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Abstract: Given the diversity and ecological impor-
tance of Fungi, there is a lack of population genetic
research on these organisms. The reason for this can
be explained in part by their cryptic nature and
difficulty in identifying genets. In addition the
difficulty (relative to plants and animals) in develop-
ing molecular markers for fungal population genetics
contributes to the lack of research in this area. This
study examines the ability of restriction-site associated
DNA (RAD) sequencing to generate SNPs in Laccaria
bicolor. Eighteen samples of morphologically identi-
fied L. bicolor from the United States and Europe
were selected for this project. The RAD sequencing
method produced anywhere from 290 000 to more
than 3 000 000 reads. Mapping these reads to the
genome of L. bicolor resulted in 84 000–940 000
unique reads from individual samples. Results indi-
cate that incorporation of non-L. bicolor taxa into the
analysis resulted in a precipitous drop in shared loci
among samples, suggests the potential of these

methods to identify cryptic species. F-statistics were
easily calculated, although an observable ‘‘noise’’ was
detected when using the ‘‘All Loci’’ treatment versus
filtering loci to those present in at least 50% of the
individuals. The data were analyzed with tests of
Hardy-Weinburg equilibrium, population genetic
statistics (FIS and FST), and population structure
analysis using the program Structure. The results
provide encouraging feedback regarding the poten-
tial utility of these methods and their data for
population genetic analysis. We were unable to draw
conclusions of life history of L. bicolor populations
from this dataset, given the small sample size. The
results of this study indicate the potential of these
methods to address population genetics and general
life history questions in the Agaricales. Further
research is necessary to explore the specific applica-
tion of these methods in the Agaricales or other
fungal groups.

Key words: Agaricales, Agaricomycetes, Fungi,
GBS, RAD, restriction-site associate DNA

INTRODUCTION

Fungi are involved in a vast array of ecological
interactions. They are also one of the most cryptic
groups of multicellular eukaryotic organisms. Deter-
mining the size and number of individuals in a
population and the genetic relationships among
populations is needed for understanding microevolu-
tionary and ecological processes. Studying fungal
populations is best accomplished with molecular
methods because of challenges identifying individuals
(genets) based on sporocarp demographic patterns.
However, relative to plants and animals, population
genetic studies in fungi are lacking. Only 8% of the
population genetic studies appearing in Molecular
ecology 2009–2010 involved fungi (Guichoux et al.
2011) and less than 7% of the population genetics
papers published in Molecular Ecology Notes 2001–
2005 focused on fungi (Dutech et al. 2007). Further-
more, a review of landscape genetic studies stated that
only 0.5% of these studies involved fungi (Storfer et
al. 2010). A review of population genetics of
ectomycorrhizal fungi demonstrated that the accu-
mulation of studies in this field has grown linearly
1990–2009 (Douhan et al. 2011), but fungal popula-
tion studies still are relatively rare. By basis of
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comparison, the proportion of fungal population
genetic studies 1990–2009 made up only 1–2% of
population genetic studies as a whole (evaluation
using ISI Web of Science and the search terms ‘‘fungi
population genetics’’ and ‘‘population genetics’’).

The paucity of research in fungal population
genetics has left mycologists with many unanswered
questions as to how ecological roles, life histories and
evolutionary relationships shape fungal populations.
Considering there are more than 1 500 000 estimated
species of fungi and all of the ways these fungi
contribute to the environment—from ecosystem
services, to associations with foundation species—the
underrepresentation of population genetic studies in
fungi needs to be addressed. Several factors might
contribute to the dearth of fungal population genetic
research including complications of collecting suffi-
cient samples of these cryptic organisms and chal-
lenge of developing population genetic markers for
studying fungi.

A small number of studies have attempted to
characterize the population genetic structure of some
Agaricales (mushroom-forming fungi). Studies of the
ECM fungus Russula brevipes identified distinct popu-
lations only over very long distances (. 1500 km)
(Bergemann and Miller 2002) but was unable to detect
population structure at shorter distances (, 1 km)
(Bergemann et al. 2006), both studies relied on only
three and six SSR (short sequence repeats, AKA
microsatellites), respectively. A study of European
Laccaria amethystina populations using a combination
of SSRs, a mitochondrial marker, and direct amplifi-
cation of length polymorphism (DALP) was not able to
detect reproductive isolation among populations
separated by distances . 400 km (Roy et al. 2008).
Similarly Keirle et al. (2011) showed that Hawaiian
populations of the saprobe fungus Rhodocollybia
laulaha were not shaped by the geological history of
the Hawaiian Islands, although this analysis was limited
to a single genetic marker. The restricted number of
markers used in these studies limited the resolution
and potential for a clear assessment of gene flow or
understanding evolutionary history within these
groups.

Although SSRs are commonplace in population
genetic studies of plants and animals, their usefulness
in studying fungal populations appears to be limited.
Dutech et al. (2007) enriched the SSR libraries for 17
species of fungi and concluded that SSRs are not only
harder to isolate from fungi but that they exhibit a
low polymorphism relative to angiosperms and
animals.

In the past decade single nucleotide polymor-
phisms (SNPs) have become increasingly popular
for use in population genetic studies for plants and

animals (Guichoux et al. 2011, DeFaveri et al. 2013)
but have yet to be used for population studies of
Agaricales. SNPs are easily identified, are co-domi-
nant and occur in such high numbers that in some
cases they can be more efficient than SSRs because
they do not require large sample sizes to characterize
variation within a population nor do they need
common controls across studies and time (Guichoux
et al. 2011). However, as with SSRs, accumulating
sufficient SNP data in fungi has been problematic due
to laborious Sanger sequencing of limited loci (Keirle
et al. 2011).

Restriction-site associated DNA (RAD) sequencing
is a relatively new method using high-throughput
sequencing technology that allows for identification
of SNPs by sequencing many small fragments in
highly variable regions of the genome accessed
through restriction digest (Miller et al. 2007). The
more closely related a group of organisms are, the
more restriction loci they will have in common
throughout their genome. Because of this principal,
RAD sequencing has been demonstrated as an
effective way to generate homologous loci from which
SNPs can be identified for population genetic
analysis. Elshire et al. (2011) developed a simplified
RAD sequencing approach for genotyping by se-
quencing (GBS). This method recovered . 25 000
and 436 biallelic SNP markers from maize and barley,
respectively. The ability of these techniques to identify
a large number of SNP loci in a genome has the
potential to overcome the limitations of traditional
marker development in fungal population genetics
(Davey and Blaxter 2011, Davey et al. 2011, Elshire et
al. 2011, Morris et al. 2011, DeFaveri et al. 2013).

This study tests the effectiveness of RAD sequenc-
ing by with the GBS approach developed by Morris et
al. (2011) to detect SNP markers in a small sampling
of the ectomycorrhizal mushroom species Laccaria
bicolor. This study also examines the efficacy of this
method given taxonomic ambiguities related to the
test species. Last, this study uses the availability of the
L. bicolor genome to test whether a reference genome
is necessary for analyzing population genetic structure
with SNPs in Agaricales.

MATERIALS AND METHODS

Sample selection and phylogenetic evaluation of samples.—
Eighteen samples, consisting of Laccaria species morpho-
logically identified as L. bicolor (n 5 7) and L. trichodermo-
phora (n 5 11), were chosen for GBS analysis (TABLE I)
based on their morphological and geographic similarity.
These two species have been reported to be closely related,
representing northern and southern USA taxa of L. bicolor
sensu lato (Mueller and Gardes 1991). Phylogenetic
relationships among samples were determined with nuclear
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ribosomal internally transcribed spacer regions 1 and 2
(ITS) to determine their systematic and taxonomic rela-
tionship to 115 Laccaria and five outgroup samples
(supporting materials TABLE I). Molecular methods for
obtaining and analyzing nrITS sequence data follow the
protocols outlined in Wilson et al. (2013).

GBS methods: restriction enzyme choice and adapter design.—
The choice of restriction endonuclease (RE) used to digest
genomic DNA depends on the size of the genome, the
sequencing effort and the number of markers required for
the necessary analyses. PstI, a 6 bp cutter (CTGCA|G), was
chosen because it generates thousands of RAD loci in a
fairly small genome such as L. bicolor (, 65 megabases).
This enzyme has been demonstrated to work well in
switchgrass, Panicum virgatum (Morris et al. 2011).

Sequencing adapters consist of double-stranded oligonu-
cleotides with 4 bp overhangs (or ‘‘sticky ends’’) that
promote ligation to PstI restriction sites (FIG. 1) and allow
for single- or paired-end, multiplex sequencing on the
Illumina Inc. (San Diego, California) NGS platforms. These
consist of a barcode adaptor and a common adaptor.
Barcode adaptors terminate with a 4–8 bp barcode sequence
adjacent to the 4 bp ‘‘sticky end’’ that corresponds to the PstI
restriction sight (FIG. 2). The barcode adaptor sequences
are: 59–ACACTCTTTCCCTACACGACGCTCTTCCGATC-
TxxxxTGCA and 59– yyyyAGATCGGAAGAGCGTCGTG-
TAGGGAAAGAGTGT where ‘‘xxxx’’ and ‘‘yyyy’’ corre-
spond to the barcode and barcode reverse-complement
sequences, respectively. The common adaptor simply has the
PstI ‘‘sticky end’’ (in italics) with the sequence 59–

FIG. 1. GBS library preparation for high-throughput sequencing. Restriction digest step: The genome of each sample is
digested using restriction endonuclease. For this study PstI is used. Dark gray regions with multiple, white, ‘‘Ns’’ denote
genome sequence, which will be evaluated for viable SNPs.

FIG. 2. Ligation step: Barcode and common adapters are ligated to restriction sites. Adaptors are indicated by light gray
shaded regions.

FIG. 3. PCR step: The ligated fragments are amplified before pooling into a single library. The arrows denote differences in
successful amplification. Larger arrows 5 more amplified product.

FIG. 4. Quantification and library assembly step: The amount of DNA amplified in each sample is quantified with qPCR.
The appropriate amount of sample then is added to a single 50 mL volume consisting of 3 mg DNA for sequencing. Arrows
denote the volume of sample to be added to normalize the amount of each sample represented in the library. Larger arrows 5

greater volume of sample added. The sum of all samples should produce a final quantity of 3 mg DNA. This will be evaporated
before being resuspended to produce a final concentration of 3 mg/50 mL DNA.

220 MYCOLOGIA



CTCGGCATTCCTGCTGAACCGCTCTTCCGATCTGCA
and a ‘‘sticky end’’-less reverse complement 59–GATCG-
GAAGAGCGGTTCAGCAGGAATGCCGAG. Adapter stocks
consisting of both a barcode and the common adapter
are made by combining both adapters, at a concentration
of 0.6 ng/mL (, 2 pmol/mL), mixed in a 1:1 ratio.

GBS method: library preparation and sequencing.—DNA
quantification of samples is necessary to ensure that 1 mg
genomic DNA is available for library preparation. For the
library prep 10 mL , 100 ng/mL DNA is used per sample. Each
sample of the appropriate DNA concentration is combined
with 6 mL adapter stock described above (, 0.06 pmol
each adapter) and dried in 96-well plates for library
preparation.

Four primary steps were involved in preparing a GBS
library and follow the protocols described in Elshire et al.
(2011), with some modification. These steps are illustrated
(FIGS. 1–4) and are as follows: FIG. 1 Digesting L. bicolor
genomic DNA in 20 mL reaction volumes using four units of
Pst1-HF (NEB ref) per sample at 37 C for 2 h. FIG. 2.
Ligating the restriction digest product of each sample with
sequencing adapters in a 50 mL reaction volume using 640
units of T4 DNA ligase (NEB ref), incubating at 16 C for
60 min. FIG. 3. Purifying each sample with the QIAGEN
MinElute 96-well PCR purification kit and protocol (QIA-
GEN USA, Valencia, California; http://www.qiagen.com),
with the purified products eluted in 25 mL 0mM Tris-Cl,
pH 8.5 (FIG. 3a, b). Following purification, PCR was
performed on each sample in 50 mL volumes consisting of
25 mL NEB 23 Taq Master Mix, 2.0 mL PCR primer mix
(12.5 pmol/mL of each of the following primers: (i) 59–
AATGATACGGCGACCACCGAGATCTACACTCTTTCCC-
TACACGACGCTCTTCCGATC*T and (ii) –59–CAAGCAGA-
AGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAA-
CCGCTCTTCCGATC*T, where * 5 phosphorothioation,
13 mL dH2O, and 10 mL purified post-ligation DNA samples
(FIG. 3c). These thermo-cycler protocols were used for PCR
amplification: (i) 68 C for 5 min; (ii) 95 C for 60 s; (iii) 95 C
for 30 s; (iv) 65 C for 30 s; (v) 68 C for 30 s; (vi) repeat cycles
3–4 17 times; (vii) 68 C for 5 min; (viii) 4 C hold (FIG. 4). We
quantified the concentration of PCR produce in each sample
to ensure that each is represented equally when pooled into a
singe library for multiplex sequencing. The concentration of
each sample was calculated via qPCR with protocols
developed for Quant-IT PicoGreen (Life Technologies,
Grand Island, New York). The concentrations of each sample
were used to determine the volume of sample to add to the
final library. This was done with this formula:

V~ Q=Nð Þ=C

Where V 5 volume of sample to add to library (mL); Q 5

quantity of DNA in final library (3 mg); N 5 total number of

samples; C 5 concentration of sample (ng/mL).
The pooled library was purified with a QIAQuick PCR

purification kit (QIAGEN USA, Valencia, California;
http://www.qiagen.com/), eluted with 50 mL buffer and
quantified with a Nanodrop spectrophotometer (Thermo
Scientific, Wilmington, Delaware). The library of L. bicolor
samples was sequenced with an Illumina HiSeq 2000 at the

Institute for Genomics and Systems Biology at the University
of Chicago.

Analysis of RAD sequence data.—All data were deposited in
NCBI’s Bio Project archive No. PRJNA254545 (http://www.
ncbi.nlm.nih.gov/bioproject/). Preliminary sequence data
were evaluated with custom perl scripts. The software Stacks
1.02 (Catchen et al. 2011) was used for identification and
quantification of SNP data. To evaluate the utility of the
SNP data for population genetic studies of fungi other than
L. bicolor, two treatments of the data were performed. The
first treatment used the availability of the reference genome
for L. bicolor (Martin et al. 2008). The other treatment
estimated SNP data de novo to address the fact that most
fungal species are not likely to have a readily available
reference genome. Alignment to the reference genome was
performed with Bowtie 1.0.0 (Langmead et al. 2009). To
determine the utility of these data in population genetics
studies, in particular the ability to calculate classical
population genetics statistics, pairwise FST and FIS scores
were calculated for two North American metapopulations:
Midwest (Illinois and Wisconsin) and South (Texas and
Louisiana). To address missing data associated with the
limited sampling of populations and individuals, we
performed these analyses on two datasets: one using all
loci (all loci dataset) and one using only those loci that are
present in at least 50% of sampled individuals (50%

dataset).
An evaluation of population structure from these SNP data

was performed with Structure 2.3.4 (Pritchard et al. 2000),
using the loci present in 50% dataset. Custom perl scripts
were used to randomly subsample 1000 loci from both the de
novo and reference-based treatments to directly compare
results for equal numbers of loci. This was done 23 to
compare the effect of subsampling loci. Structure was run
with 20 000 MCMC generations with a burn-in of 10 000, using
the methods described by Evanno et al. (2005) to test for the
most likely population subdivision among k 5 1–k 5 7.

RESULTS

Selection of Laccaria bicolor samples for RAD
analysis.—Thirteen of the 18 morphologically iden-
tified L. bicolor samples were shown to fall within the
L. bicolor ‘‘complex’’ based on maximum likelihood
analysis of nrITS sequences. This clade is given weak
maximum likelihood bootstrap support (BS) in the
nrITS tree (BS 5 65%; SUPPLEMENTARY FIG. 1).
However, this clade represents a diverse range of
morphologically similar specimens, including the
nrITS sequence for culture S238N-H82, which was
used to produce the L. bicolor genome. The remaining
five samples, originally identified as ‘‘L. bicolor’’, fall
outside the complex. These represent three samples
from Texas (GMM7648, GMM7698, GMM7730), one
from Illinois (AWW543) and one from Michigan
(AWW567). Despite the fact that these samples were
misidentified as ‘‘L. bicolor’’ their placement outside

WILSON ET AL.: AGARICALES POPULATION GENETICS USING RAD 221



the L. bicolor complex is useful in that they were used
in the evaluation of SNP data in intra- vs. interspecies
relationships. OTUs from the monophyletic clade
containing S238N-H82 were treated as the ingroup,
while the five samples falling outside of the complex
were treated as outgroups.

Evaluation of RAD data.—Initial assessment of RAD
data (one multiplexed lane of paired-end HiSeq
2000) revealed that more than 64 000 000 101 bp
sequence reads were produced from across all 18
samples. These sequences represent a total of
21 695 162 sites, from which preliminary analysis
identified 17 854 SNPs (5 0.08% polymorphic sites).
The percentage of sequence reads from ingroup L.
bicolor complex samples that mapped to the genome
was nearly double the percentage from outgroup taxa
(ingroup average 5 79.2%, outgroup mean 5 46.4%:
P , 0.001). When eliminating sequence reads that
map with more than one genome location (e.g. using
only reads with unique genome locations), the
difference between ingroup and outgroup is still
significant (ingroup average 5 28.3%, outgroup mean
5 22.8%: P 5 0.0025). The number of informative SNP
markers recovered varied depending on sample
inclusion. Using both ingroup and outgroup samples
reduces the number of informative SNP markers 94.4–
98.2%, depending on how the population was circum-
scribed (data not included). To further evaluate the
SNP markers generated by GBS methods, we focused
on those produced for ingroup taxa.

All sequence reads were mapped to the genome for
L. bicolor to determine the proportion of loci that fell
within coding regions (TABLE II). Of all sequence reads,
fewer than 8% were found in exons. Approximately
one-quarter of the reads found in exons represent loci.
These loci represent less than 20% of the loci used to
evaluate population structure in this study.

A comparison of North American ingroup popula-
tions from the Midwest (two Illinois and one
Michigan samples), and South (three each Texas
and Louisiana samples) recovered 10 567 loci in the
de novo treatment and 23 634 loci using a reference
genome (TABLE I). Due to the small number of
samples, this study cannot derive meaningful conclu-
sions regarding the ecology and life history of L.
bicolor populations in North America. Instead, the
aim of the study was to use these data to demonstrate
the kind of information obtainable from SNPs
produced with GBS methods. All population genetics
statistics generated for this dataset using STACKs,
including expected and observed homozygosity and
heterozygosity, Pi and the variance and standard error
for these statistics etc.) are presented (SUPPLEMENTARY

TABLE I).

The two datasets, all loci dataset and the 50%

dataset, as applied to the two treatments, denovo and
reference genome, were evaluated with population
genetic statistics (TABLE II). In both datasets, more
SNPs but fewer polymorphic loci were recovered
using the reference genome compared to using the
de novo method. Populations in the South (n 5 8)
had more than 43 as many loci as populations in the
North (n 5 3). Removing loci that were present in
50% or fewer individuals resulted in a 73 (de novo,
Midwest) to 203 (reference, South) decrease in SNPs.
This was as expected in that rare variants with low
coverage can be identified readily with a reference
genome but cannot be typed across many samples.

Fixation indices (F statistics) differed slightly
between de novo and reference-based treatments
in analyses that included all loci (TABLE II). The
inbreeding co-efficient (FIS) from de novo data for
the Midwestern population is higher than the South
(20.0024 vs. 20.015) but both are effectively zero,
suggesting little evidence of inbreeding. When the
reference genome was used to filter data, the FIS for
Midwestern population showed a high heterozygous
excess, but there was no difference seen for the
Southern population (20.370 vs. 20.0380). An excess
of heterozygosity is usually associated with either
hybridization, such as two divergent populations
coming together, heavy selection against selfing
associated with inbreeding depression or a product
of small effective populations size, especially in
dioecious species (Balloux 2004, Cabrera-Toledo et
al. 2008). Because the excess of observed heterozy-
gosity was found only in the Midwest this is more
likely a data sampling issue rather than a potential
indication of biological phenomena of populations in
this area. Also, after removing loci not present in at
least 50% of individuals, the difference between the
observed and expected heterozygosity is reduced
from approximately 100% more observed heterozy-
gotes to roughly 33% more (TABLE II). Using loci that
are present in only 50% of individuals or other such
filtering of the datasets is suggested as an appropriate
strategy to avoid confounding results (such as
heterozygous excess) from the data. When applied
to the dataset in this study, this approach produced
much less variation between results derived from the
de novo treatment or from the reference genome
treatment.

Population fixation indices (FST) between de novo
and reference treatments are not relatively different
within datasets. However, there was a noticeable
difference between datasets. Using all loci indicated
that genetic structure among populations is high (FST

5 0.225 vs. 0.217). In contrast, removing loci present
in less than 50% of the individuals tended to limit

222 MYCOLOGIA



T
A

B
L

E
II

.
R

es
u

lt
s

o
f

p
o

p
u

la
ti

o
n

ge
n

et
ic

an
al

ys
is

fo
r

SN
P

d
at

a
fr

o
m

th
re

e
N

o
rt

h
A

m
er

ic
an

L
a
cc

a
ri

a
bi

co
lo

r
p

o
p

u
la

ti
o

n
s

A
ll

lo
ci

(s
eq

u
en

ce
s

w
it

h
SN

P
s)

L
o

ci
in

at
le

as
t

50
%

o
f

in
d

iv
id

u
al

s

D
e

n
o

vo
R

ef
er

en
ce

D
e

n
o

vo
R

ef
er

en
ce

U
S

p
o

p
u

la
ti

o
n

M
id

w
es

t
So

u
th

M
id

w
es

t
So

u
th

M
id

w
es

t
So

u
th

M
id

w
es

t
So

u
th

T
o

ta
l

si
te

s
2.

15
E

+0
6

8.
84

E
+0

6
5.

80
E

+0
5

1.
92

E
+0

6
6.

35
E

+0
4

1.
22

E
+0

5
2.

24
E

+0
4

6.
05

E
+0

4
N

u
m

b
er

o
f

SN
P

s
fo

r
th

e
p

o
p

u
la

ti
o

n
16

80
90

14
40

83
19

81
1

21
2

95
2

20
9

95
8

P
er

ce
n

t
o

f
to

ta
l

0.
07

8
0.

10
2

0.
70

4
1.

03
3

0.
33

4
0.

78
3

0.
93

4
1.

58
3

N
u

m
b

er
o

f
p

ri
va

te
al

le
le

s
57

0
82

4
54

8
76

8
11

39
17

56
E

xp
ec

te
d

h
et

er
o

zy
go

si
ty

0.
32

6
0.

40
1

0.
41

7
0.

45
4

0.
32

5
0.

27
6

0.
31

7
0.

30
6

O
b

se
rv

ed
h

et
er

o
zy

go
si

ty
0.

63
2

0.
64

9
0.

82
5

0.
85

3
0.

45
6

0.
28

7
0.

48
1

0.
40

0
F

IS
2

2.
40

E
-0

3
2

1.
50

E
-0

2
2

3.
70

E
-0

1
2

3.
80

E
-0

2
2

2.
60

E
-0

2
5.

10
E

-0
2

2
6.

90
E

-0
2

2
7.

70
E

-0
2

C
o

m
b

in
ed

U
S

p
o

p
u

la
ti

o
n

N
u

m
b

er
o

f
SN

P
s

10
56

7
23

63
4

11
40

11
46

N
u

m
b

er
o

f
lo

ci
67

05
62

87
70

4
38

3
P

ai
rw

is
e

F
S

T
0.

22
5

0.
21

7
0.

09
3

0.
07

4

Se
q

u
en

ce
re

ad
s

th
at

fa
ll

w
it

h
in

ex
o

n
re

gi
o

n
s

an
d

th
e

p
ro

p
o

rt
io

n
o

f
th

o
se

th
at

co
n

si
st

o
f

p
o

p
u

la
ti

o
n

ge
n

et
ic

lo
ci

A
ll

se
q

u
en

ce
re

ad
s

(w
it

h
o

r
w

it
h

o
u

t
SN

P
s)

11
9

18
7

75
80

9

M
ap

p
ed

to
ex

o
n

s
49

87
56

26
P

er
ce

n
t

o
f

al
l

re
ad

s
4.

2%
7.

4%
L

o
ci

fo
u

n
d

in
ex

o
n

s
13

04
10

29
P

er
ce

n
t

o
f

al
l

lo
ci

19
.4

%
16

.4
%

WILSON ET AL.: AGARICALES POPULATION GENETICS USING RAD 223



extraneous ‘‘noise’’ from our dataset, clarified the
results and suggested high gene flow between
populations (FST 5 0.093 vs. 0.074).

The Structure analyses were unable to find strong
support for population structure using different
genetic groupings for either the de novo or refer-
ence-based treatments, likely due to the small samples
sizes (SUPPLEMENTARY FIG. 2). While there was some
detectable variation in our populations according to
Structure, interpretation of these results are limited
by the amount of missing data in both the de novo
treatment (63% missing) and reference genome
treatment (65% missing). Despite the limitations of
our data, it is likely that with a denser sampling
strategy and appropriate filtering of the population
genetic loci (e.g. the 50% dataset) the data generated
with these GBS methods have the potential for using
Structure on Agaricomycete population genetic data.

DISCUSSION

This is the first study demonstrating the efficacy of
using RAD sequencing methods to develop SNP
markers for population genetic studies in mush-
room-forming fungi (Agaricales). Using the GBS
method developed by Elshire et al. (2011), with
modifications described in Morris et al. (2011), we
generated thousands of viable RAD loci for a sample
population of Laccaria bicolor, both with and without
the use of a reference genome. These results
demonstrate this method’s potential use for analyzing
Agaricales populations even when the target species
lacks a genome reference.

As the cost of high-throughput sequencing contin-
ues to decline, it will become increasingly feasible to
perform multiple sequencing runs on larger sample
sizes both within and between populations. In
addition, there is continued development of bioinfor-
matic tools and programs appropriate for population
genetic analysis of sequence data, which will make the
pipelines for analysis of F statistics and other metrics
increasingly straightforward. Efficient methods for
generating population markers will facilitate and
increase the use of these types of data for addressing
big-picture questions, such as how life history and
ecology play a role in shaping specific Agaricales
populations.

Traditionally SSRs have been the marker of choice
in population genetic studies, and they have been
used effectively for some fungi (e.g. Bergemann and
Miller 2002; Bergemann et al. 2006, 2009; Roy et al.
2008; Keirle et al. 2011; Vincenot et al. 2012).
However, identifying informative SSRs for fungi has
been shown to be difficult and time consuming
(Dutech et al. 2007). The availability of high

throughput sequencing of fungal genomes lets
researchers identify SSRs by directly screening an
organism’s genome. For L. bicolor the availability of a
genome facilitated the discovery of 78 SSRs of
appropriate length from non-transposable element
intergenic regions (Labbé et al. 2011). However,
identification of SSRs is only the first of several steps
required to develop SSRs as viable population genetic
markers. Many individuals are needed to screen SSRs,
assess allelic variation, ensure that they meet assump-
tions of Hardy-Weinberg equilibrium and detect the
presence of null alleles. These are not trivial issues
because many of these SSRs may not be variable
across individuals (Dutech et al. 2007) or meet other
required assumptions. We screened more than 20
potential SSRs from the L. bicolor genome, all of
which were invariable across our tester strains
(unpubl). In addition obtaining a sufficient number
of samples can be problematic in cryptic organisms
such as fungi. Despite the utility of SSRs in fungal
population studies, their limitations in fungi and the
limited progress in studying fungal populations
cannot be overlooked. The development of new tools
and analytical pipelines for measuring genetic varia-
tion within and among fungal populations will
facilitate fungal population genetic studies and
enable mycologists to explore questions of fungal life
history and micro-evolutionary processes.

Research comparing the merits of SNP and SSR
data (Rengmark et al. 2006, Coates et al. 2009,
DeFaveri et al. 2013) have demonstrated the appli-
cations of both methods to the study of various
organisms. Currently the utility of each marker is
attributed to the scale in which the populations are
to be evaluated. SSRs are favored for the evaluation
of small-scale, intrapopulation structure evaluations
of gene flow (Garvin et al. 2010, Hohenlohe et al.
2010, Davey et al. 2011) while SNPs are considered to
be most effective at broad-scale, interpopulation and
species-level evaluation (Narum et al. 2008, Hess et
al. 2011, DeFaveri et al. 2013). Such comparison
between SNP and SSR data has yet to be done for
fungi.

This method also might help address the challenge
of sufficiently sampling fungal populations. A recent
study demonstrated that a high number of SNP loci
generated with GBS can effectively measure genetic
differentiation with FST values, even when sample
sizes are small (Willing et al. 2012). As a result, GBS
methods may benefit the study of fungal populations
because the ability to generate hundreds to thousands
of informative SNP loci will offset the inconsistent
and ephemeral production of fungal sporocarps
and other difficulties inherent in collecting fungal
samples.
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It is not clear how these methods might be used to
study populations of asexual fungi. Genomic studies
in asexual fungi suggest that SNP markers may be of
limited value (Matteo Garbellotto pers comm).
Although there is potential for large numbers of
SNPs to identify somatic variation between genetically
differentiated ‘‘lines’’ within a species, the quickly
evolving nature of SSR markers potentially makes
them more useful for addressing populations of
asexually reproducing populations. Further evalua-
tion of the GBS method is necessary to understand
whether genomewide coverage of SNPs has value in
measuring variation in asexually reproducing fungal
populations.

GBS methods also may be useful for establishing
the parameters around defining species and poten-
tially can be used to understand the relationship
within species complexes. Five of our 18 samples were
identified to be outside the L. bicolor complex based
on ITS sequence (SUPPLEMENTARY FIG. 1). Their
inclusion in the analysis resulted in the attrition of
around 95% of the RAD loci available from ingroup-
only samples. Although restriction sites are somewhat
conserved within species, they are much less so
among species. Consequently the number of homol-
ogous restriction sites among species decreases
significantly. The drop off of comparable restriction
sites between unrelated taxa is useful in identifying
cryptic species.

CONCLUSIONS

This study demonstrated the effectiveness of using
RAD seq markers generated by the GBS method to
identify SNPs in the mushroom species Laccaria
bicolor. Thousands of loci based on SNPs were
identified that can effectively measure intra- and
interpopulation variation. In addition these methods
demonstrated an appreciable drop off in common
markers when evaluating interspecific relationships,
meaning this method can be used to identify cryptic
species and circumscribe species complexes. Current-
ly SSRs are the most commonly used markers for
evaluating fungal populations. However, because of
documented challenges with developing informative
SSRs and the need for large sample sets that may be
difficult to obtain, the nearly exclusive dependency of
using SSR markers for fungal population studies has
impeded progress, and fungal population genetic
research lags far behind that of animals and plants.
The GBS method demonstrated here for generating
RAD sequencing loci represents a new tool for
evaluating fungal populations, and can help mycolo-
gists to better understand fungal life histories and
micro-evolutionary processes.
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