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Abstract: Genea and Genabea are considered ecto-
mycorrhizal (EM) symbionts of higher plants, but
because of their hypogeous habit, dark coloration and
the small size of their ascomata, relatively little is
known about these genera. Ascomata of six morpho-
logical species of Genea and one of Genabea were
frequently collected at a single site in xeric Quercus
woodlands of California’s Sierra Nevada foothills.
While most collections were easily referred to known
species, those putatively identified asGenea harknessii
and Genea arenaria were problematic. Genea harknes-
sii collections appeared relatively homogenous based
on morphology, but significant ITS variation revealed
by rDNA sequencing suggested cryptic species di-
versity. Specimens ofG. arenaria approximated the
brief, original species description except for abun-
dant clumps of septate setae formed at the apex of
peridial warts. To verify the identity of this species we
reexamined the holotype and analyzed morphology
and ITS sequences of G. arenaria ascomata from
a wide geographic range. To authenticate the EM
status ofGenea and Genabea with Quercus we collected
healthy EM of Quercus douglasii and Quercus wislizenii
and compared their ITS sequences to those from
ascomata. We detected nine distinct ITS types of
Genea and Genabea on roots. Two new species
described here as Genea bihymeniata sp. nov. and
Genea cazaresii sp. nov., were discovered during study
of herbarium specimens. A phylogenetic analysis of
28 s rDNA from Genea and Genabea indicated three
distinct lineages: Genea, Genabea and a third repre-
sented byGenea intermedia. For the latter we propose
Gilkeya gen. nov. to accommodate the single known
species,Gilkeya compacta comb. nov. A dichotomous

key to all known Genea, Genabea and Gilkeya spp.
from western North America is presented.
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INTRODUCTION

Several disparate lineages within the Pezizales (Asco-
mycota) contain members that are biotrophic, ecto-
mycorrhizal (EM) symbionts in the Helvellaceae,
Pezizaceae, Tuberaceae and Pyronemataceae (Frank
1885, Maia et al 1996 and references therein,
Tedersoo et al 2006). Numerous taxa within the
Pezizales form EM; yet paradoxically community
studies generally report low numbers of pezizalean
EM, in terms of both species diversity and biomass
(Avis et al 2003, Richard et al 2005, Walker et al
2005). Current evidence suggests that Pezizales EM
are uncommon in mesic, undisturbed forest ecosys-
tems but are well adapted to xeric or otherwise
extreme environments and proliferate after distur-
bance (Warcup 1990a, Taylor and Bruns 1999,
Horton and Bruns 2001, Fujimura et al 2005).

EM fungi within the Pyronemataceae seem partic-
ularly well adapted to harsh environments. They are
abundant colonists of EM roots in seasonally dry,
high-altitude forests (Bidartondo et al 2001, Izzo et al
2005a) and several forest types after wildfire (Warcup
1990a, Vra� lstad et al 1998, Grogan et al 2000,
Fujimura et al 2005). Within the Pyronemataceae
both epigeous (Wilcoxina, Nothojafnea, Geopyxis,
Sphaerosporella) and hypogeous taxa (Genea, Genabea
including Myrmecocystis, Geopora cooperi, Hydnocystis)
have been reported as EM symbionts with a variety of
host plants (Warcup 1990a, Maia et al 1996, Tedersoo
et al 2006).

Two hypogeous genera,Genea and Genabea, were
once assigned to the Geneaceae (Trappe 1979).
However morphological analysis by Pfister (1984)
detected affinities among the hypogeous Genea
verrucosa Vittad. and the epigeous Jafneadelphus
echinatus Gamundi and J. argentinus Rifai (Pyrone-
mataceae). Pfister (1984) transferred Genea and
Genabea to the Pyronemataceae. These two genera
have been widely accepted since (Trappe 1975)
differentiated them by morphology. Genea has verru-
cose, uniserate spores, cylindrical asci, and hymenia
only occasionally interrupted by sterile zones of
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paraphyses whereasGenabea has echinulate, unise-
rate, biserate or randomly arranged spores, asci that
are clavate to ellipsoid, and hymenia regularly
separated into pockets by sterile zones of paraphyses
or isodiametric cells (T ABLE I). Upon discovery of
a putative intermediate species, Genea variabilis,
Zhang (1991) synonymized Genabea as a subgeneric
ranking within Genea.

Genea and Genabea share important morphological
and ecological features. Both produce small (0.5–
3 cm), globose to subglobose, hypogeous ascomata
with warty peridia and ornamented ascospores
(Gilkey 1954). Both form EM with woody plants and
have been found with a wide variety of putative EM
hosts including Abies, Larix, Pinus, Tsuga, Pseudot-
suga, Betula, Fagus, Quercus, Carpinus, Cistus,
Nothofagus, Lithocarpus, and Corylus (Ceruti et al
1967, Fontana and Centrella 1967, Froidevaux 1977,
Stewart and Heblack 1979, Kropp and Trappe 1982,
Zhang 1991, Alvarez et al 1993).Genea and Genabea
have lost the ability to forcibly discharge spores and
their hymenia are enclosed in an epithecium, a layer
of tissue created by the fusion of paraphyses’ distal
tips (Gilkey 1954). Their ascomata produce volatile
aromatics at maturity, suggesting dependence on
animal mycophagy for spore dispersal (Parks 1921,
Maser et al 1978). Their spores have been reported
from the intestines and scat of a wide array of small
mammals including flying squirrels ( Glaucomys),
voles (Clethrionomys and Microtus), and mice ( Per-
Peromyscus, Apodemus and Chelemys). (Maser et al
1978, Maser et al 1985, Perez Calvo et al 1989,
Blaschke and Baumler 1989, Maser and Maser 1988)

Genea and Genabea have long been considered
ectomycorrhizal (Fontana and Centrella 1967) but
only recently have been confirmed as EM symbionts
by ITS sequencing from colonized roots (Izzo et al
2005b, Tedersoo et al 2006). Although Genabea EM
have not been described, all known Genea EM share
important morphological features including (i) or-
ange-brown to dark brown color (growing darker in
age and at the tips), (ii) thick-walled, septate,

emanating hyphae lacking clamp connections and
(iii) densely branching monopodial-pinnate to pyra-
midal root tips (Fontana and Centrella 1967, Jakucs
1998, Brand 1991, Tedersoo et al 2006). The mantle
tissues ofGenea EM, with their polygonal, pigmented,
thick-walled cells, share a strong morphological
resemblance with the peridial tissues of Genea
ascomata.

In this study we combine morphological and
molecular data obtained from field collections and
herbarium specimens to clarify taxonomic status and
substantiate the EM habit in several species ofGenea
and Genabea. Specifically, our objectives were to
(i) verify the EM status of Genea and Genabea with
Quercus spp. by matching ITS sequences from
ascomata with those of EM roots, (ii) clarify species
boundaries within field collections of Genea and
Genabea and (iii) examine phylogenetic relationships
within Genea and between Genea and Genabea.

In addition phylogenetic and morphological data
suggest thatGenea intermedia Gilkey is distinct from
Genea and Genabea and is best accommodated by
placement in a new genus, Gilkeya. Moreover exam-
ination of herbarium specimens revealed two pre-
viously unknown species described here asGenea
bihymeniata sp. nov. M.E. Sm. & Trappe and Genea
cazaresii sp. nov. M.E. Sm. & Trappe.

MATERIALS AND METHODS

Fungal material.—Ascomata and EM roots were sampled at
the Koch Natural Area of the University of California Sierra
Foothill Research and Extension Center in Yuba County,
California. The terrain consists of low hills 50–650 m above
sea level. Overstory vegetation is dominated by three
species: Quercus douglasii Hook & Arn., Q. wislizenii A.
DC. and Pinus sabiniana Douglas. The Mediterranean
climate is characterized by cool, wet winters and hot, dry
summers. Precipitation generally occurs between October
and May (annual mean 71 cm, range 23–132 cm) and
temperature varies seasonally (mean 17.8 C, range 10–
43 C) (UCSFREC online: http://danrrec.ucdavis.edu).

Ascomata ofGenea and Genabea were collected under Q.

TABLE I. Important morphological characters in Genea, Genabea and Gilkeya

Genea Genabea Gilkeya

peridium coloration brown to black tan to brown vinaceous to red
basal mycelial tuft present absent absent
spore shape ellipsoid to subglobose (rarely globose) mostly globose globose
spore ornamenation verrucose (warty) echinulate (spiny) verrucose (warty)
asci shape mostly cylindrical ellipsoid to clavate to irregular mostly cylindrical
hymenium mostly continuous regularly interrupted by sterile zones mostly continuous
spore arrangement mostly uniserate uniserate, biserate or random mostlyuniserate
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FIG. 1. Phylogram, the single most parsimonious tree from analysis of 28s rDNAof Genea, Genabea, and Gilkeya (315 steps,
retention index [RI] 5 0.8079, consistency index [CI] 5 0.6762). Specimen voucher numbers (SRC or Trappe) are indicated
after the species name. Sequences from EM root tips ofQuercus douglasii are designated by a soil core number followed by
‘‘EM.’’ Numbers on branches indicate bootstrap support. Clades receiving high bootstrap support (70 or greater) in all three
analyses (neighbor joining, parsimony and maximum likelihood) are desig nated with an asterisk.
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by only a single clone. Genea and Genabea sequences
obtained from EM roots can be found in GenBank
under these accessions: DQ206853–DQ206855,
DQ206865–DQ206867, and DQ206969–DQ206971.

TAXONOMY

Gilkeya, gen. nov.
A Genea sporis subglobosis globosis, peridio vinaceo et

absentia caespitis basalis hypharum differt.
Differing from Genea by its globose spores, vina-

ceous peridium, and lack of a basal tuft of hyphae.
Type species:Hydnocystis compacta Harkn., Proc Cal
Acad Sci. 3:214. 1899.

Etymology: in honor of Professor Helen Gilkey
(1886–1972), pioneering taxonomist at Oregon State
University and internationally recognized expert on
taxonomy of hypogeous Ascomycota.

Gilkeya compacta(Harkn.) M.E. Sm. & Trappe, comb.
nov.
; Hydnocystis compacta Harkn. Proc Cal Acad Sci 3:214.

1899.
; Genea intermedia Gilkey Univ Calif Publ Bot 6:303.

1916.
; Myrmecocystis compacta (Harkn.) Gilkey N Amer Fl.,

Ser. II. 1:7. 1954.
Ascomata 5–20 mm broad, subglobose to convolut-

ed, hollow, with a small, hairless apical opening; base
lacking a tuft of hyphae. Peridium pink to vinaceous,
verrucose, lacking hairs, of inflated, thick-walled cells;
interior of ascomata lined with an epithecium similar
to the peridium. Asci 250–2803 31–45 mm, the walls
up to 2 mm thick in youth but thinning to 6 0.5 mm by
maturity.

Spores subglobose to globose, 28–433 25–38 mm
excluding the ornamentation of hyaline, rounded
papillae 2–3(–7) mm tall and 2–6(–15) mm broad, the
interpapillary spore surface with smaller papillae and
granules.

Etymology: Latin compacta (compressed or com-
pacted together), possibly in reference to the
tendency of ascomata to fruit in groups.

Distribution, mycorrhizal hosts and season.—Northern
Oregon to southern California, rare in Idaho,
apparently disjunct in central Mexico, from near sea
level to ca. 1600 m elev. in the Cascades, to ca1900 m
in the Sierra and San Gabriel Mountains, and up to
3200 m in Mexico; associated with Quercus, Abies,
Pinus and Pseudotsuga spp. in pure or mixed stands;
March through August but mostly May and June.

Collections examined: HOLOTYPE—USA. CALI-
FORNIA: Placer County, Alta, May, Harkness 98,
H.W. Harkness, (BPI, isotype OSC 81199). EPITYPE

HERE DESIGNATED—USA. CALIFORNIA: Yuba
County, University of California Sierra Research and
Extension Center, Koch Natural Area, 29 Apr 2003,
src718, M.E. Smith, (OSC 111705, GenBank
DQ206862). OTHER COLLECTIONS—CALIFOR-
NIA: Calaveras County, N of Melones, 26 Mar 1985,
Trappe 8421, M. Castellano & Y. Want, (OSC). Del
Norte County, Head of E Fork of Illinois River, 8 May
1985, Trappe 8585, M. Castellano, (OSC 45318). El
Dorado County, Univ. Cal. Blodgett Forest, 6 May
1983, Trappe 7295, J. Trappe, (OSC). Fresno County,
Sierra National Forest, Ross Creek Watershed, Turtle
Creek, 25 Jun 1997,Trappe 28053, R. Denton, M.
Castellano & K. Pendleton, (OSC). Los Angeles
County, San Gabriel Mountains, Charlton Flats, 4
Jun 1983,Trappe 7365, H. Nadel, (OSC). Mendocino
County, Mountain View Road (Mendocino 510),
17 miles east of Point Arena, 6 Mar 1989,Trappe
11071, M. Castellano & H. Massicotte, (OSC).
Monterey County, UC Hastings Natural History Re-
serve, Upper Big Canyon, 5 May 1945,Linsdale 10, J.
M. Linsdale, (OSC 80001). Plumas County, Lassen
National Forest, Jennie Springs, 9 Jun 1994,Trappe
16499, J. Waters, (OSC). Placer County, Alta, 18 May
1974, Trappe 3904, E. Butler, (OSC). Riverside
County, San Jacinto Mountains, milepost 15.5 of
California 243, 24 Apr 1995, Trappe 15473, J.
Klironomos, (OSC). Tuolumne County, E of Grovel-
and, 27 Mar 1985, Trappe 8452, D. Luoma, (OSC).
Ventura County, Los Padres National Forest, milepost
40 on California 33, 23 Apr 1996, Trappe 18020, M.
Castellano, (OSC 61552). Yuba County, University of
California Sierra Research and Extension Center,
Koch Natural Area, 14 May 2003.src729, M.E. Smith,
(OSC 111865). IDAHO: Bonner County, Near Blan-
chard, 27 Jun 1997, Trappe 20743, A. Jumpponen,
(OSC 61560). OREGON: Benton County, Vinyard
Mountain, 19 Apr 1971, Trappe 2622, J. Trappe,
(OSC). Douglas County, Bureau of Land Manage-
ment Beatty Creek Research Natural Area near
summit, 18 Apr 1997, Trappe 20411, J. Trappe,
(OSC 59964). Jackson County, Wellington Butte, 20
Apr 1998, Trappe 22798, R. Young, (OSC 61954).
Josephine County: Lower Illinois River Road, Oak
Flat, 29 Jun 1971, Trappe 2782, J. Trappe & E.
Stewart, (OSC 80002). Lane County, Willamette
National Forest, Mill Creek, 25 May 1993, Trappe
13726, J. Smith & D. McKay, (OSC 44569). Linn
County, 3 mi W of Roaring River Fish Hatchery, 7 Apr
1971,Trappe 2601, J. Trappe, (OSC). Marion County,
Turner, 10 Jul 1980, Trappe 5874, O. Bynum, (OSC
40654). Polk County, Dallas, Liberty Road, Dawson
Tree Farm, 31 Mar 1986,Trappe 8873, W. Bushnell,
(OSC 46820). Tillamook County, Tillamook State
Forest, Ben Smith Block, 29 May 1997,Trappe 22757,
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D. Gomez, (OSC 61439). Wasco County, Bear Springs,
14 May 1983, Trappe 7305, F. Evans, (OSC).
MEXICO: ESTADO MEXICO: Camino Amecameca-
Tlamacas, 14 Aug 1972,Trappe 3404, J. Trappe, (OSC
34424).

Comments: As is evident from its list of synonyms,
Gilkeya compacta has been shuffled among several
genera in the past. Harkness (1899) originally
assigned this species to the genusHydnocystis, but
Gilkey (1916) quite reasonably regarded it as closer to
Genea because Hydnocystis has smooth spores. In
transferring it to Genea Gilkey had to coin a new
species epithet (G. intermedia) because Harkness
(1899) had already used compacta for another Genea
sp. However she recognized thatGenea intermedia was
an ‘‘intermediate’’ species that did not fit well in any
of her generic concepts (Gilkey 1916). Later (Gilkey
1954) concluded the species would best be accom-
modated in the genus Myrmecocystis. Because the
epithet compacta had not been used in that genus, she
was able to restore Harkness’ original epithet.
However Trappe (1975) transferred the type species
of Myrmecocystis to the genus Genabea, under which
he thereby synonymized the generic nameMyrmeco-
cystis. He regarded Myrmecocystis compacta as most
closely related to Genea and accordingly restored the
name Genea intermedia. Now however additional
molecular data suggests thatG. intermedia can be
recognized as a separate genus, so we designate it as
the type species of the new genus Gilkeya. The
original epithet of Harkness, which has been lost,
regained, and frequently transferred about, is resur-
rected yet again in the name Gilkeya compacta.

Because the type collection of Harkness is in poor
condition, we designate Smith src718 as an epitype
with its ITS and partial 28s rDNA sequences sub-
mitted to GenBank as DQ206862.

Genea bihymeniataM.E.Sm. & Trappe, sp. nov.
FIGS. 3–5

Ascoma hypogaea, subglobosa vel globosa, 10–20 mm
lata, orificio apicali 2–5 mm lato, loculo unico multum
convoluto. Peridium atrum, verrucis rotundatis vel angulatis
50–110mm altis 3 100–200mm latis, in sulcis inter verrucis
50–110mm crassum, in verrucis usque ad 350mm. Locellus
ascomi epithelio simili peridio. Asci hyalini, ca. 200 3 20–
25 mm, cylindracei, inamyloidei, 8-spori, in epithelio inclusi.
Valla hymenialia duo saepe basi juncta subhymenio

communi. Sporae hyalinae, subglobosae vel globosae,
22–25(–28) 3 (20–)21–24 mm sine ornamento verrucarum
rotundatarum, congestarum, 1–2(–3.5) 3 3–5.5(–7) mm.
Holotypus hic designatus Trappe 17619 (OSC 111669).

Ascoma hypogeous, subglobose to lobed and
furrowed, hollow, 10–20 mm broad as dried, with an
apical orifice 2–5 mm broad opening into a single,
highly convoluted and irregular chamber, into which
intrude ridges of varying heights and configurations.
Peridium black, with rounded to subangular warts 50–
110 mm tall 3 100–200mm broad, lacking a tomentum
or setae. Hymenium lining the chamber, covering
both sides of the intruding ridges such that two
hymenial palisades often emerge in opposite direc-
tions from a single, shared subhymenium, enclosed by
an epithecium similar to the peridium but sometimes
lighter in color. Mycelial tuft attached at base of
fruiting body. Peridium 50–110mm thick between
the warts, up to 350 mm thick at the apex of the
warts; cells near surface 10–60mm broad, the walls
6 1 mm thick and dark brown, toward the gleba
abruptly grading to a zone of crowded, hyaline cells
10–35(–40) mm broad, transitioning to the trama,
a pseudoparenchyma that intergrades with hyphal
elements 3–5mm broad at the septa. Subhymenium
poorly differentiated from the trama, up to 25 mm
thick, of tightly interwoven hyphae 2–4 mm broad
at the septa with occasional cells inflated up to
8 mm.

Spores hyaline, subglobose to globose, Q 5 1.0–
1.25, 22–25(–28) 3 (20–)21–24 mm excluding
the ornamentation of crowded, rounded papillae
1–2(–3.5) 3 3–5.5(–7) mm. Asci hyaline, thin-walled,
ca. 2003 20–25mm. Paraphyses hyaline, thin-walled,
septate, 4–7mm broad, the tips exceeding the asci
and forming a tissue of small isodiametric cells which
grade to larger and thicker epithelial cells similar to
those of the peridium but lining the ascomatal
chamber.

Etymology. Latin bi (two) and hymeniata (bearing
fertile layers) in reference to the frequent occurrence
of two hymenial layers that emerge in opposite
directions from a shared subhymenium.

Distribution, mycorrhizal hosts and season. Known
only from the holotype from the Santa Margarita
Ecological Reserve in Riverside County, California,
under Quercus agrifolia. April.

Collection examined: HOLOTYPE HERE DESIG-

r

FIG. 2. Phylogram, neighbor joining analysis of ITS rDNA of the Genea harknessii species complex withGenea gardneri as
outgroup. Sequences from ascomata are designated by specimen voucher numbers (SRC or Trappe). Sequences from EM
roots of Quercus douglasii (‘‘BO’’) and Q. wislizenii (‘‘LO’’) are designated by a soil core number followed by ‘‘EM’’. Numbers
on branches indicate bootstrap support and the vertical bars highlight th e five distinct lineages.

SMITH ET AL : ASCOMATA, ECTOMYCORRHIZA FORMATION 707







cones 0.5–2.5 (–4)3 0.5–2 (–3) mm with obtuse to
truncate, anvil-topped or forked tips. Asci hyaline,
thin-walled, ca 200 3 18–22mm. Paraphyses hyaline,
thin-walled, septate, 3–4mm broad, the tips exceeding
the asci and forming a tissue of small isodiametric
cells which grade to larger, pigmented, thick-walled
cells similar to those of the peridium but lining the
ascomatal chamber.

Etymology. Latin, arenaria (‘‘sandy’’), in reference
to the soil in which Harkness found the type
collection.

Distribution, mycorrhizal hosts and season. Northern
Oregon to southern California in coastal and montane
forests up to ca. 1 500 m elevation. Usually associated
with Quercus. At lower, drier sites found February–
April; at higher, wetter sites found April–June.

Collections examined: USA. CALIFORNIA: locality
and date not recorded, Harkness 42, H.W. Harkness
(HOLOTYPE: BPI, isotype OSC 81193); Alameda
County, University of California Berkeley Campus, 26
Nov 1901,UC225, N.L. Gardner, (OSC 111674); Los
Angeles County, Angeles National Forest, Angeles
Forest Highway, 17 Apr 1993, Trappe12975, M.
Castellano, (OSC 111685, GenBank DQ206858);
Angeles National Forest, Lake Hughes Road, Prospect
Campground, 18 Apr 1993, Trappe13005, M. Castel-
lano, (OSC 111684, GenBank DQ206840); Mariposa
County, Greely Hill Road off California 120, 27 Mar
1985,Trappe8470, M. Castellano, D. Luoma, Y. Wang,
(OSC 111689, GenBank DQ206838); Monterey Coun-
ty, UC Hastings Natural History Reserve near Robert-
son Creek, 12 Jun 1945,Linsdale91, J.M. Linsdale,
(OSC 111675); Riverside County, San Bernardino
National Forest, San Jacinto Mountains along Fulmer
Mill Creek, 3 Jun 1983, Trappe7345, H. Nadel, (OSC
111678, Genbank DQ206841); San Bernardino Na-
tional Forest, San Jacinto Mountains along Black
Mountain Road, 24 Apr 1995, Trappe15483 and
Trappe15487, M. Castellano, (OSC 111683 & OSC
111969), GenBank DQ206847); San Bernadino Coun-
ty, San Bernardino National Forest, Highway 138 to
Crestline, 22 Apr 1996, Trappe18000, M. Castellano,
(OSC 111682, GenBank DQ206837); San Diego
County, Cleveland National Forest, Palomar Moun-
tain, 3 Mar 1990, Trappe 11458, G. Menser, (OSC
111687, GenBank DQ206856); Santa Clara County,
Almaden Quicksilver County Park, 13 Feb 1985,
HS2375, H. Saylor, (OSC 111681, GenBank
DQ206836); Sierra County, Tahoe National Forest,
Wild Plum Campground, 9 Jun 1989, Trappe11171,
N. Weber and T. O’Dell, (OSC 111688, GenBank
DQ206839); Yuba County, UC Sierra Research and
Extension Center, Koch Natural Area, 19 Feb 2002,
src398. M.E. Smith, (OSC 111691, GenBank
DQ206842); 9 Mar 2002, src430, M.E. Smith,

(OSC111692, GenBank DQ206845); 20 Feb 2003,
src615, M.E. Smith, (OSC111694, GenBank
DQ206844); 20 Feb 2003, src634, M.E. Smith,
(OSC); 1 Mar 2003, src652, M. Smith, (OSC 111693,
Genbank DQ206833, DQ206966); 21 Mar 2003,
src681, M. Smith, (OSC 111695); 24 Apr 2003,
src699, M.E. Smith, (OSC); 12 Feb 2004, src829,
M.E. Smith (OSC). OREGON: Jackson County,
Applegate Road, Ramsgate Ranch just E of Josephine
County line, 5 Apr 1991, Trappe11737, J. Trappe,
(OSC 111680, GenBank DQ206848, DQ206968);
Near Emmigrant Lake, 2 Apr 2004, Frank644, J.
Frank, (OSC 111690, GenBank DQ206835); Jose-
phine County, Applegate Road, Lazy A. Ranch, 30
Mar 1991, Trappe11733, M. Amaranthus, (OSC
111686, Genbank DQ206834); Polk County, SE of
Buell, 10 May 1971, Trappe2656, J. Trappe, (OSC
82222); Valley Junction, 30 Mar 1966,Trappe520, J.
Trappe, (OSC 111677, GenBank DQ206843).

Comments. We examined the macroscopic and
microscopic morphological features of 25 collections
of putative Genea arenaria from a wide geographic
range (FIG. 11) stretching from southern California to
northern Oregon and compared them with the
holotype collection (Harkness 42). Unfortunately very
little information is available for the holotype because
Harkness crafted a cursory description of the species
based on a single collection with no additional
information about associated plant hosts, date, eleva-
tion or geographic area (Harkness 1899). The type
collection now consists of ascoma fragments in poor
condition with little suggestion of tomentum or setae
on the peridial surface. Several of our collections had
abundant setae clustered at the apex of the peridial
warts, leading us to think we had discovered an
undescribed species. However other anatomical fea-
tures, especially the spores, matched those of the type.
To add to the confusion (Gilkey 1939) described G.
arenaria as ‘‘scatteringly hispid with long, brown,
septate hairs’’, but it was unclear whether her de-
scription was based on the holotype. Examination of
many other collections revealed considerable variation
in the abundance of tomentum and setae, from nearly
absent to abundant. After viewing the variation among
many putative G. arenaria collections, we re-examined
permanent mounts of the holotype (Harkness 42) and
were able to discern a few broken setae similar to those
found on fresh ascomata.

In an effort to clarify the species concept of G.
arenaria we analyzed ca. 450 bp of the ITS region
from 17 of the G. arenaria collections. Pairwise
comparisons between individual specimens across
the range of G. arenaria revealed variation 0.2–1.0%
with total variation across all 17 ITS sequences slightly
greater than 4% (20 variable bp) (data not shown).
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No discernable pattern was present in the ITS data to
differentiate among specimens exhibiting variation in
the abundance of setae. Slightly greater than 1% total
ITS variation (six variable positions) was detected
from a putative population-level sampling of G.
arenaria specimens (n 5 5) collected within a re-
stricted geographic area (ca 2 km2 area at the UC
Sierra Research Center).

Harkness (1899) described another brown species,
Genea compacta, based on a single specimen from
northern California. Genea compacta is distinct from

G. arenaria because it lacks peridial setae and has
larger spores (32–34 3 24–28 mm) with large,
rounded ornaments that are crowded on the spore
surface. Harkness referred to G. compacta as ‘‘ex-
ceedingly rare’’ and the species is apparently only
known from two collections (Harkness 86 and Trappe
1361). Unfortunately both are in poor condition and
we were unable to obtain DNA of sufficient quality for
ITS sequencing. A potentially related species, G.
asperula Trappe, Guzmán & T. Herrera, was described
from a Pinus-Quercus forest in southern Mexico

FIG. 11. Distribution of Genea arenaria, G. bihymeniata, G. cazaresii and Gilkeya compacta in California and Oregon.
Distribution of Gilkeya compacta in Idaho and Mexico not shown.
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(Trappe and Guzmán 1971). It differs from G.
arenaria in having a spore ornamentation of low,
rounded warts and asci with thickened walls. A similar
species found under Quercus spp. in Mexico was
ascribed to G. arenaria by Cázares et al (1992), but it
has slightly larger spores and longer asci than either
G. arenaria or G. asperula and might represent an
undescribed species.

Genea arenaria has been collected in mixed forests
with diverse EM plants (Arbutus menziesii, Arctosta-
phylos spp., Quercus agrifolia, Q. chrysolepis, Q.
douglasii, Q. garryana, Q. kelloggii, Abies concolor,
Pinus coulteri, P. lambertiana, P. ponderosa, Pseudot-
suga menziesii, P. macrocarpa, Salix spp., Alnus
spp.) but seems always underQuercus or in forests
where Quercus is present. This, in conjunction with
confirmation of its symbiotic association with Q.
douglasii and Q. wislizenii, suggests thatG. arenaria
may preferentially or obligately form EM with
Quercus.

OTHER COLLECTIONS EXAMINED IN THIS STUDY

Genea compacta: USA. CALIFORNIA: Marin County,
Mount Tamalpais, April, Harkness 86, H.W. Harkness,
(OSC 81195); San Mateo County, Burlingame, 6 Apr
1924, Trappe 1361/Parks 2114, H.E.Parks, (OSC
111676). Genea gardneri: USA. CALIFORNIA: Los
Angeles County, Angeles National Forest, Prospect
Campground, 18 Apr 1993, Trappe13007, M. Castel-
lano, (OSC 111679, GenBank DQ206860); Yuba
County, UC Sierra Research and Extension Center,
Koch Natural Area, 12 Feb 2004,src831, M.E. Smith,
(OSC 111698, GenBank DQ206850, DQ206965); 15
Jan 2005,src867, M.E. Smith, (OSC 111699, GenBank
DQ206851, DQ206964).Genea harknessii group: USA.
CALIFORNIA: Alameda County, Berkeley, Strawberry
Canyon, 27 Mar 1915.UC 429, N.L. Gardner, (OSC
81198); Yuba County, UC Sierra Research and
Extension Center, Koch Natural Area, 20 Feb 2003,
src616, M.E. Smith, (OSC 111700, GenBank
DQ206857); 20 Feb 2003, src624, M.E. Smith,
(OSC); 20 Feb 2003,src636, M.E. Smith, (OSC); 20
Feb 2003, src638, M.E. Smith, (OSC); 1 Mar 2003,
src647, M.E. Smith, (OSC); 5 Mar 2003, src665, M.E.
Smith, (OSC 111703, GenBank DQ206859); 12 Feb
2004, src830, M.E. Smith, (OSC 111702, GenBank
DQ206861); 15 Jan 2005,src865, M.E. Smith, (OSC);
8 Mar 2005, src878, M.E. Smith, (OSC); 8 Mar 2005,
src879, M.E. Smith, (OSC). Genabea cerebriformis:
USA. CALIFORNIA: Yuba County, UC Sierra Re-
search and Extension Center, Koch Natural Area, 2
Feb 2003,src637, M.E. Smith, (OSC 111696, GenBank
DQ206864); 21 Mar 2003,src679, M.E. Smith, (OSC);
7 Apr 2003, src688, M.E. Smith, (OSC); 7 Apr 2003,

src691, M.E. Smith, (OSC); 24 Apr 2003, src694, M.E.
Smith, (OSC 111697, Genbank DQ218303).Genea sp.:
USA. CALIFORNIA: Yuba County, UC Sierra Re-
search and Extension Center, Koch Natural Area, 5
Mar 2003, src680, M.E. Smith, (OSC 111701, Gen-
Bank DQ206849, DQ206967). Genea balsleyi nom.
prov.: USA. NEW JERSEY: Hunterdon County, Leba-
non, 24 Sep 2003, Trappe28214, R. Balsley, (OSC
111704, GenBank DQ21830).

KEY TO GENEA, GENABEA, AND GILKEYA OF WESTERN

NORTH AMERICA

(Spores should be examined in water, Melzer’s
reagent, or stains such as cotton blue in lactic acid;
the spore ornamentation of many species dissolves in
alkaline solutions such as KOH).

1. Spores globose; ascomata pale grayish yellow to light tan
or reddish/vinaceous, lacking basal tuft of mycelium.. 2

19. Spores subglobose to ellipsoid; ascomata brown to
black, basal tuft of mycelium present.. . . . . . . . . . . 3
2. Ascomata pale grayish yellow to light tan, spores

densely spiny (echinulate); asci clavate to ellipsoid
to irregular, hymenium regularly separated into
pockets by sterile zones . . .. . . . . . . . . . . . . . . . .
. . . . . . . . Genabea cerebriformis (Harkn.) Trappe

29. Ascomata reddish to vinaceous, spores with broad,
rounded warts (verrucose), asci cylindrical, hyme-
nium continuous. . . . . . . . .. . . . . . . . Gilkeya
compacta (Harkn.) M.E. Sm. & Trappe, comb. nov.

3. Ascomata tan to brown.. . . . . . . . . . . . . . . . . . . . . 4
39. Ascomata black.. .. . . . . . . . . . . . . . . . . . . . . . . . . 6

4. Ascomata with scattered to abundant, septate setae*
clustered on peridial warts, spore ornaments irreg-
ularly shaped (obtuse to truncate, tips anvil-topped
or forked). (*hairs easily worn away, inspect the
furrows of ascomata). . . . . Genea arenaria Harkn.

49. Ascomata lacking setae on the exterior of the
peridium, spore ornaments rounded. . . . . . . . . . 5

5. Spore ornaments inconspicuous, 6 0.5 mm tall, 0.3–
1.0 mm broad, sometimes widely spaced and erratically
present on the surface of spores; spores 18–213 (12–)
14–16mm. . . . . . . Genea cazaresii M.E. Sm. & Trappe

59. Spore ornaments truncate to conical, 6 2–5 3 1.5–
5 mm, usually crowded on the spore surface; spores 32–
34 3 24–28 mm. . . . . . . . . . . Genea compacta Harkn.
6. Spore ornaments with pointed to irregular protru-

sions at tips; ornaments not typically crowded on
the spore surface; spores 24–323 21–29mm. . . . .
. . . . Genea harknessii* Gilkey (*apparently a com-
plex of morphologically indistinguishable species)

69. Spore ornaments usually larger (,10 mm broad),
rounded, and crowded on the spore surface. . . . . . 7

7. Spores 22–25(–28)3 (20–)21–24 mm; hymenial layers
throughout the ascomata frequently fused together at
the basal ends, sharing a common subhymenium,
known only from Southern California. . . . . . . . . . . . .
. . . . . . . . . . . . Genea bihymeniata M.E. Sm. & Trappe

79. Spores 32–363 28–34 mm, spore surface often conspic-
uously pitted at maturity; hymenial layers not fused
together to form a double hymenium; known from
throughout the western U.S. . . . . Genea gardneri Gilkey
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DISCUSSION

This study provides the first molecular confirmation
that species of Genea and Genabea are common EM
symbionts of Quercus. Because these genera have long
been considered ectomycorrhizal, it is surprising they
have not been encountered more frequently on roots
in previous EM community studies. It is possible that
Genea and Genabea have been overlooked in the past
because, while common in many root cores, they are
not abundant in any given core. In our study Genea
and Genabea were present in more than 35% of root
cores but accounted for only 3.2% of all clones
screened with RFLP.

A second possibility is thatGenea and Genabea have
seldom been found on roots because current meth-
ods in EM research are more effective at detecting
epigeous Basidiomycota than hypogeous fungi and
Ascomycota. Many studies identify fungi from single
EM root tips using RFLP matching to fruiting bodies
or by direct ITS sequencing, yet hypogeous fungi and
EM Ascomycota are underrepresented in both RFLP
and public sequence databases (Izzo et al 2005b, M.
Smith personal observation). For example three
Genea species included in this study (Genea balsleyi
nom. prov., Genea arenaria and Genea harknessii –
lineage 1) showed strong affinity (ITS BLAST
identities greater than 95%) to unidentified peziza-
lean DNA sequences from EM roots and orchid
mycorrhiza root sections (AY634166, AY351627 and
AY310834) (data not shown). In addition Ascomycota
EM tips are morphologically and physiologically
distinct from Basidiomycota EM; they are usually
smaller, have less emanating hyphae and rarely
produce rhizomorphs (Danielson 1984, Berndt et al
1990, Warcup 1990a, Smith and Read 1997). This
means that Ascomycota EM likely contain less rDNA
template than Basidiomycota EM and thus might be
more challenging to amplify with PCR. Because our
approach bulks many EM tips together and employs
a DNA extraction kit that removes a wide variety of
PCR inhibitors, it is possible this method detects
Ascomycota EM more effectively than traditional,
single tip methods.

A third possibility is that Genea and Genabea have
been overlooked on roots because they are common
in seasonally dry, angiosperm-dominated woodlands
but not in the mesic and boreal coniferous forests
that have been the focus of much EM research.
Although ascomata of Genea and Genabea have been
collected in moist habitats such as temperate rain-
forest (Kropp and Trappe 1982) most reports of
putative Genea EM roots are from drier, angiosperm-
dominated forests (e.g. Fontana and Centrella 1967,
Avis and Charvat 2005, de Roman and de Miguel

2005). In addition many of the putative Genea
sequences in GenBank are from areas with a pro-
nounced dry season (M. Smith personal observation).
Based on taxonomic studies of ascomata bothGenea
and Genabea appear to be most diverse in low-
elevation woodlands and savannas (Gilkey 1916,
Fontana and Centrella 1967, Cázares et al 1992,
Alvarez et al 1993).

Our surveys ofGenea and Genabea at a single site in
a Quercus-dominated woodland yielded an unexpect-
edly high level of diversity, with five morphological
species groups from ascomata but 11 distinct ITS
types from ascomata and EM roots. The Genea
harknessii morphological group was particularly di-
verse with five related ITS types encountered at
a small spatial scale. The ITS region generally shows
low variation within species (Horton and Bruns 2001,
Horton 2002) and ITS variation is often congruent
with variation at other loci (e.g. Douhan and Rizzo
2005, Geml et al 2006). Pairwise comparisons showed
3.8–8.3% variation between the five G. harknessii ITS
types and phylogenetic analysis yielded five strongly
supported lineages (FIG. 2). Despite significant di-
versity in the ITS, mature ascomata from three of the
G. harknessii lineages could not be morphologically
differentiated, suggesting the possibility of five
cryptic phylogenetic species. Two additional
lineages, src680 & src680-like, appear distantly re-
lated to all other black-colored Genea spp. from
western North America. However, because these
lineages were detected only as a single immature
ascoma and an ITS sequence from EM roots, further
collections will be needed before they can be
adequately characterized.

In contrast to the cryptic diversity within the Genea
harknessii group, Genea arenaria showed moderate
morphological diversity but limited genetic diversity
over a large geographic range. We found a low level of
ITS diversity (ca. 1% bp differences in pairwise
comparisons) among 17 G. arenaria specimens
collected in diverse habitats. This suggests that
environmental or developmental, rather than genetic
factors, might be responsible for the morphological
variation in setae and other characters. In addition
old or poorly preserved collections often lacked setae
across exposed peridial surfaces but retained rare to
scattered clusters of setae within protected furrows.
This observation implies that some phenotypic di-
versity in setae length and abundance is actually due
to poor preservation of specimens rather than actual
morphological variation.

Examination of herbarium material yielded two
previously undescribed species:Genea cazaresii sp. nov
and Genea bihymeniata sp. nov. While it is possible to
differentiate these taxa from their closest relatives
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after thorough scrutiny of microscopic characters, it
seems both were previously overlooked because of
their resemblance to described species. For example
three of the four known collections of Genea cazaresi
were labeled ‘‘immature Genea’’ because the mature
spores of G. cazaresii have minute ornaments similar
to those of immature spores of other Genea spp..
Likewise the only known collection of Genea bihyme-
niata had been misidentified as G. gardneri.

DNA sequencing of the ITS region was invaluable
for differentiating the two previously unknown taxa
and for matching ascomata with colonized EM root
tips, but this region was too divergent to allow for
unambiguous alignment across all target species. The
adjacent 550 bp of the 28 s region, however, was
unmistakably alignable and helped clarify relation-
ships within and between Genea and Genabea. As
expected, 28s rDNA sequences ofGenea and Genabea
were similar to a variety of apothecia-forming Pyrone-
mataceae from GenBank, confirming that the current
placement of Genea and Genabea is appropriate
(Pfister 1984) (FIG. 1). Consistent with the morpho-
logical analysis by Trappe (1975),Genea and Genabea
were resolved as distinct groups separated by signifi-
cant genetic distance. The position of Gilkeya compacta
comb. nov. was unresolved in our phylogeny with
Genabea cerebriformis, Gilkeya compacta and the rest of
the Genea spp. always forming a trichotomy. Although
we were not able to determine the exact relationships
between the three genera, both molecular and
morphological data indicate that Gilkeya compacta is
unique and deserving of generic status. In addition,
preliminary data from an extensive, unpublished
phylogeny of the Pyronemataceae appear to corrobo-
rate this result (K. Hansen and B. Perry personal
communication). With the exception of Gilkeya
compacta (formerly Genea intermedia), all of the Genea
spp. included in this study formed a well-supported
monophyletic group, although many of the subgroup-
ings within the genus had poor bootstrap support.

Altogether the data presented here suggest that
Genea and Genabea are more abundant and diverse as
EM symbionts of Quercus in California than previously
thought. While morphological studies of field-collect-
ed ascomata revealed unexpectedly high diversity from
Genea and Genabea at one site, sequencing of the ITS
rDNA detected additional cryptic lineages from EM
roots, field-collected ascomata and herbarium speci-
mens. Several factors likely contribute to this hidden
diversity, including irregular ascomata production in
California’s Mediterranean climate, the small number
of measurable morphological characters and the small
size, dark coloration and hypogeous fruiting habit of
Genea and Genabea. With eight out of the 36
recognized species of Genea, Genabea and Gilkeya

known to occur in California, it is possible that
western North America is a hotspot of diversity for
this group of hypogeous Pyronemataceae. However
a fascinating alternative is that seasonally dry habitats,
such as the oak woodland we studied, harbor
a plethora of inconspicuous, drought-adapted fungi
that remain unknown to science. Whatever the case the
successful and synergistic use of morphological and
molecular techniques will be imperative for detecting
and understanding cryptic fungal diversity in the
future.
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