 4. subrufescens contigs/
A. bisporus genome scaffold mapping coordinates were
then compared to A. bisporus gene coordinates using
SMART package (Schultz et al. 1998).

Blastx analyses (Altschul et al. 1990) were performed
between A. subrufescens EST sequences and three protein
databanks: nonredundant databank, Swissprot, and
A.bisporus-predicted proteins (e value<le '%). The longest
open reading frame (IORF) was inferred using GETORF from
EMBOSS package (Rice et al. 2000) and considered as can-
didate CDS. The corresponding translated protein sequence
was annotated using several programs including InterProScan
V4.8 (Quevillon et al. 2005) for domain/motif search, RPS-

Blast (Altschul et al. 1997) for conserved domain search.
Blastp for similarity search (against swissprot, kegg, and pdb
databanks (e value cutoff <le®), Signalp (Petersen et al.
2011), tmhmm (Sonnhammer et al. 1998), and targetP
(Emanuelsson et al. 2007) for predicting subcellular localiza-
tion and targeting. Gene ontology annotations were performed
using Blast2GO (Conesa et al. 2005) on Blastx and iprscan
results.

All annotation features and analysis results were stored in
the Chado or Bio::SeqFeature::Store schema (gmod.org) ac-
cording to the need (speed access or genericity). GBrowse
(Stein et al. 2002) and the Genome Report System (GRS,
unpublished) were, respectively, set up to provide graphical
and textual interfaces to provide users with comprehensive
categories of reports (functional domains, Blast hits)
(https://urgi.versailles.inra.fr/gb2/gbrowse/agasynte;
https://urgi.versailles.inra.fr/grs/index agasynte.html).

Genes specifically expressed in one condition or in the
other were identified by sequence comparison of the two
EST datasets using all-against-all blastn (Altschul et al.
1990) searches (% identity>90 %; e value <le™"). CL
sequences that do not match against SP sequences were
considered as being specific to the CL condition and
reciprocally. The result of mapping against 4. bisporus
genome was also used, and we identified homologs of
A. bisporus overlapping with sequences specific to either
condition. The resulting subsets of sequences were then
compared to transcriptomic data available for 4. bisporus
in mycelium grown on culture media and fruiting bodies
(Morin et al. 2012).

EST-SSR identification, primer design, and marker validation

Microsatellite detection was performed using the Perl script
program MISA (http://pgrc.ipk-gatersleben.de/misa/). All
perfect SSRs were searched for with a minimum repeats of
five for dinucleotide to hexanucleotide. Primer pairs were
designed using Primer3 software (Rozen and Skaletsky
2000). Primer pairs were designed to amplify products be-
tween 80 and 330 bp in order to facilitate further multiplexing
reaction. To avoid some cross-priming, the specificity of each
primer pairs was checked by blastn (Altschul et al. 1990)
against the sequence datasets.

The EST-SSR primer pairs were tested for their usefulness
as potential genetic markers on the 14 genotypes of
A. subrufescens previously used for the characterization of
genomic SSR (Foulongne-Oriol et al. 2012). PCR amplifica-
tion, multiplexing optimization, and electrophoresis on
ABI3130 sequencer (Applied Biosystems, Life technologies,
Carlsbad, CA) were performed as recommended in
Foulongne-Oriol et al. (2012).

For each EST-SSR locus, genetic parameters were assessed
with Powermarker V3.25 (Liu and Muse 2005).
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Results
Generation of ESTs

After trimming and filtering, a total of 97,218 (31.7 Mb)
and 81,512 (27.1 Mb) read sequences were generated
from SP and CL libraries, respectively. Table 1 summa-
rizes the sequence output data for each library, at each
step of the assembly process. The average read lengths
(325 and 332 pb) were similar between the two libraries.
The assembly resulted in a total of 2,162/2,180 contigs
and 17,716/17,683 singletons from SP/CL libraries, re-
spectively. The portion of reads assembled into contigs is
about 36 %. Regarding the SP library dataset, the ma-
jority of contigs (61.7 %) were derived from less than 5
reads, and 0.2 % of the contigs were composed of more
than 50 reads. Most of the contigs were longer than
500 bp (86.9 %) with an average length of 889 bp.
Distributions of contig length and number of reads per
contig are shown on Fig. 1. For singletons, the average
length was 330 bp with 16 % of the sequences showing
size equal or longer than 500 bp. Same order of magni-
tude was observed for the features of the second library
(Table 1). For both SP and CL libraries, singleton se-
quences with length less than 500 bp were excluded for
further analyses. This cutoff has been chosen in order to
optimize further molecular marker development.
Therefore, a set of 4,989 (2,162 contigs and 2,827 sin-
gletons) and 5,125 (2,180 contigs and 2,945 singletons)
sequences in SP and CL libraries, respectively, were
selected for annotation and marker development. The
sequence dataset generated in this study has been depos-
ited in the GenBank (Sequence Read Archive accession
ID SRP028187, Transcriptome Shotgun Assembly pro-
ject ID GBEJ00000000).

Table 1 Summary statistics of ESTs generated from A. subrufescens

Functional annotation and classification of ESTs

A. subrufescens sequences mapping against A.bisporus scaf-
folds showed that 66 and 67.4 % of CL and SP sequences,
respectively, were highly similar to A. bisporus sequences and
could be mapped on the genome (Table 2). About 97 %
of the A. subrufescens-mapped sequences overlapped
with A. bisporus gene annotations. The number of
A. bisporus genes overlapped by A. subrufescens se-
quences was estimated between 25.6 and 26.9 % of the
10,438 predicted gene models. An example of alignment
of A. subrufescens sequence on A. bisporus scaffolds is
illustrated on Supplemental Fig. S1A.

Using the BlastX program, 4,324 (86.7 %) and 4,535
(88.5 %) sequences from the SP and CL libraries, respectively,
have significant hits with 4. bisporus-predicted proteins
(Table 3). Against the nonredundant (nr) protein database,
the numbers of sequences per library that found significant
hits were slightly lower but still high (80 and 78.7 % for CL
and SP sequences, respectively). Polypeptides translated from
the IORF were annotated using InterProScan: 2,605 (50.8 %)
CL and 2,338 (46.8 %) SP sequences contained at least one
domain identified. Conserved domains (CDDs) were found
using rpsBlast in 41.3 % of CL and 38 % of CP polypeptides.
Classifications according to Gene Ontology performed using
Blast2GO (using BlastX results and domain annotations as
input) allowed the assignation of GO terms to 2,576 sequences
from CL library (50.3 %) and 2,382 sequences from SP library
(47.7 %). As expected, the annotation process was less suc-
cessful for short sequences than for long ones and consequent-
ly for singletons than for contigs (Table 3). All the results of
the annotation processes are available in supplementary ma-
terial (Supplemental Table S1) or through the user-friendly
web-based tool Agasynte genome browser (Supplemental
Fig. S1B). The request system based on either A. bisporus

Feature

SP library CL library

Total number of read sequences™[in bp]
Average length of read sequences” (max)
Number of contigs [in bp]
Average contig length
Average number of sequences in contigs
Number of contigs with length >500 bp (%)
Number of singletons
Average singleton length
Number of singletons with length >500 bp (%)
Unisequence set”

97,218 [31.7 Mb]
325 bp (654)
2,162 [1.9 Mb]
889 bp

8.9 [2-390]
1,712 (79.2 %)
17,716 [5.8 Mb]
330 bp

2,827 (16 %)
4,989 [2.8 Mb]

81,512 [27.1 Mb]
332 bp (971)
2,180 [1.9 Mb]
872 bp

7.9 [2-306]
1,758 (80.6 %)
17,683 [5.9 Mb]
336 bp

2,945 (17 %)
5,125 [2.9 Mb]

# Cleaned sequences
® All contigs+[singletons with length >500 bp]
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scaffold position or on 4. subrufescens sequence id allowed

reciprocal searches.

Figure 2 shows the distribution of GO terms among anno-
tated sequences for each category. Molecular function is the
most represented category of the GO tree with a total 0f 2,359

Numbers of reads

CL sequences and 2,187 SP sequences annotated. This anal-

ysis shows that 25 % of sequences annotated have an evidence

of hydrolase activity. The other most popular GO assignations
concern ion binding, transferase activity, nucleic acid binding,
oxyreductase activity, and protein binding (more than 12 % of
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Table 2 A. subrufescens sequences mapping versus A.bisporus genome scaffolds; comparison of mapping and gene annotation coordinates

Library Number of mapped sequences Number of mapped sequences Number of 4. bisporus genes
overlapping A. bisporus genes overlapping mapped sequences

CL 3,387 (66 %) 3,304 (64.5 %) 2,806 (26.9 %)*

SP 3,365 (67.4 %) 3,266 (64.5 %) 2,705 (25.6 %)"

#Relative to the 10,438 predicted gene models of A. bisporus (Morin et al. 2012)

annotated sequences). The second category is the biological
process with 2,014 (CL) and 1,820 (SP) sequences annotated.
The two dominant groups are primary metabolic process and
cellular metabolic process with an assignation rate higher than
54 % of sequences. Moreover, macromolecule metabolic pro-
cess (39 %), nitrogen compound metabolic process (36 %),
and biosynthetic process (29 %) are also frequently assigned.
Finally, cellular component branch assigned GO terms to
1,271 (CL) and 1,237 (SP) sequences and highlighted partic-
ularly intracellular term (77 %).

The all-against-all blastn analyses allowed the identifica-
tion of 2,284 sequences that are common to both conditions
(22.6 % of redundancy). Thus, 2,705 and 2,841 sequences
were found to be specific to SP and CL libraries, respectively.
Regarding the 5,511 A4. bisporus gene model homologs of
A. subrufescens sequences, 1,161 and 1,015 were found to
be specifically overlapped by CL and SP sequences, respec-
tively (26 % of redundancy) (Supplemental Table S1). The
comparison with A. bisporus transcriptomic data showed that
15.6 % of the A. bisporus homologs of CL-specific
A. subrufescens sequences were found significantly
(»<0.01) overexpressed in mycelium grown on solid culture
media. In the same way, 28.1 % of the 4. bisporus homologs
of SP-specific A. subrufescens sequences were significantly
(»<0.01) overexpressed in fruiting bodies.

As an example of a potential application of the present EST
dataset, some genes related to the bioactive compound

Table 3 Sequence similarity searches and functional annotation results

biosynthesis or other interesting secondary metabolism pathway
were searched for (Supplemental Table S1). Indeed, in our EST
collection, among the cohort of genes involved in sucrose met-
abolic process, we found sequences annotated relating to glucan
molecule biosynthesis such as [3-(1-3) glucan synthase
(cl_GSIH7AYO04IIDFT, sp_  GSIH7AY04JG4RC), glycosyle
transferase (cl GSIH7AY04IGKLH), or glycosyle hydrolase
(sp_isotig00247). Partial sequences of genes potentially involved
in aromatic amino acid biosynthesis and nitrogen metabolism
were identified: shikimate 5-dehydrogenase (cl isotig00906),
transaminase (sp_isotig01515), or glutamate dehydrogenase
(sp_isotig01693). Several sequences were annotated as genes
encoding lignocellulolytic enzymes among which laccase
(cl _isotig00050), cellulose 1,4-f3-cellobiosidase
(sp_GSIH7AY04JLYDM), or P-glucosidase
(sp_GSIH7AY04IO3UE). Sequences encoding key enzymes in
sterol and terpenoid biosynthesis pathways could be also pointed
out such as terpene synthase (¢l GSIH7AY04HS53WK), C-3
sterol deshydrogenase (sp_isotig0391), farnesyl transferase
(sp_isotig00292), or squalene epoxydase (sp_isotig01858).

Identification of EST microsatellite markers

A total of 220 sequences containing 232 microsatellites have
been identified from the 10,114 sequences (SP+CL dataset).
The frequency of EST-SSR in 4. subrufescens EST sequences
is 2.3 %, and the distribution is 41 SSR per Mb of expressed

Analysis

Contigs

Singletons

All

Contigs

Singletons

All

Blastx A.bisporus hits

Blastx nr hits

1,969 [91.1 %]
1,893 [87.6 %]

2,355 [83.3 %]
2,031 [71.8 %]

Blastxswissprot hits 1,124 [52 %] 897 [31.7 %]
EC number 340 [15.7 %] 314 [11.1 %]
GO terms 1,249 [57.8 %] 1,133 [40.1 %)]
Blastpkegg hits® 1,696 [78.4 %] 1,693 [59.9 %]
Blastp_pdb hits® 611 [28.3 %] 437 [15.5 %]

Blastp swissprot hits*
Conserved domain (CDD)*

Domains/motifs®

1,035 [47.9 %]
1,042 [48.2 %]
1,268 [58.6 %]

824 [29.1 %]
861 [30.5 %]
1,070 [37.8 %]

4,324 [86.7 %]
3,924 [78.7 %]
2,021 [40.5 %]
654 [13.1 %]

2,382 [47.7 %]
3,389 [67.9 %]
1,048 [21 %]

1,859 [37.3 %]
1,903 [38.1 %]
2,338 [46.9 %]

2,022 [92.8 %]
1,935 [88.8 %]
1,161 [53.3 %]
396 [18.2 %]

1,306 [59.9 %]
1,753 [80.4 %]
704 [32.3 %]

1,082 [49.6 %]
1,116 [512 %]
1,360 [62.4 %]

2,513 [85.3 %]
2,163 [73.4 %]
1,053 [35.8 %]
343 [11.6 %]
1,270 [43.1 %]
1,840 [62.5 %]
535 [18.2 %]
959 [32.6 %]
1,001 [34 %]
1,245 [42.3 %]

4,535 [88.5 %]
4,098 [80 %]

2214432 %]
739 [14.4 %]
2576 [50.3 %
3593 [70.1 %
1239 [24.2 %
2041 [39.8 %
2117 [41.3 %]
2605 [50.8 %]

(A}

* Analyses were performed on the longest ORF translated from sequence
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A

Secondary metabolic process
Response to stress
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Regulation of molecular function
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Regulation of biological process
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Oxidation reduction

Organophosphate metabolic process
Nitrogen compound metabolic process

Multicellular organismal development
Microtubule-based process
Methylation

Macromolecule metabolic process

Macromolecule localization
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Cellular localization

Cellular developmental process
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Cell cycle
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Others

o

Fig. 2 Bar plot representations of GO-annotation results (in percentage)
of 2,382 sequences of SP library and 2,576 sequences of CL library. The
total numbers of SP and CL library sequences annotated for each category
are, respectively, 1,820 and 2,014 for biological process (a), 2,187 and

sequences. The major types of identified repeats are dinucle-
otide (54.7 %) and trinucleotide (41.8 %). Microsatellite mo-
tifs exhibit an average of 5.4 repeats per locus. Of the 232 SSR
loci, 141 (60.8 %) were eligible for primer design and ampli-
fied a unique PCR product. A subset of 65 EST-SSR primer
pairs randomly chosen was selected for further characteriza-
tion on 14 A. subrufescens genotypes. Forty-seven (72.3 %)
provided scorable and reliable amplified products. Five
markers (ESS04, ESS12, ESS15, ESS35, and ESS40) showed
a size of the amplified product longer than the expected
one, suggesting the presence of introns in the corre-
sponding genomic regions. Forty (61.5 %) showed poly-
morphism among the 14 genotypes examined. The ge-
netic parameters of these 40 polymorphic EST-SSR
markers estimated on the 14 genotypes studies are sum-
marized in Table 4. Altogether, these loci exhibited 159
alleles, ranging from 2 to 13 per locus with an average

20 40 60
% Annotated sequences

2,359 for molecular function (b), 1,237 and 1,271 for cellular component
(¢). Since some sequences have several GO terms, the total percentage of
each category exceed 100 %

of 3.98. The polymorphic information content (PIC)
ranged from 0.07 to 0.88, with an average of 0.44.

Discussion

A limited amount of sequence data was publicly available for
A. subrufescens prior to the initiation of our studies, and this
mushroom could be considered as a genomic orphan species.
We have recently released a previous set of genomic data
generated for the development of microsatellite markers,
using the procedure of microsatellite-enriched library pyrose-
quencing (Foulongne-Oriol et al. 2012). However, the useful-
ness of this set based on gDNA sequence could be limited for
functional characterization of genes, genome annotation, or
comparative genomics. Therefore, in order to broaden the

@ Springer



7886

Appl Microbiol Biotechnol (2014) 98:7879-7892

Transmembrane transporter activity
Transferase activity

Transcription factor activity
Tetrapyrrole binding
Substrate-specific transporter activity
Structural constituent of ribosome
Signal transducer activity

Protein binding

Oxidoreductase activity
Nucleoside-triphosphatase regulator activity
Nucleic acid binding

Metal cluster binding

Lyase activity

Lipid binding

Ligase activity

Isomerase activity

lon binding

Hydrolase activity

Cofactor binding

Carbohydrate binding

Others

o

Fig. 2 (continued)

range of the genomic tools available for 4. subrufescens, we
have developed the first set of EST sequences dedicated to this
medicinal mushroom using 454 pyrosequencing on samples
from young SPs or vegetative mycelium in CL. This
technology is a rapid, efficient, and cost-effective method
to obtain large-scale DNA sequences, particularly for
less-studied species (Ekblom and Galindo 2011). In fun-
gi, it has been recently used to perform metagenomic
studies (Buée et al. 2009; Opik et al. 2009; Kubartova
et al. 2012), genome sequencing (Diguistini et al. 2009;
Tedersoo et al. 2010; Forgetta et al. 2013), and
transcriptomic analyses (Sato et al. 2009; Cornman
et al. 2012; Wessling et al. 2012). To our knowledge,
the present study is the first one describing an effective
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454 pyrosequencing approach applied to an edible and
cultivated mushroom.

Assembly and annotation

Using one-quarter plate pyrosequencing run for two tagged
samples, we obtained about 30 Mb of raw data per sample.
The number of generated sequences and their length are
in the range of the expected ones for 454 technology
(Metzker 2010). A relatively small portion of reads were
assembled into contigs (36 %), and singletons were
found predominant. Such a profile in high-throughput
sequencing data is not unusual and probably due to a
variety of causes such as sequencing error, effect of
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Fig. 2 (continued)

assembly algorithm, or insufficient coverage depth (Pop
and Salzberg 2008). However, the assembly process re-
sulted in a large percentage of contigs with length greater
than 500 bp and good read coverage. The contig features
described here are comparable to those observed in other
studies (Zeng et al. 2010; Kaur et al. 2011). The high
proportion of sequences, either contigs or singletons,
which matched with known proteins using BLAST, illus-
trated the quality of the sequencing and the subsequent
assembly. Half of the sequences were assigned to various
gene ontology categories, illustrating the diversity of the
transcripts. The remaining sequences without BLAST
hits may correspond to additional genes not represented
in databases and specific to A. subrufescens.

Preliminary transcriptomic data in 4. subrufescens

Our primary objective was to produce a set of high-quality
sequences available for gene discovery and coding sequence-

SP
ECL

% Annotated sequences

based markers in 4. subrufescens. Our results proved that the
low-depth sequencing strategy used was sufficient and effi-
cient to achieve this goal. Thus, the sequence data produced
here represent a substantial new genic resource for the species,
but they could not be considered as representative of the
transcriptome. The estimation of the number of genes and
level of transcript coverage represented in our EST collection
is arduous to determine without a reference genome sequence.
Assuming a similar number of genes as in the congeneric
species A. bisporus (Morin et al. 2012), the sequences
annotated in the present study are likely to reflect approx-
imately 75 % of the gene space of A. subrufescens.
Additional sequencing effort and dedicated approach
would be needed to warrant a comprehensive tran-
scriptome analysis in 4. subrufescens (Vera et al. 2008;
Wall et al. 2009; Ward et al. 2012).

The low-depth coverage of the EST sequences did not
allow a quantitative analysis of differentially expressed genes
between the two conditions (Vera et al. 2008). However, the
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Table 4 Characteristics of the 40 4. subrufescens EST-SSR markers estimated on the 14 genotypes studied

Marker Name Repeat pattern Forwardprimer Reverse primer A PIC

ES02 (TGC)5 TGAAAAATCTAACCCCAGCC TGTCCCAGAAGCACACTCTC 5 0.71

ES04 (CGO)5 CCTTGCCCTAAATTACCCAA CCCTCTTCCTCTTCCTCCTT 2 0.3690
ES05 (CTC)5 CACCTCCTCCACCTTCTCAT GAACTTCGGAGGAGGAACTG 8 0.7066
ES06 (GGC)5 GGAAAGTTGCCAAGGATGTT CTACCCCCTCACTGTCGATT 3 0.2338
ES07 (GGA)5 CAAAGCACTGAGGTCCAAGA GTTGATCAGGTTGATGACGG 2 0.1239
ES08 (TTG)7 AGCGTTTACAAAGCGAGGAT GCTATGGGTCCTCCAACCTA 3 0.1862
ES09 (CAT)5 TTCAGATGCTGCCCTTACTG GGCAAAGACTGTGATGATGG 4 0.5458
ES10 (TGA)6 CAGCTTCCACTAAAGCTCCC CGAGGGTAATTTTCGACGTT 5 0.7033
ESI11 (ATC)5 AAACGGCTGAATTCGATACC AAGAATTCGATATCGGTGGC 2 0.1239
ES12 (CTG)5 AGCCGCAAAGGACTACAACT AGAAAAGCCCAGACAAGGAA 3 0.3768
ES13 (CGO)5 CCTTCATCAACTGCACCATC AAACTTCGCAATCAGTCCCT 5 0.6435
ES14 (CAA)5 CCATGATGCCTTTGAGTGAC GAAGACGAACTCGACGACAA 2 0.3249
ES15 (CGG)5 AAAATCAACGAAGTCCTGGG GGCTGATGAGAAGAAGGAGG 2 0.2800
ES20 (CCG)5 CGACATTGACGTTGGAAATC TCTCTTCGCAGTGGCAATAC 6 0.5752
ES27 (CAT)5 ACAGGATCGGACAAACAACA CCTCTGGTGACGATCTCAAA 3 0.3889
ES30 (CAC)5 CTTCACACCATGTACCTGCC CTTCGTCGCCAAATAGATGA 2 0.0665
ES31 (GGC)5 TTCTTGGGATGTGATGTTGC GACCACTTCCCCAAAAGAAA 4 0.4247
ES32 (GTC)5 CCATTCTCTCTTCTTTCGCC GAGCGAACAAACAACGAAGA 2 0.2503
ES34 (CAC)5 TGGATGGCTGAGTCGTAGTC AAGCCAGGTGGAATATTTGG 3 0.5674
ES35 (TGT)6 GGAAAGGTGTTAAAACGGGA AATATCAAATGTCCCGGCTC 6 0.7752
ES37 (TCA)5 CTGTGGATGATGATCCTGCT GACGGTAAAATCCCGAGAAA 5 0.6469
ES38 (CGA)S CAGTTATACTGGCTTCCGCA AGACAAGGACCCCAAAGATG 4 0.3100
ES40 (ATC)5 AGTGGTTAAGTGAGGTGGGG AGATGCCCAGAACATGTCAA 13 0.8807
ES41 (CTT)5 TACAAAACAGGGACCGAACA CACCTGTTGATTTCAGTGGG 4 0.4677
ES42 (AGC)5 GGTAGGCCTCTTTTCTCCGT AGGTGGATAGATAGCTGGCG 3 0.2743
ES43 (GAT)5 CAGTTGAATAACGCGCAACT AGGAGCTTGAAGCAACCATT 4 0.2464
ES45 (ATG)6 TCTCATCGAACATGAGGAGC CGACTTTGCTGGAAACTTGA 5 0.3540
ES46 (CGT)5 CTATGCCAACACACCTGGTC AGGCTCATGATAAGGTTCGC 2 0.2149
ES47 (GCT)5 TCGTTGAGCAAGATTGGAAG GTTTTGTTCCAGACACTGGG 3 0.4275
ES49 (CGT)5 ATATACGTCGATCCTTGGGC GACTAACGACGGAACAACGA 2 0.1730
ES50 (GAC)5 TTATCCCTCTCCTCTTGCGT ACTCGTGTTCGTATTGCACC 2 0.0767
ES52 (GGA)5 TTCATGGCCTCCACTATCAA AGTTTGATTTCGCGGAGAGT 3 0.4090
ES53 (TTG)5 AGAACATTTTCCGTCCGTTC CACTTGCTATACCGCCTTCA 3 0.5141
ES55 (GGT)5 CCACCTCGAGCAGCTCTT GAGAAGTAGCGGGTCTGGAA 3 0.1862
ES59 (CGA)S GCTGAACAGGAGTAGGAGGC TTTCTCGTAGAAGCAGGGGT 6 0.6968
ES60 (CAG)5 TACGCATTTCGTCTCTCGTC TTCAAGGCTCGTAGGGAACT 6 0.7992
ES61 (CGT)5 GGCTCGCCAGTGCTAATAAC AACGCCTTCTTCAAACGACT 5 0.6514
ES62 (TGA)5 TTCCTCGACTCCGTCTTCTT CCAACATCTTATCACAGCGG 3 0.3254
ES63 (TGC)5 CAGACTTTCCAACGCCAATA CATAGGAAGCGCAATAGCAA 5 0.7033
ES65 (TCA)5 ATGCAAAACAGGGGGTAAAG TGGTCGTGATAGGGAAACAA 6 0.6675

reciprocal blast searches gave us a rough picture of the genes
specifically expressed in one condition rather than in the other.
In the subset of sequences specific to SP, several transcription
factors (TF) were found (data not shown), with for example a
homolog of hom1 which has been described as being upreg-
ulated in fruiting bodies compared to mycelium in A. bisporus

@ Springer

(Morin et al. 2012) and Schizophyllum commune (Ohm et al.
2011). Sequences similar to G protein-coupled receptors, po-
tentially involved in signal transduction network during
fruiting body development (Xiang et al. 2014), were also
found specifically in SP. In A. bisporus, the transcript that
showed the highest level of overexpression in fruiting bodies
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compare to culture encoded for an hydrophobin (Morin et al.
2012) and one homolog of this gene in A. subrufescens was
found uniquely in SP. This preliminary work is encouraging
for future analyses of the regulation processes underlying
fructification in this cultivable mushroom.

Synteny with A. bisporus

The alignment of the EST A. subrufescens sequences against
the A. bisporus genome assembly revealed a strong homology
between the compared sequences. Our analyses demonstrated
that a large portion of the 4. subrufescens sequences (87 %)
showed best hits to proteins of A. bisporus. The level of
homology between these two species is higher than between
A. bisporus and other Agaricomycetes (Morin et al. 2012).
The comparison with genes found preferentially expressed in
quite comparable conditions in 4. bisporus (Morin et al. 2012)
suggested that the two species share common biological pro-
cesses involved in the SP development. These results are
promising to further promote comparative genomics and
synteny analysis between these two species. They will, among
others, facilitate investigation in genome evolution and dy-
namics (Stukenbrock 2013). Contrary to A. subrufescens
(Largeteau et al. 2011), numerous genetic information are
available for A. bisporus, such as quantitative trait loci for
agronomic traits or useful marker-assisted selection (Savoie
etal. 2013). The synteny highlighted by our results offers new
opportunities for developing new strategies for breeding in
A. subrufescens through the potential transferability between
the two species (Duran et al. 2009). In this context, the web-
based tool developed in this work will be very helpful. Despite
the high level of synteny between the two species, 4 % of the
A. subrufescens sequences encoded for lineage-specific genes.
A deeper analysis of these genes could be interesting to define
a genomic signature peculiar to A. subrufescens.

Putative gene discovery

The availability of EST sequences will allow the functional
analysis of genes, especially those involved in metabolic
pathways underlying the medicinal properties of
A. subrufescens, as it has been successfully done in several
plant of pharmacological interest (Zeng et al. 2010; Annadurai
et al. 2012; Koo et al. 2013) or in traditional Chinese medic-
inal fungi (Luo et al. 2010; Xiang et al. 2014). It may help, for
example, to decipher the biosynthesis of agaritine. The bio-
chemical origin of this aromatic hydrazine molecule is still
controversial. Several hypotheses have been described to ex-
plain its biogenesis. Agaritine has been firstly inferred to be a
shikimate-derived metabolite (Stussi and Rast 1981).
Baumgartner et al. (1998) postulated that agaritine is a fungal
product metabolized from exogenic precursors resulting from
lignin breakdown and bacterial diazotrophic activity. Several

genes encoding enzymes of the shikimate pathway or in-
volved in the nitrogen metabolism potentially related to the
biosynthesis of agaritine and other hydrazine derivatives have
been found among our sequences. Surprisingly, whereas ter-
penoids are known to be bioactive compounds of various
plant and fungi (Kirby and Keasling 2009; Wawrzyn et al.
2012), the characterization of such molecules and their possi-
ble medicinal properties has not been investigated in Agaricus
species. The genes identified in the present study as being
involved in the terpenoid biosynthetic pathways offer also the
opportunity to uncover new pharmaceutical compounds and
establish new strategies for metabolic engineering. Other
genes involved in secondary metabolic pathway of high bio-
technological value were also highlighted as genes coding for
lignocellulolytic enzymes (Dashtban et al. 2009). This set of
A. subrufescens EST will support further molecular studies
such as the cloning of gene of interest or the design of
expression studies (Sharma and Sarkar 2013).

Marker development: example of EST-SSR

Another application of the EST sequences is the development
of genic molecular markers. With the increasing amount of
sequences available in public database together with the ad-
vance in next generation sequencing technologies, the devel-
opment of such markers has become almost usual in various
plant species (Varshney et al. 2007) and also in fungi (Feau
et al. 2007; Luo et al. 2010). Such markers, based on gene
sequence, are advantageous for several reasons (Varshney
et al. 2007). First, they are supposed to be more conserved
between species than markers based on noncoding sequences.
Thus, they could be useful in taxonomy, population genetics,
and evolutionary studies. Second, these markers might be
linked to genes involved in the phenotypic expression of
interesting traits. In this way, they could be highly informative
in linkage mapping and association genetic studies to under-
stand the control of agronomic or adaptive traits.

The data mining of the present A. subrufescens EST
dataset allowed the identification of 232 SSR. The density of
microsatellites found in A. subrufescens EST sequences
(41 SSR/Mb) is comparable to that described in A. bisporus
coding sequence (51 SSR/Mb) (Foulongne-Oriol et al. 2013)
using the same bioinformatics methods. From our sequences, a
total of 40 polymorphic EST-SSR markers were successfully
developed. Since these new markers were characterized on the
same sample than the one previously used for genomic SSR
(gSSR) development (Foulongne-Oriol et al. 2012), we can
readily compared the usefulness of EST-SSR versus gSSR in
A. subrufescens. Thus, regarding genetic parameters, EST-
SSRs were less slightly polymorphic (4=3.9, PIC=0.43,
Ho0=0.27) than gSSRs (4=4.159, PIC=0.52, Ho=0.33). This
result is consistent with literature (Varshney et al. 2007) and
reflects the fact that the mutation frequency of EST sequences
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is lower than for genomic sequences (Ellegren 2004; Li et al.
2004). The development of EST-SSR markers was particularly
attractive because they are supposed to have a higher transfer-
ability rate across species than gSSR markers (Ellis and Burke
2007). Since we have already demonstrated the potential trans-
ferability of 4. subrufescens gSSR to other Agaricus species
(Foulongne-Oriol et al. 2012), we may reasonably expect a
higher degree of transferability to related species with the
present set of EST-SSR. Experiments to validate such a hy-
pothesis are ongoing. Numerous other loci remain to be tested
and could provide additional sources of polymorphic EST-SSR
markers. In addition, the DNA resource reported here provides
strong genomic basis to further SNP discoveries through forth-
coming sequencing projects or targeted gene studies.

To conclude, the development of genomic resources and
molecular markers in edible mushroom is a relatively new
applied science as illustrated by recent advances in A. bisporus
(Savoie et al. 2013) or Pleurotus ostreatus (Ramirez et al.
2011). The present work illustrates well these new trends in
mushroom breeding and demonstrates also that they are not
devoted to the major cultivable species. The method that we
used, based on low-depth sequencing, has been proven to be
efficient, rapid, and cost-effective to generate abundant spe-
cific sequences in a nonmodel organism. This strategy could
be applied to other fungal species. The EST datasets presented
here represent a significant contribution to the genomic re-
sources available for the medicinal mushroom
A. subrufescens. These ESTs provide solid bases for decoding
the metabolic engineering and identifying genes potentially
involved in medicinal biochemistry of this species. In addi-
tion, the development of molecular markers derived from
these sequences, as illustrated by the present set of EST-
SSR, will greatly facilitate further genetic analyses and mo-
lecular breeding. Such studies are ongoing in our laboratory.
These EST collections offer also opportunities to initiate com-
parative genomic studies in Agaricus species and to a larger
extent in basidiomycetes.
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