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Abstract: Although most species in the genus
Amanita form ectomycorrhizal associations, a few
are reported to be saprotrophs living in grassland
habitats. Little is known about the ecology and
distribution of these free-living Amanita species. We
describe the ecology of Amanita thiersii, a species
commonly collected in lawns throughout the Mis-
sissippi River Basin. Stable isotopes of carbon,
transcriptomic sequences and patterns of growth on
complex carbon sources provide evidence for A.
thiersii as a saprotrophic species. Sporocarps of A.
thiersii are less depleted in 13C compared to published
data for ectomycorrhizal fungi, supporting a sapro-
trophic mode of carbon acquisition in the field.
Orthologs of cellulase genes known to play key roles
in the decomposition of cellulose in other basidio-
mycetes were identified in a transcriptome of A.
thiersii, establishing that this species has the genetic
potential to degrade cellulose. Amanita thiersii also
can use artificial cellulose or sterile grass litter as a
sole carbon source. DNA sequences of three nuclear
gene regions and banding patterns from four inter-
simple sequence repeat markers were identical across
31 populations from throughout the known range
of the species, which suggests the genetic diversity
of A. thiersii populations is low. Maps of A. thiersii
collections made from the 1950s until present suggest
this species is experiencing a range expansion. It was
reported first in 1952 in Texas and now occurs in nine
states north to Illinois. These data provide an
ecological context for interpreting the genome of A.
thiersii, currently being sequenced at the United
States Department of Energy’s Joint Genome Insti-
tute.
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INTRODUCTION

Most of the 500-plus species in the genus Amanita
form ectomycorrhizal associations with woody plants
(Yang et al. 1999). However sporocarps of approxi-
mately 15 species of Amanita are typically collected at
some distance from potential woody plant hosts,
usually in natural or artificial grasslands. These
Amanita species have been identified tentatively as
saprotrophs (Bas 1969). However the saprotrophic
status of these species has never been experimentally
confirmed, and almost nothing is known about their
natural histories. While most species of Agaricales in
grass-dominated ecosystems are saprotrophs that
decompose grass litter, some species are pathogens
of grasses while other species form ectomycorrhizal
associations with sedges (as reviewed in Griffith and
Roderick 2008). These latter cases highlight the
problems associated with making assumptions about
the trophic status of fungi based simply on habitat.

Several approaches, including stable isotopes, the
growth of a fungus on different carbon sources and
the identification of putative functional genes, can be
used to infer the trophic status of poorly understood
fungi, including these free-living Amanita species.
Stable isotopes of carbon are widely used to distin-
guish between ectomycorrhizal and saprotrophic
fungi (e.g. Henn and Chapela 2001, Hobbie et al.
2001, Trudell et al. 2004) and have been used to infer
the ecology of other poorly understood species (e.g.
Wilson et al. 2007). Because ectomycorrhizal fungi
use carbon taken from host plants that is more
depleted in 13C, as compared to carbon from dead
organic matter, sporocarps of ectomycorrhizal fungi
are generally more depleted in 13C than saprotrophic
fungi (Mayor et al. 2009). Saprotrophic fungi also
generally have a much greater capacity than ectomy-
corrhizal fungi for growth on complex carbon
sources, for example cellulose, and the growth of a
fungus on different carbon sources can provide a
useful basis for understanding its saprotrophic po-
tential (Maijala et al. 1991). Genome and transcrip-
tome sequencing can identify specific genes consid-
ered hallmarks of an ecological niche. For example,
to completely decompose cellulose polymers in dead
organic matter, saprotrophic fungi typically use three
types of cellulases: endo-1,4-b-glucanases, cellobiohy-
drolaes, and b-glucosidases (Baldrian and Valášková

Submitted 12 Feb 2011; accepted for publication 7 Sep 2011.
1 Corresponding author. E-mail: bewolfe@gmail.com

Mycologia, 104(1), 2012, pp. 22–33. DOI: 10.3852/11-056
# 2012 by The Mycological Society of America, Lawrence, KS 66044-8897

22



2008). Saprotrophic fungi tend to have a diversity of
the genes encoding these cellulases, while ectomycor-
rhizal fungi generally have fewer copies of these genes
or may lack some cellulases, such as glycoside
hydrolase family 7 cellobiohydrolases (Martin et al.
2010, Nagendran et al. 2009). The presence of these
genes in a genome or transcriptome provides strong
evidence for the genetic potential of a fungus to
obtain carbon through the decomposition of organic
matter.

Amanita thiersii is one apparently saprotrophic
Amanita, found in lawns in the central and south-
eastern United States. This species was originally
described as Amanita alba, a homonym, from a lawn
in Texas (Thiers 1957). Bas (1969) renamed it
Amanita thiersii. Over the past 10–15 y anecdotal
reports have suggested A. thiersii as increasing in
abundance in regions of the central United States
where it was not observed previously (Kuo 2007,
McFarland and Mueller 2009, Kuo and Methven
2010), suggesting that like other species of Amanita
(Pringle and Vellinga 2006, Pringle et al. 2009,
Vellinga et al. 2009, Wolfe et al. 2010) the fungus is
expanding its range. However several other potential-
ly saprotrophic Amanita species with morphological
similarities to A. thiersii, including A. manicata
(Pegler 1986), A. armillariiformis (Miller et al. 1990)
and A. nauseosa (Guzmán 1981), occur in the United
States. Because specimens in historical collections of
macrofungi may be misidentified (Pringle and Vel-
linga 2006, Pringle et al. 2009) apparent changes in
the distribution of A. thiersii in the United States
might reflect a confused species concept and not an
actual range expansion.

In this paper we describe the natural history of A.
thiersii in the United States, using both field
observations and laboratory experiments. We ex-
plored these questions:

(i) Does A. thiersii possess hallmarks of a sapro-
trophic niche, based on stable isotope measure-
ments of sporocarps, the presence of genes
encoding cellulases in transcriptomic sequences
and patterns of growth on complex carbon
sources?

(ii) What is the current distribution of A. thiersii in
the United States? Does mapping the distribu-
tion of A. thiersii records over time provide
support for the perception of A. thiersii as a
species experiencing a range expansion?

(iii) How genetically diverse are populations of A.
thiersii across the United States?

We also collected additional natural history data,
including descriptions of pure culture morphology,
counts of nuclei and data on the effects of A. thiersii

on the growth of grasses. Our research provides the
first detailed study of the ecology of a free-living
Amanita species, and these data provide an ecological
context for interpreting the genome of A. thiersii,
currently in progress at the United States Department
of Energy’s Joint Genome Institute (http://www.jgi.
doe.gov/sequencing/why/athiersii.html).

MATERIALS AND METHODS

Isolation of axenic cultures of Amanita thiersii and nuclear
counts of spores.—A mushroom collected by Sherry Kay
from a lawn in Baldwin City, Kansas, in Jul 2009 (A thiersii
2009 Baldwin City in SUPPLEMENTARY TABLE I) was used
to generate monokaryotic (Amanita thiersii Skay4041) and
dikaryotic (Amanita thiersii Skay4041het) cultures of A.
thiersii. The monokaryotic strain is being sequenced by the
Department of Energy’s Joint Genome Institute and has
been deposited at the Fungal Genetics Stock Center
(FGSC10297).

Monokaryotic cultures were generated by pressing lamal-
lae onto the surface of 0.2% glucose solid MMN medium
(Marx 1969). Spores were dispersed across the surface of
the medium with 20 mL sterile water. Dikaryotic cultures
were generated by excising small pieces of tissue from
between the pileus and lamellae of the sporocarp. Tissues
were plated onto solid, modified MMN medium (Marx
1969), with 0.2% glucose, no malt extract, and containing
100 mg/mL chloramphenicol. Plates were incubated at 27 C.

To determine the number of nuclei per spore we
followed protocols outlined by Horton (2006) for staining
of nuclei with DAPI. Spores were observed with a Zeiss
Axioscope fluorescence microscope (Carl Zeiss Inc., Jena,
Germany) using a DAPI filter at 4003 magnification.

Stable isotopes of carbon and nitrogen.—To determine
whether the biomass of A. thiersii sporocarps is composed
of carbon derived from the decomposition of litter in the
environment or from ectomycorrhizal associations we
measured stable isotope ratios of carbon and nitrogen in
at least one sporocarp from each of 31 unique popula-
tions collected throughout the current range of A. thiersii
in the United States (SUPPLEMENTARY TABLE I).
Homogenized samples of dried gill tissue were analyzed
with standard protocols (Hobbie et al. 2001). Measure-
ments were made with a Costech ECS4010 Elemental
Analyzer configured with a DeltaPlus XP mass spectrom-
eter at the University of New Hampshire Stable Isotope
Lab. Stable isotope data are reported as d according to
this equation:

dX~ Rsample

�
Rstandard{1

� �
|1000 0=00ð Þ

where Rsample and Rstandard are the ratios of heavy to light
isotopes of sampled sporocarps and standards, and X is
either carbon (C) or nitrogen (N). Vienna Pee Dee
Belemnite and air were used as references for C and N
respectively. Standards for calibration included NIST 1515
(apple leaves), NIST 1575a (pine needles) and tuna
muscle.
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Transcriptome sequencing.—To assess the genetic potential
for saprotrophic decomposition by A. thiersii we sequenced
the transcriptome of Amanita thiersii Skay4041het growing
on sterile grass litter. Using a QIAGEN RNeasy Maxi Kit
(QIAGEN, Valencia, California) RNA was extracted from
Amanita thiersii Skay4041het mycelia that had been grown
on litter 2 wk. cDNA was generated from this RNA with the
Roche rapid library preparation method (454 Life Sciences,
Branford, Connecticut) and sequenced on a Roche GS-FLX
with titanium chemistry at the Duke University Genome
Sequencing and Analysis Core Facility. The sequencing
produced 558 849 reads with an average length of 414 bp.
Sequences were assembled into contigs with Newbler 2.5,
resulting in 7444 contigs that were placed into a BLAST
database. Raw sequence data were deposited in the
NCBI Sequence Read Archive under accession
number SRA026549.

We searched the A. thiersii litter transcriptome for
orthologs of glycoside hydrolases previously identified as
playing important roles in the decomposition of cellulose in
two other basidiomycetes, Volvariella volvacea and Phaner-
ochaete chrysosporium. These cellulase genes have been
shown to be highly upregulated in the presence of artificial
cellulose substrates (Jia et al. 1999; Ding et al. 2001, 2002,
2006). Each cellulase sequence was used as a query in a
tBLASTx search of the assembled transcriptome. The A.
thiersii transcript sequence producing the most significant
alignment (based on e values) with each queried cellulase
sequence used in a tBLASTx search of GenBank to confirm
that the A. thiersii transcript had significant homology with
previously identified cellulases in other basidiomycetes. A
future set of studies will explore the diversity of this Amanita
transcriptome in more detail, but here we briefly describe
the results of this targeted probe for cellulases considered
hallmarks of saprotrophy in basidiomycetes (Baldrian and
Valášková 2008).

Growth of Amanita thiersii Skay4041 on different sources
of carbon.—To determine whether A. thiersii has a carbon
utilization profile similar to other saprotrophic basidiomy-
cetes we grew A. thiersii Skay4041het on media containing
carbon sources varying in complexity from simple sugars to
complex artificial cellulose. Media contained the same basal
nutrient concentrations as the MMN media described above
but with 1% of these sources of carbon: glucose, D-
cellobiose, D-galactose, D-mannose, xylan, starch, carboxy-
methylcellulose (CMC), Sigmacell or Avicel. We also
included a treatment where carbon was supplied as 1 g
dried, sterile grass litter. The grass litter was a mix of the
species Panicum virgatum, Elymus canadensis, Andropogon
gerardii and Koeleria cristata. These grasses were grown from
seeds in a controlled environment growth chamber 3 mo,
left to senesce, chopped into , 1 cm fragments and steam-
sterilized twice 20 min at 121 C. The carbon source was
supplied in media solidified with Phytagel (Sigma-Aldrich,
St Louis, Missouri).

Each experimental unit consisted of a Petri dish
containing one of the various carbon sources and was
inoculated with a small agar plug (2 mm 3 2 mm) taken
from the actively growing hyphal front of Amanita thiersii

Skay4041het grown on 1% glucose MMN. Each carbon
source was replicated five times. A no-carbon control
treatment also was included. Experimental units were
incubated in the dark at 27 C for 30 d in a randomized
design. Mycelial biomass was harvested from each experi-
mental unit by dissolving Phytagel overnight in citrate
buffer (Doner and Bécard 1991). The wet weight of each
mycelium was determined after patting the harvested
mycelium twice with KimWipesTM. The mean weight of the
no-carbon control treatment was deducted from the weight
of each replicate from the carbon treatments to control for
carbon stored in the inoculum plug. Statistical significance
of differences between treatments was assessed with
ANOVA.

Effect of Amanita thiersii on grass growth.—To test whether
A. thiersii can function as a pathogen or mutualist of grasses
we measured the effect of A. thiersii on the growth of four
grass species, Panicum virgatum, Elymus canadensis, Andro-
pogon gerardii and Koeleria cristata. These are native grasses
that occur throughout the current range of A. thiersii.
Grasses were germinated from surface-sterilized seeds
(Prairie Moon Nursery, Winona, Minnesota) and grown in
a sterile growing medium 3 wk. An individual grass seedling
was transplanted into a 2.5 mm 3 16 mm pot filled with 1 : 1
sterile field soil : sand mix. Field soil was collected from an
experimental garden at Harvard University (Cambridge,
Massachusetts) composed of a mix of herbaceous grasses
and forbs, as well as diverse coniferous and deciduous trees.
Field soil was steam-sterilized twice for 30 min each at 121 C
before it was mixed with sterile sand. Twenty pots were
planted with each grass species. After grasses had estab-
lished for 3 d half (10) of the pots of each grass species
received a 7.5 mm 3 7.5 mm piece of agar taken from the
actively growing hyphal front of A. thiersii Skay4041het on
potato dextrose agar, while the other half received an
uncolonized 7.5 mm 3 7.5 mm piece of potato dextrose
agar. The agar plugs were placed 4 cm below the soil
surface, in contact with the seedling root system. Each grass-
inoculum combination was replicated 10 times, for a total of
80 experimental units. Pots were placed in a randomized
design in a controlled-environment growth chamber (20/
25 C, 12 h day/night periods, 60% humidity and 500 mmol
photon m22 s21 illumination) and were rerandomized every
2 wk. After 4 mo the biomass of each seedling was removed,
dried at 40 C for 2 d and weighed. Statistical significance of
differences in growth was assessed with ANOVA.

Herbarium material and DNA extractions.—We assembled a
set of 31 recently collected specimens of A. thiersii from the
central and southeastern United States; collections encom-
passed one sporocarp from each of 31 unique populations
(SUPPLEMENTARY TABLE I). We also obtained a portion of gill
tissue from the holotype of A. thiersii (H.D. Thiers 1713)
from MICH. DNA was extracted from all specimens as
described in Wolfe et al. (2010).

To confirm that sporocarps collected and named A.
thiersii are a single genetic species and are genetically
similar to the material used to describe the species we
sequenced the internal transcribed spacer (ITS) region of
nuclear ribosomal DNA and part of the nuclear ribosomal
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large subunit (nucLSU) from each specimen. These two
regions are phylogenetically informative and are useful for
delineating species within Amanita (e.g. Drehmel et al.
1999, Moncalvo et al. 2000). These regions also have been
shown to be variable within morphological species of
Amanita (Oda et al. 2004; Zhang et al. 2004; Geml et al.
2006, 2008; Zhang et al. 2010). The ITS region was
amplified with primers ITS1f and ITS4b (Gardes and Bruns
1993). A portion of the nucLSU was amplified with primers
LR0R and LR5 (Vilgalys and Hester 1990, Hopple and
Vilgalys 1994). To compare A. thiersii to closely related
species found in the United States we also sequenced the
ITS region of A. manicata (RET 387-4), A. nauseosa (DPL
6117), A. armillariiformis (RET 266-8), A. prairiicola (RET
266-1) and A. silvifuga (HDT 4630, SFSU). RET specimens
are from the personal collection of Dr Rodham E. Tulloss,
while DPL 6117 is a specimen held by the Pringle
Laboratory at Harvard University.

We were unable to amplify the entire ITS region of the
type collected in 1952 with ITS1f-ITS4b or those primers in
combination with primers anchored in the 5.8S. To
sequence the ITS of this specimen we developed internal
primers used in these primer combinations: ITS1f with
AthITSi1.1r (GCCTCCCTTCCTATAACCCA), AthITSi1.1f
(TGGGTTATAGGAAGGGAGGC) with ITS2, ITS3 with
AthITSi2.1r (AATCACGCCATCCATTTAGC) and AthIT-
Si2.1f (GCTAAATGGATGGCGTGATT) with ITS4.

ITS and nucLSU sequences for Amanita thiersii SKay4041
have been deposited in GenBank with accession
numbers HQ625010 for ITS and HQ619205 for nucLSU.
Sequences of ITS and nucLSU from only one specimen
were deposited because they were identical across all
specimens (see RESULTS).

Survey of genetic diversity among populations.—To assess
genetic variability across different populations of A. thiersii
with markers other than the ITS and nucLSU regions we
used restriction fragment length polymorphism (RFLP) of
the intergenic spacer 1 (IGS1) region and intersimple
sequence repeat (ISSR) banding patterns. The IGS1 is a
rapidly evolving region and has been shown to be highly
variable among populations, within populations and in
some cases even within individual sporocarps of basidiomy-
cetes (e.g. Selosse et al. 1999, Guerin-Laguette et al. 2002,
Kauserud and Schumacher 2003, Roy et al. 2008). Initial
sequencing of the entire IGS1 region of specimens from
several different populations indicated that only one IGS
haplotype was present in each sporocarp and that sequences
were identical across sporocarps from different populations;
so we used restriction fragment length polymorphism
(RFLP) patterns of IGS1 amplicons to confirm this pattern
across the remaining samples. The IGS1 region was
amplified with primers LR20R (James et al. 2001) and 5SA
(Guidot et al. 1999) and digested with restriction enzymes
HinfI, HaeIII, AluI and MspI (New England Biolabs,
Ipswitch, Massachusetts) according to manufacturer’s in-
structions. Digested PCR amplicons were visualized on 2%

agarose gels. The IGS sequence for Amanita thiersii
SKay4041 was deposited in GenBank with accession
number HQ619204.

After an initial screen of a larger set of ISSR primers we
chose four ISSR primers with clear patterns of multiple bands
that could be scored easily. We used primers (GTG)5, (ACA)

5S, DDB(CCA) 5 and (CCA) 5S (where D 5 A, G or T; B 5 C,
G, or T; and S 5 G or C), with annealing temperatures of 55,
49, 55 and 61 C respectively. Each 25 mL PCR reaction
contained 400 nM primer, 200 mM of each of all four dNTPs,
13 Taq buffer, 0.5 U Platinum Taq, 50 mM MgCl2, 5 mL PCR
enhancer mix (Ralser et al. 2006) and , 100 ng of genomic
DNA. PCRs were performed with the same thermo-cycler
programs described in Gryta et al. (2006) except that
annealing temperatures given above were used. Each PCR
was replicated twice to confirm banding patterns.

Mapping historical collections of Amanita thiersii.—To
qualitatively assess changes in the distribution of A. thiersii
since its original identification in 1952 in Texas we used the
herbarium specimens above and additional collection
records (SUPPLEMENTARY TABLE II) to map the distribution
of the fungus over time. We searched for specimens of A.
thiersii in BPI, CSU, EIU, F, KANU, L, MICH, NY, TENN
and UMO. We targeted these herbaria because they house
large collections of Agaricales from the central United
States, which is the region where most populations of A.
thiersii have been reported. We also mapped a few
additional specimens from the personal herbaria of
collectors and our own field collections.

Changes in the distributions of species inferred from
herbarium records can be confounded by changes in both
historical patterns of collecting and depositions to herbaria
(Delisle et al. 2003). To document potential biases we also
targeted data on specimens of the basidiomycete Chlorophyllum
molybdites collected from across the same biogeographic region
and period (SUPPLEMENTARY TABLE III). This species has a
similar gross morphology to A. thiersii and occurs in identical
habitats, but C. molybdites is clearly distinguishable from A.
thiersii based on obvious visual differences including its smooth
stipe and olive-green spore print. If changes in collecting
patterns are driving apparent changes in the distribution of A.
thiersii, we hypothesized a similar pattern would be found for
C. molybdites. We used C. molybdites specimens from the same
herbaria as those used for the A. thiersii collections described
above. We also included specimens described by Reid and
Eicker (1991) that were from the same biogeographic region
surveyed for Amanita thiersii. We used only specimens that
were named Chlorophyllum molybdites and intentionally did not
include specimens that might be labeled with other synonyms
for this species (e.g. Lepiota molybdites). The mapping of
historical collections of C. molybdites was used as a type of
control for mapping the distribution of A. thiersii and should
not be interpreted as an attempt to comprehensively map the
distribution of this species in the United States. We are likely to
have missed specimens in herbaria outside the biogeographic
scope of our study and specimens deposited using one of the
many synonyms of this species.

RESULTS

Axenic culture isolation and binucleate spores.—We
easily isolated both monokaryotic and dikaryotic
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strains from freshly collected sporocarps. Spores of A.
thiersii germinated within 2 wk of plating on media
(FIG. 1C), and because germlings grew relatively
slowly we were able to separate germinated spores
onto new Petri dishes without mixing of monokary-
otic spore strains. Hyphae grew rapidly from pieces of
tissue collected from sporocarps as dikaryotic cul-
tures.

Spores of A. thiersii are binucleate, with two nuclei
visible in the DAPI stain (FIG. 1B). DAPI staining of
hyphae from the monokaryotic strain showed just one
nucleus per cell (data not shown), suggesting the
second nucleus of a spore never migrates into the
developing germ tube.

Axenic cultures of both monokaryotic and dikar-
oytic strains of A. thiersii have a growth pattern
strikingly distinct from the growth of ectomycorrhizal
Amanita species. The hyphal fronts of ectomycor-
rhizal Amanita are usually smooth (Miller et al. 1983,
Iotti et al. 2005), as illustrated by a culture of A.
muscaria maintained in our lab (FIG. 2A). The hyphal
front of A. thiersii is diffuse and highly branched
(FIG. 2B).

Unusual stable isotope signatures of carbon and
nitrogen.—The stable isotope signatures of A. thiersii
are different from the signatures of any other
ectomycorrhizal or saprotrophic species sampled to
date. A biplot of the d13C and the d15N of A. thiersii
sporocarps, including data from other ectomycorrhi-
zal and saprotrophic fungi (Mayor et al. 2009),
demonstrates that most populations of A. thiersii
have isotopic signatures more enriched in 15N than
other recorded saprotrophic fungi (FIG. 3). Two
distinct clusters are apparently based on d13C values
within the A. thiersii samples, with one cluster falling
within the range of d13C reported for other sapro-
trophic fungi (ranging from 217.86 to 224.05%)
and another cluster being much less depleted in d13C
and falling well outside values reported for other
saprotrophic fungi (ranging from 29.17 to
214.73%). Only one other dataset, composed mostly
of Hygrocybe species, contains stable isotope data from

FIG. 1. A. Sporocarp of Amanita thiersii growing in a
lawn in Illinois (photo used with permission from Joe
McFarland). B. Spores of A. thiersii stained with DAPI,
showing two nuclei per spore. C. A single spore of A. thiersii
growing on minimal medium. This spore is the source of
the monokaryotic strain A. thiersii Skay4041, which is being
sequenced by the U.S. Department of Energy’s Joint
Genome Institute.

FIG. 2. Actively growing hyphal fronts of (A) the
ectomycorrhizal Amanita muscaria and (B) saprotrophic
Amanita thiersii. Both cultures were growing on minimal
MMN medium, as described in the text. Color photographs
were converted to black and white and then inverted to
improve clarity. Scale is identical for A and B.

FIG. 3. Stable isotopes of carbon and nitrogen of
Amanita thiersii sporocarps. Data from ectomycorrhizal
and saprotrophic species collected in forests are from
Mayor et al. (2009). The only other previously published
stable isotope dataset from a grassland (Griffith et al. 2002)
is also presented.
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sporocarps of basidiomycete species collected from
grasslands (Griffith et al. 2002). Amanita thiersii
sporocarps are much less depleted in 13C and slightly
less enriched in 15N, when compared to these other
grassland species.

A complete set of cellulases is found in the
litter transcriptome.—The presence of transcripts with
high similarity to cellulose-degrading glycoside hy-
drolases from other saprotrophic basidiomycetes
confirms that A. thiersii has the genetic potential to
decompose cellulose. In tBLASTx queries of the A.
thiersii litter transcriptome we found clear orthologs
to all classes of cellulases examined (TABLE I).

Significant growth on complex carbon substrates,
including grass litter.—Amanita thiersii is similar to
other saprotrophic basidiomycetes in its patterns of
growth on single carbon sources, and grew well on
complex carbon compounds such as xylan and
artificial forms of cellulose (FIG. 4). Amanita thiersii
produced the greatest biomass when it was grown on
sterile grass litter (FIG. 4, SUPPLEMENTARY FIG. 1).

Amanita thiersii improves growth of grasses.—Inocu-
lation with A. thiersii caused an increase in the total
plant biomass of each of the four grass species, with
biomass increases of 22–59% in the presence of A.
thiersii, as compared to plants grown without A.
thiersii (TABLE II).

Genetic diversity of A. thiersii is low.—The ITS and
nucLSU sequences of specimens taken from 31
populations of A. thiersii are identical, and the ITS
sequences matched the holotype exactly. While there
are many nucleotide positions throughout the ITS

TABLE I. Amanita thiersii transcript matches to known basidiomycete cellulases

Gene
Sequenced used for tBLASTx

query of A. thiersii transcriptome

A. thiersii transcript
matches

Best match in GenBank (e value) for
A. thiersii transcriptsLength (bp) e value

Endoglucanase I AF329732 Volvariella volvacea
endoglucanase

1272 0 EU716328 Volvariella volvacea
endoglucanase (egI) (2e-172)

Endoglucanase II AY559101 Volvariella volvacea
endoglucanase II

1180 2e-39 M86356 Agaricus bisporus cellulose-
growth-specific protein (cel1)
(1e-106)

Cellobiohydrolase I AY559102 Volvariella volvacea
cellobiohydrolase I-I

1710 0 AM262993 Pleurotus ostreatus cbhI-1
gene (0.00)

Cellobiohydrolase II AY559104 Volvariella volvacea
cellobiohydrolase II-I

1453 0 AY559104 Volvariella volvacea
cellobiohydrolase II-I (0.00)

Extracellular beta-
glucosidase

AF036873 Phanerochaete
chrysosporium beta-glucosidase

2441 0 XM_001879644 Laccaria bicolor
glycoside hydrolase family 3 (0.00)

Intracellular beta-
glucosidase

AF329731 Volvariella volvacea
beta-glucosidase

2793 0 XM_002474673 Postia placenta Mad-
698-R beta-glucosidase (0.00)

Cellobiose
dehydrogenase

U46081 Phanerochaete chrysosporium
cellobiose dehydrogenase

2161 0 XM_001834980 Coprinopsis cinerea
cellobiose dehydrogenase (0.00)

FIG. 4. Growth of A. thiersii Skay4041 on different
carbon sources. Values are mean (6 standard error).
Substrates on the X axis are arranged in increasing order
of structural complexity.
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and 5.8s regions that differ between A. thiersii and
closely related species, no nucleotide polymorphisms
are in these regions within A. thiersii itself. We report
two diagnostic, variable positions located in the 5.8S
region that delineate A. thiersii from other species
(SUPPLEMENTARY TABLE IV).

Identical IGS1 RFLP patterns were also observed
across populations, confirming preliminary sequenc-
ing of the IGS1 locus (SUPPLEMENTARY FIG. 2A).
Moreover, ISSR banding patterns were also identical,
with no clearly distinguishable bands unique to
sporocarps from different populations (FIG. 5).

Amanita thiersii is expanding its range.—Since it was
originally collected in 1952 in College Station, Texas,
A. thiersii appears to have moved north up the
Mississippi River Basin to Illinois (FIG. 6). From
1952 until 1979 the species was limited to eastern
Texas and Missouri. In the 1980s populations were
reported from Oklahoma and Kansas. By the late
1990s the northern limit of A. thiersii was southern
Illinois and northern Kentucky. By 2009 the species
had been reported in nine states.

In contrast to A. thiersii, C. molybdites was collected
throughout much of North America, from Quebec to
Florida and west to Texas, before the 1950s (FIG. 6).
The extent of its range in the central United States
has not changed since the 1950s, although additional
populations have been reported within this range.

DISCUSSION

We provide the first comprehensive evidence for an
Amanita species as a saprotrophic fungus. We used
field and laboratory data, including stable isotope
signatures, patterns of growth on complex carbon
sources and the presence of cellulase genes, as tests of
saprotrophy; in each case there was strong support for
a saprotrophic niche. Although we did not see
obvious signs of typical mycorrhizal structures in the
field or a growth chamber experiment, we did observe
an increase in growth when grasses were inoculated
with A. thiersii, and it is possible A. thiersii provides an
indirect benefit to plants.

Stable isotopes of carbon and nitrogen taken from
A. thiersii sporocarps suggest the fungus obtains
carbon through the decomposition of organic matter
in grasslands. Isotope ratios for carbon were well
outside the range previously reported for ectomycor-
rhizal fungi, with 13C values of A. thiersii much less
depleted than typical ectomycorrhizal sporocarps.
One cluster of 13C values from A. thiersii falls outside
the range previously observed for saprotrophic fungi
(FIG. 3). This pattern may be driven in part by a
collection bias in the currently available isotope data.
Most stable isotope data of fungal sporocarps are
from fungi collected in forest ecosystems, where the
majority of live biomass and litter is produced by
plants with the C3 photosynthetic pathway (see Mayor
et al. 2009). Plants with the C4 pathway have much
less depleted 13C values compared to C3 plants
because of differences in carboxylation reactions
and the fractionation of isotopes between the two
photosynthetic pathways (Farquhar et al. 1989). In
the only other study where multiple specimens of
grassland sporocarps were collected the 13C signatures
of Hygrocybe spp. were more depleted compared to
saprotrophic and ectomycorrhizal basidiomycetes
from forests (Griffith et al. 2002), but this grassland
also was dominated by a C3 species (an Agrostis). The
two distinct clusters formed by differences in 13C
signatures across the range of A. thiersii may be driven
by variation in the abundance of C3 vs. C4 grasses, with
the more typical saprotrophic signatures measured in
sporocarps from C3-dominated habitats and the less
depleted signatures coming from C4-dominated

TABLE II. Effect of Amanita thiersii on biomass of four
grass species. Data are mean mg dry weight (6 SE). n 5 10

2 A. thiersii + A. thiersii

Panicum virgatum 68.7 (9.3) 99.7 (11.8) P 5 0.053
Elymus canadensis 82.8 (2.9) 100.6 (5.4) P 5 0.010
Andropogon gerardii 97.7 (8.4) 131.2 (17.5) P 5 0.102
Koeleria cristata 46.7 (7.4) 74.3 (10.8) P 5 0.049

FIG. 5. A. Restriction fragment length polymorphisms of
the IGS1 region of Amanita thiersii. Data from four
specimens are shown, arranged in identical order within
the bar marking each enzyme: CSU Ovrebo 4418, DPL 9229,
Kuo 07220704 and A. thiersii 2009 Baldwin City (see
SUPPLEMENTARY TABLE I). L1 5 100 bp ladder (Invitrogen).
L2 5 1 kb plus ladder (Invitrogen). B. Intersimple sequence
repeat (ISSR) banding patterns of A. thiersii. The same four
specimens described above are shown for each ISSR primer.
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habitats. More stable isotope measurements from
sporocarps collected in C4 grasslands are needed to
understand whether signatures like those observed
for A. thiersii are characteristic for fungi growing in
these ecosystems or if there is something unique
about the carbon dynamics of A. thiersii.

While the less depleted 13C signature is consistent
with A. thiersii functioning as a saprotroph and not a
symbiont, the highly enriched 15N signature of A.
thiersii sporocarps is striking because saprotrophic
fungi are typically less enriched in 15N than ectomycor-
rhizal fungi (Mayor et al. 2009). Ectomycorrhizal fungi
are thought to preferentially transfer 15N-depleted
nitrogen to host plants (Högberg et al. 1999). However
the overall N availability and different N types in soils
also may influence sporocarp 15N values (Hobbie and
Colpaert 2003, Hobbie and Hobbie 2006). The limited
number of samples of 15N from other grassland fungi
makes it difficult to know whether the A. thiersii 15N
signatures are species specific or if they are common
among other grassland fungi. The saprotrophic taxa
surveyed by Griffith et al. (2002) also were highly
enriched in 15N, providing preliminary support for a
pattern of 15N enrichment in grassland fungi.

Decomposition of dead organic matter in the
environment by saprotrophic basidiomycetes involves
the synergistic action of a suite of glycoside hydrolases
that degrade plant cell walls (Baldrian and Valášková
2008). Amanita thiersii grew on several complex
carbon sources that require these enzymes. Moreover
we identified a complete set of cellulase genes in the
transcriptome sequence of A. thiersii. If the transcrip-
tion of these genes results in the production of
cellulases and if the function assigned to orthologs in
other fungi is similar in A. thiersii then this fungus has
the genetic potential to fully degrade cellulose into
glucose. Its limited growth on crystalline cellulose
(Sigmacell and Avicel) but considerable growth on
amorphous cellulose (carboxymethylcellulose) suggest
that cellulases in A. thiersii might have higher affinities
for amorphous regions of cellulose. Ongoing genome
sequencing will provide a more complete view of the
genetic basis of decomposition by this species.

Saprotrophic basidiomycetes found in natural and
artificial grasslands stimulate the growth of grasses
through the mobilization of nitrogen in grassland
soils (Shantz et al. 1917, Fisher et al. 1977). The
increase in the growth of grasses inoculated with A.

FIG. 6. Historical distributions of Amanita thiersii and Chlorophyllum molybdites in North America. The top left panel shows
the distribution of both species based on records collected through 1959. Following panels track the distribution of both
species during subsequent 10 y periods.
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thiersii is likely caused by these indirect effects on
plant growth and not by a direct symbiotic association
between the fungus and plants. We found no visual
signs of symbiotic structures formed between the
plant roots and A. thiersii mycelium in both the grass-
response experiment and from under A. thiersii
sporocarps collected in the field. Mycorrhizal associ-
ations between grasses and grassland fungi have been
reported in the literature (e.g. Harrington and
Mitchell 2002), but hosts are always sedge species in
the Cyperaceae, which are rarely found in the
residential lawns where A. thiersii commonly grows.

Placing A. thiersii within a phylogenetic context
would clarify its ecological role and evolutionary
origin. Large-scale phylogenies aiming to resolve
family relationships within the Agaricales suggest
ectomycorrhizal Amanita species evolved from sapro-
trophs (Matheny et al. 2006), but more detailed
phylogenies encompassing the approximately 15
species of putatively saprotrophic Amanita species
are lacking and remain a focus of research in our
laboratory. A recent single-gene phylogeny demon-
strates that two other morphologically similar and
putatively saprotrophic Amanita species, A. armillar-
iiformis and A. nauseosa (Bas 1969), form a well
supported clade apart from an ectomycorrhizal
Amanita clade (Justo et al. 2010).

The lack of genetic diversity across the current
range of Amanita thiersii, which spans up to 1200 km,
is surprising because both IGS1-RFLP and ISSR
consistently detect considerable genetic variation
within other species of basidiomycetes (Carriconde
et al. 2008, Gryta et al. 2006, Liang et al. 2005, Sawyer
et al. 2003). Research with similar genetic markers
and closely related ectomycorrhizal Amanita species
have repeatedly found multiple genotypes within and
between populations. For example the IGS2 region of
the ectomycorrhizal Amanita phalloides is variable
within its introduced range in North America
(Pringle et al. 2009) and other Amanita species
possess highly polymorphic ISSR patterns at much
smaller spatial scales than those considered here
(Sawyer et al. 2003, Liang et al. 2005). The sequenc-
ing of more loci and the use of other approaches,
such as AFLP, may uncover genetic variation not
detected by our methods. However our current data
suggest incredibly low genetic diversity across popu-
lations of A. thiersii in the United States.

The increase in range over time suggests an
expansion of A. thiersii in the central and southeast-
ern United States. It is unclear whether A. thiersii is
native to the United States and is expanding from a
previously restricted southern range or whether A.
thiersii was introduced to the United States and is
currently spreading in a novel range. Low genetic

diversity across populations is commonly detected in
species that have experienced a founder event caused
by a recent introduction to a novel range (Dlugosch
and Parker 2007), but natural range expansions also
can result in low genetic diversity across populations
(Hewitt 2000). As far as we are aware A. thiersii has no
other identified range throughout the world, so if it
has been introduced to the United States the native
range of this fungus is currently unknown. However
the potential for the successful introduction and
spread of Amanita species has been demonstrated
with the numerous examples of both ectomycorrhizal
and saprotrophic Amanita species currently spreading
in novel ranges (Vellinga et al. 2009, Pringle et al.
2009). Unlike other ectomycorrhizal Amanita species
that can spread only within the ranges of suitable
hosts the saprotrophic Amanita thiersii will be
unconstrained by host availability. The species thrives
in suburban lawns, and because these are a ubiqui-
tous feature of the North American landscape the
spread of A. thiersii may continue at a rapid pace.
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