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Phylogenetic analyses of 29 Agaricns species and one representative from
genera Endoptyehwn, Gyrophragmium and Longula each were conducted based on se-
quence data of the entire internal transcribed spacers and partial large subunit of ribo-
somal DNA. The Agaricus species formed several distinct clades both confirming and
chatlenging previous morphological sections in several cases. Endopiichinm depres-
sum, Gyrophragminm dunalii and Longufa texensis were nested among species of the
genus Agaricus. This study provides evidence for independent emergence of these
secotioid fungi from Agaricus ancestors, most likely from species pluced in the section
Arvenses as inferred from molecular data,
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Introduction

The homobasidiomycetes, including the mushroom-forming fungi that dis-
play an incredible diversity of fruiting body forms, contains over 90% of the spe-
cies in the Hymenomycetes. Traditionally, taxonomy of homobasidiomycetes was
based on morphological and anatomical characters of fruiling bodies. This group
has been sampled intensively for molecular phylogenetic studies by fungal sys-
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tematists [1, 2, 3]. While many aspects of morphology-based classifications have
been upheld, there have also been major rearrangements in systematics [3].

There is very limited information about the geologic history of the fungi,
mostly due to a lack of good fossils. The fossil record for fungi is based on very
few specimens compared to that for plants and animals. Therefore, analysis of
DNA sequences has become an attractive and powerful tool for inferring evolu-
tionary relationships and the times of origin for lineages of fungi. Revealing recent
evolutionary processes via phylogenetic techniques is particularly of interest, be-
cause it can allow us to peek into the “black-box™ of evolution, and understand the
biological and ecological processes of past evolutionary events.

There are several examples where the rates of marphological and molecular
evolution are different. One of these is when several cryptic species — distin-
guished by molecular divergence — are hidden behind a single morphological spe-
cies. In other cases, some organisms have undergone accelerated morphological
evolution, but little molecular divergence, Good examples of this latter are Lhe
genera specified in this study, or the genus Rhizopogon that is very different mor-
phologically (being a gasteromycete) from its close relatives in the boletoid clade
[4].

The genus Agaricus L.:Fr, contains numerous species and is the type genus
of the family Agaricaceae [5). The dAgaricus species are saprophytes widely dis-
tributed over geographical areas from the tropics to the boreal regions. The genus
is characterized by free, densely developed gills, becoming brown when the
basidiome (and thus the spores) matures. The 4garicus species usually have a ring
on the stipe as the residue of the velum partiale. The velum universale is highly
variable; sometimes it is involved in the formation of the annulus or volva [5].

The genera Endoptychum Czem,, Gyrophragmium Maont, and Longula
Zeller consist of seven, five and one described species, respectively. They are
secotioid fungi (epigeous gasteromycetes that resemble unopened mushrooms)
and have been classified as “agaricoid gasteromycetes” in the (amily dgaricaceae
[6, 7). Species in the genus Endoptychun are decomposers in disturbed, usually
xeric areas in the Northern Hemisphere and are characterized by 1--8 em tall, 1-6
cm thick, oval or irregularly shaped fruiting bodies with very short stalk. Pileus
white 1o light brown when young, becoming darker, shredded and splitting open in
age. Gleba of irregular lamellate to anastomesing, intervenase plates, white when
young to yellow-brown in age. Stipe-columellz 1-3 cm long, 0.8-2 cm thick,
white, sometimes bruises yellow. Spores 7.5-9.5 x 5-7 mum, ovoid, smooth,
thick-walled, with a small apical pore, chocolate-brown. The Gyropliagminm
species can be found in arid regions of the world. Their basidiocarps are round o
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egg-shaped when young, 10-22 cm tall when fully expanded. Pileus convex, 3-3.5
cm broad, 1.5-2 cm thick, light to dark brown, margin smooth to torned, shredded
from the separation of partial veil, which remains on the stalk as a ragged annulus.
Gleba brown, gill-like, contorted and anastomosing, free from stalk. Stipe-
columella 10-20 cm long, 7-22 cm thick, white to yellowish, with anulus and frag-
ile, membranous volva. Spores 5-7 mm, globose to ovoid or irregular in shape,
thick-walled, no germ pore, brown. The genus Longula is monotypic, containing
L. texensis (Berk. & Curt.) Zeller as the only species, and can be found solitary or
in small groups on dry, impoverished soils in the western United States. It is char-
acterized by 5-18 cm tall fruiting bodies with a 5-7 cm broad, oval pileus, drying,
splitting and shredding in age exposing the irregularly lamellate chocolate-brown
gleba. Stipe-columella 4-15 cim long, 1-4 c¢m thick, white and fleshy at first, be-
coming woody in age and staining yellow when bruised. Schaeffer reaction is
sirong, positive on surface and flesh of the stalk. Spores 4-7 mm globose to
subglobose, thick-walled, no germ pore, brown [7, 8].

Use of ribosomal DNA (rDNA) sequences to infer phylogenetic relation-
ships among agaric fungi now is widely exploited [1-3, 9, 10]. For Agaricus re-
search and phylogenetic analyses, researchers have used sequence variation found
in rDNA [11-14], mitochondrial plasmid pEM [15] and the mitochondrial afp6
gene [16]. However, these investigations were strictly limited to Agaricus species
and the phylogenetic relationships of secotioid genera thought to be closely related
1o Agaricus remain unclear. The major goal of this work was to gain a better under-
standing of the evolutionary relationships among A garicus and its sequestrate rela-
tives,

Materials and methods

Isolates and DNA extraction

Twenty-nine Agaricus species and representatives from the genera En-
doptycinun, Gyrophragmium, Longula, and Chlorophyllim were included in this
study (Table I). Sequence data were generated for 25 Agaricus species, while se-
quences of three Agaricus and one species of Endoptychum, Gyrophragmium,
Longnla, and Chloroplivlium each were downloaded from GenBanlk. Isolates se-
quenced in this study were grown in potato dextrose yeast extract broth (50 ml) for
3 to 6 weeks depending on the growth rate of the mycelium. The mycelia were fil-
tered from the broth and DNA was extracted using the PUREGENE" DNA Tsola-
tion Kit (Gentra Systems, Minneapolis, MN).
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Table I

Species, isolate code und source of cultures included in this swdy

Specics

Isolate code

Source, collector and peographic origin

Agaricns abruptibulbus

-,

s

. albolutesceny
. (IVENSIS

. HEHS IS

. bernardii

A hisporis

. Mitorgnis
A, blacei

colifornicns
COmpuestely
cupreo-brnnnens
devoniensis
diminitivies

. exeelleny
L Jissuratuy

. fusco-fibriffosus
A fiseovelutus
omdensis

L linget

Aifuceps

. CrOCarpny

. HUCTOSPOriS

. nivescens

. pocitlutor

L NURotis

. subfloecosus

. subrufescens
, subrytilescens

A xauthodermu

Chinroplvtiune molvidites
Endoptyeln depresstm
Cvrophragminm dunalii
Longula texensis

WC771
wCun7
W48
WCH08
WwCT72
o4

39}
WCE37

RWK 914
RWK 928

wC9I12

RWKI1929
wC777

wCa13
WCo14
WwCa13
WC784
wCol6
WC778

AmZ'
WC779

WC721

Wi7
WC917

WCYI8

PSU Mushroom Culture Collection; ATCC 2203 5;
Bohemie {Czech Republic)

PSU Mushroom Culture Collection; Mark G, Lofius,
AA-0378: Monterey Bay Area, CA, US.AL

PSU Mushroom Culture Collection; Murk G. Loitus,
AA-0374: Monterey Bay Arca, CA, US.A.

PSU Mushroom Culture Collection; Mark G, Loilus;
NMonterey Bay Arca, CA, U.S.A.

P*SU Mushroom Colture Collection; ATCC #32974; MD,
U8 A.

Mushroom Culture Colleetion, Hungarian Muscum of
Natural Histary; Hortabagy, Hungary

Karona Spuwn Plum, commercial steain; Hungary
PSU Mushroom Culture Collection; ATCC #76739; Bra-
zil

Richard W. Kerrigan; CA, U.S.A.

Sequences from Genbank: U85307, UB5273

Richard W, Kermigan; CA, U.S.A.

Sequences fram Genbank: AF0392235, AJ4 18755
PSU Mushroom Culture Collection: Mark G. Loftus,
AA-0379; Montercy Bay Aren, CA, US.A.

Richard W, Kerrigan; CA, U.S.A.

PSL Mushroom Culture Colleciion; ATCC #36178;
Denmark

PSU Mushreom Culture Collection; Murk G. Lofius,
AA-036Y9; Monlerey By Aren, CA, U.S.A,

PSU Mushroom Culture Collection; Mark G. Loftus,
AA-0IT0; Monlerey Bay Aren, CA, US.AL

PSU Mushroom Culture Collection; Mark G. Loltus,
AA-0397; Montercy Bay Arca, CA, U.S.A.

PSU Mushroom Culture Collection; I, San Anlonio,
ATCC #56103

PSU Mushroom Culture Coliection; Mark G. Loftus;
Montercy Bay Arca, CA, U.S.A.

PSLU Mushroom Culiure Colleetion; ATCC #36064
Korom Spawn Plant; Demijén, Hungory

PSU Mushroom Culure Collection; ATCC £38034
Sequences from Genbunk: UB5308, AF041542
Sequences from Genbank: AF(539224, AT133390
PSU Mushroom Culture Collection; Richard W.
Kerrignn; Sun Francisco, CA, U.S.A.

PSU Mushroom Culture Collection; J.W. Sindcns
P5U Mushroom Cullure Collection: Mark G, Lofius,
AA-0398; Monterey Bay Arca, CA, US.A.

PSU Mushroom Culture Collection; Mark G. Lofus,
AA-0396; Monterey Bay Arca, CA, US.A.
Sequences from Genbank: USS30UUE5303
Sequences from Genbank: AF482834, AF481878
Sewquence from Genbank: AF261478

Sequence from Genbank: AF261479
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PCR and PCR product purification

Internal transcribed spacer {ITS) regions were PCR-amplified using prim-
ers TS5 and ITS4 [17], and newly constructed primers GJ1 (5° CCT AGT AAC
TGC GAG TGA AGC G 3") and GJ2 (5" GCC ATT ATG CCA GCA TCC 31
were used to amplify a partial region of the LSU rRNA gene. Primers GJ1 and GJ2
were designed based on Agaricus spp. sequence data obtained from Genbank to
amplify the region between the 36th and 613th base positions of LSU (based on A.
abruptibulbus sequence AF059228). The ITS, and partial LSU rDNA regions
were amplified in 25 pl PCR reaction mixtures containing 1 unit of Tag DNA
polymerase (Promega, Madison, WT), 0.2 mM of each dNTP, 2 mM MgCl,, 0.1%
Triton, and 0.5 pM of forward primer and reverse primer for the certain region.
PCR reactions were performed in a 96-well thermocycler (PTC-100 Programma-
ble Thermal Controller, MJ Research, Inc.) with the following program; 94°C/2
min; 35 cycles of 94°C/15 sec, 57°C/3( sec, 72°C/45 sec; and 72°C/4 min. Ampli-
fication products were electrophoresed in a 1.0% agarose gel containing 0.03-0.1
jg/inl ethidium bromide. Amplification products were purified directly from reac-
tions using the Wizard® PCR Prep system (Promega, Madison, W1).

DNA sequencing

Purified amplification products were sequenced using the Applied Bio-
systems (ABI) BigDye terminator kit and an AB] 377 automated DNA sequencer
(Perkin-Elmer, Foster City, CA). Each sample was sequenced in both directions
with the same primers that were used for PCR.

Sequence data analysis

Sequence ends were trimmed, manually edited and assembled into contigs
using the SeqMan™ II module in the Lasergene package (DNAStar Inc., Madison,
WI). Sequences were then aligned using the Clustal W aigorithm [18] of
MegaAlign 4.03 (DNAStar Inc., Madison, WT) followed by visual corrections, Re-
gions where alignments were judged to be ambiguous were excluded from the
analyses. Phylogenetic analyses were conducted using PAUP* 4h10 [19] with
both distance (neighbor-joining, NJ) and character-based (maximuin likelihood,
ML) methods to reconstruct phylogenies. Since these methods follow different
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theories and algorithms, congruent features found in both types of analyses were
considered meaningful. In order to maximize the objectivity of my analyses, 1
compared 56 evolutionary models starting with the simplest mode! (Jukes-Cantor
model, number of substitution types=1, equal base frequencies, equal rate of eve-
lution for variable sites, proportion of invariable sites=0) and progressed toward
the most complex model (General Time-Reversible model, number of substitution
types=6, estimated base frequencies, estimated rate matrix, rate of evolution for
varfable sites following a gamima distribution with an estimated alpha parameter,
estimated proportion of invariable sites) using Modeltest 3.06 [20]. The likelihood
scores corresponding to the different models were compared by the likelihood ra-
tio test and the P-values were determined [21]. The likelihood ratio test statistic
was calculated as twice the difference between the log likelihood scores of the two
models centrasted. When the imoedel representing the null hypothesis is a special
case of the alternate model (as was the case in the models compared), this statistic
fits a chi-square (y7) distribution with a number of degrees of freedom equal to the
number of parameters that freely vary between the two models [20], The best evo-
lutionary model with the significantly highest likelihood score was selected to de-
termine the settings of the subsequent ML and NJ analyses. ML analyses were car-
ried out with the heuristic search option using the “tree hisection and recon-
nection™ (TBR) algorithm. In order to find the overail optimum instead of local op-
tima, searches were carried out with 50 random addition sequences and starting
trees. To test the statistical reliability of the generated trees and the stability of
clades the bootstrap test [22] was used with 1000 replicates for NJ. Bootsirap val-
ues with 100 replicates were obtained with “fast” stepwise-addition option for ML
searches, because of the time consuming nature of this latter analysis. In order to
root the trees, Chloropfilium was designated as outgroup.

Results

The ITS/LSU alignment consisted of 1412 base pairs, of which 41 ambigu-
ous positions were excluded from the analyses. The portion of variable sites within
the alignment was 21.66%, with 148 parsimony-informative sites (10.80%), re-
spectively. After testing 56 evolutionary models via hierarchical likelihood ratio
tests, the Hasegawa-Kishino-Yano model was selected with calculated propor-
tion of invariable sites and with rates of variable sites following the y-distribution
with an a-shape parameter (Table I1). The best-fit model’s settings were as fol-
lows: base frequencies (A=0.2553, C=0.2064, G=0.2523, T=0.2860), substitution
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model (fransition/transversion ratio=3.21), proportion of invariable sites
{(1=0.6237), and y-distribution {G) shape parameter (e = 0.7326). Both NJ and ML
analyses — using setlings according to the model chosen — resulted in one tree with
a minimum evolution (ME) score of 0.2300 (NI}, and — In L score of 5350.8686
(ML) (Figure I}. The NJ and ML trees had similar topologies.
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Figre 1. Phylogeny of Agasicns, Endoprvchom, Geropipragninm, and Longula speeies based on maximuam
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Several clades were identified within Agaricus, receiving varying levels of
support. Clade I — with bootstrap values of 58% (NI} and 71% (ML) — contained
A. abruptibulbus, 4. albolutescens, A. arvensis, A. augustus, A. blazei, A. dimi-
nitivits, A. excellens, A. fissuratus, A. macrocarpus, A. macrosporus, A. nivescens,
A. sematus, A, sulrufescens, A. subrutifescens, Endoptvclum depressum, Gyro-
phragminm dunalii and Longula texensis. Clade I — with bootstrap values of 81%
(NI and 75% (ML) — included A. campestris, 4. cupreo- brunnens, 4. langei,
while Clade ITT — with bootstrap values of 86% (NI) and 89% (ML) — consisted of
A. fuscovelatus and A. lilaceps. Clade IV — with bootstrap values of 58% (NJ} and
54% (ML) — contained A. bernardii, A. bisporus, A. bitorquis, 4. devoniensis, A.
subfloccosus. Although the bootstrap values of Clade V were low — 65% (NJ),
<50% (ML) — isolates of 4. californicus, A. hondeunsis, A. pociflator, 4. xantho-
derma grouped together in both types of analyses. Relationships of 4. firsco-
Jibrillasus within the genus could not be resolved, because different analyses
showed dilferent placing of the species, all of them receiving very weal support
(<50% bootstrap values).

Discussion

Phylogenetic analyses showed that Endoptyclum depressum, Gyrophrag-
miunmt dunalii and Longula tevensis are nested among species in Agaricus section
Arvenses sensu Heinemann [23]. This observation is also supported by some mor-
phological features, i.e. the yellow bruising of Endoptychum, long, Agaricus-like
stipe with annulus and membraneous volva in Gyropliragmium, the strong positive
Schaeffer reaction on Longula, and brown spores and brown, free gill-like struc-
tures in all three genera. Both the molecular data and the morphological traits, i.e.
distinct stipe, unopened, deformed mushroom-like appearance indicate that
Endoptychum, Gyrophragmium and Longula diverged relatively recently from
their ancestors and they still have not acquired all the characteristic gpasteromycete
features. However, despite their emergence in the same clade, these genera do not
share one common anceslor, rather they evolved independently from ditferent spe-
cies of section Arvenses.

The most likely explanation for the emergence of these secotioid forms is
the adaptation to xeric or at least seasonally dry environments. This theory is sup-
ported not only by the ecology of Endoptvchum, Gyroplragmium and Longula,
but also numerous other examples can be found in other xerofil secotioid genera,
e.g. Podaxis, Montagnea, Neosecotium. The ancestors of Endoptyclhum depres-
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sutn, Gyrophragminm dunalii and Longule texensis were fleshy Agaricus species
with open hymenium and active spore discharge. The early evolution of these se-
questrate forms may have taken place in dry areas with enough moisture to initiate
basidiocarp formation, but not enough for their full development. Sporocarps of
fleshy mushrooms in xeric habitats often dry out and become arrested in their de-
velopment before reaching maturity. There must have been a natural selection for
basidiocarp types that offer protection against dry, warm environment, and epi-
geous and subepigeous secotiold forms with enclosed hymenium have arisen from
ancestors with fully exposed hymenium, Perhaps this type of protection arose from
the permanent establishment of arrested stages in sporocarp formation, as it was
suggested, for example, in Elasmomyces and Macovwanites [24]. The unopened
pileus was able to maintain a higher humidity and to enhance spore production.
Once the hymenium was no longer exposed, there was no selective advantage in
the forcible discharge of basidiospores, thus the basidiospores became passively
discharged.

Asg for {uture evolution of Endoptychum, Gurophragmivnr and Longula,
one can only speculate based on what is known about the evolution of other xerofil
gasteromycetes. After the loss of ballistospory, the stipe offers no selective advan-
tage, thus it is expected to disappear gradually, although the columella can persist
for a much longer time within the gleba, as many of the hypogeous species still
possess such structure [24]. The disappearance of the stipe allows the peridinm to
enclose the hymenophore, resulting in a gastroid type of basidiecarp, and with no
stipe the sporocarp can gradually become hypogeous, This gastroid, hypogeous
form can be considered as an additional adaptation to the dry environment. Once
the spores are retained inside the fruit body, or kept underground, the problem of
dispersal arises, The principal disseminaling agent for the spores of secotioid fungi
is no longer wind but animal vectors (mostly small mammals or insects) {24] or, to
smaller extent, run-off water and rain-splash. Comparing the trails described
above with the morphological structure of Endoptyelum, Gyrophragmium and
Longula, it seems that perhaps Endoptychum depressum has developed slightly
further along the most likely evolutionary pathway, relative to the other two spe-
cies. The short stipe, the sometimes subepigeous development, and the faci that
small mammals, e.g. the North American flying squirrels (Glaucomys sabri-
nnis) [25], has been reported to feed regularly on Endoptychitmn depressum sporo-
carps, might indicate a relatively fast evolution in morphological characters of this
species.

This study provides phylogenetic information to characterize relationships
among Endoptyciunn, Gyrophragmiwm, Longuda and Agaricus, While the species
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of these secolioid genera represented here clearly originated from Agaricus spe-
cies, sequence data from additional Endoptychum, Gyrophragmium species are
needed to test the monophyletic origin of these genera and to further elucidate their
evolution. A better understanding of the evolutionary pathways in dgaricus and its
close relatives may help to refine their classification and provide vital information
about the diversity and biology of these organisms.
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