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The ectomycorrhizal status of Calostoma
cinnabarinum determined using isotopic,
molecular, and morphological methods

Andrew W. Wilson, Erik A. Hobbie, and David S. Hibbett

Abstract: Calostoma cinnabarinum Corda belongs to the suborder Sclerodermatineae (Boletales), which includes many
well-known ectomycorrhizal basidiomycetes, but the genus Calostoma has been described as saprotrophic. This study com-
bines isotopic, molecular, and morphological techniques to determine the mode of nutrition of C. cinnabarinum. 3'3C and
8'>N measurements were compared among co-occurring C. cinnabarinum, ectomycorrhizal fungi, saprotrophic fungi, and
ectomycorrhizal plants. Isotopic profiles of C. cinnabarinum resembled those of ectomycorrhizal fungi but not those of
saprotrophic fungi. For molecular analyses, ectomycorrhizal root tips were extracted from soil cores collected beneath

C. cinnabarinum fruit bodies. Nuclear ribosomal internal transcribed spacer (nrITS) sequences were obtained from ectomy-
corrhizal root tips using fungal-specific primers and screened against C. cinnabarinum nrITS sequences. Ectomycorrhizal
root tips had nrITS sequences that matched C. cinnabarinum fruiting bodies. Root tips colonized by C. cinnabarinum were
also described morphologically. Several morphological characters were shared between fruiting bodies and ectomycorrhizal
root tips of C. cinnabarinum. Results of isotopic, molecular, and morphological analyses indicate that C. cinnabarinum is
ectomycorrhizal. Molecular analysis and observations of plant associations suggest that C. cinnabarinum forms ectomycor-
rhizae with Quercus.
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Résumé : Le Calostoma cinnabarinum Corda appartient au sous-ordre des Sclerodermatinae (Bolétales), qui inclut plu-

sieurs especes de basidiomycétes bien reconnues, mais on a décrit le genre Calostoma comme saprophyte. Les auteurs ont
déterminé le mode de nutrition du C. cinnabarinum a 1’aide de techniques isotopiques, moléculaires et morphologiques. Ils
ont comparé les mesures des 3'3C et 35N entre le C. cinnabarinum, des champignons ectomycorhiziens, des champignons

saprophytes et des plantes ectomycorhiziennes, poussant sur un méme site. Les patrons isotopiques du C. cinnabarinum
ressemblent a ceux des champignons ectomycorhiziens, mais non a ceux de champignons saprophytes. Afin de conduire
des analyses moléculaires, des apex ectomycorhiziens ont été extraits de carottes de sol récoltées sous des fructifications
de C. cinnabarinum. En utilisant des amorces fongiques spécifiques on a obtenu des séquences nucléaire ribosomal espa-
ceur transcrit interne (nrITS), a partir des apex ectomycorhiziens, et on les a comparées avec les séquences nrITS du

C. cinnabarinum. Ces séquences nrITS des apex correspondent a celles de fructifications du C. cinnabarinum. On présente
également une description des apex racinaires colonisés par le C. cinnabarinum. Les résultats des analyses isotopiques,
moléculaires et morphologiques indiquent que le C. cinnabarinum est ectomycorhizien. Les analyses moléculaires et 1’ob-
servation des associations végétales suggerent que le C. cinnabarinum forme des ectomycorhizes avec des Quercus.

Mots-clés : Calostoma, nrITS, ectomycorhizes, saprophytes, isotope, écologie moléculaire, écologie fongique.

[Traduit par la Rédaction]

Introduction

The genus Calostoma consists of morphologically unusual
species of basidiomycetes that fruit on the ground in temper-
ate and tropical forests composed of Fagaceae, Nothofaga-
ceae, Myrtaceae, and Dipterocarpaceae. Calostoma species
form gastroid fruiting bodies often with brightly colored
peristomes (ridged ostioles) and gelatinized tissues. There
are 26 species of Calostoma in the CABI database (www.
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indexfungorum.org/). Three of these species occur in North-
ern and Central America, and the rest are found in Asian
and Australian regions. Recent molecular studies have
placed this genus in the Sclerodermatineae, a suborder of
the Boletales (Hughey et al. 2000; Binder and Bresinsky
2002). The Boletales are mostly ectomycorrhizal with some
saprotrophic members, while all core Sclerodermatineae
genera — Scleroderma (Godbout and Fortin 1983; Buée et
al. 2004), Pisolithus (Moyersoen and Beever 2004), Astreus
(Danielson 1984), Gyroporus (Agerer 2002) — are consid-
ered ectomycorrhizal. Hughey et al. (2000) described
Calostoma cinnabarinum Corda as a litter decomposer after
Miller and Miller (1988), but this assumption is most likely
based on previous taxonomic comparisons with the saprotro-
phic Tulostoma (Burnap 1897) and with Geastrum (Massee
1888), which have been previously described as saprotrophic
(Kreisel 1969; Miller and Miller 1988; Sunhede 1989), but
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more recently described as ectomycorrhizal (Agerer and
Beenken 1998). However, Hughey et al. (2000) acknowl-
edged that the classification of Calostoma as saprotrophic
was probably based on previous taxonomic placement and
suggested that the ecological role of this fungus should be
further investigated.

Saprotrophic and ectomycorrhizal fungi often acquire car-
bon and nitrogen from different sources. This difference in
nutrient acquisition is observed in studies of stable carbon
(13C) isotope abundances in fruiting bodies of known sapro-
trophic and mycorrhizal fungi, with saprotrophic fungi being
several parts per mille (%o) enriched in '3C relative to my-
corrhizal fungi (Hogberg et al. 1999; Hobbie et al. 1999,
2001; Kohzu et al. 1999; Henn and Chapela 2001; Taylor et
al. 2003; Trudell et al. 2004; Hobbie 2005; Hart et al. 2006).
In addition, because the creation of transfer compounds such
as amino acids by mycorrhizal fungi results in the transfer
of 15N-depleted nitrogen to host plants and the retention of
I5N-enriched nitrogen in mycorrhizal fungi, ectomycorrhizal
fungi that supply nitrogen to their host plants can be en-
riched in SN relative to co-occurring saprotrophic fungi
(Hobbie et al. 1999, 2001, 2005; Kohzu et al. 1999; Henn
and Chapela 2001; Taylor et al. 2003; Trudell et al. 2004;
Hobbie 2005). The source of nitrogen in the environment
may also affect 1SN enrichment in ectomycorrhizal fungi
(Gebaur and Taylor 1999). Although values of 13C and >N
content vary between sites and across species of fungi,
Hobbie et al. (2001) and Taylor et al. (2003) used measure-
ments of isotopic values from known ectomycorrhizal and
saprotrophic fungi to infer nutrient acquisition in fungi of
uncertain ecological role. These studies suggest that 13C and

5N measurements could be used to infer whether Calostoma
resembles ectomycorrhizal fungi or saprotrophic fungi in its
nutrient acquisition strategy.

Molecular methods have been used in many studies to de-
termine the identity of mycorrhizal fungi colonizing the root
tips of plants (Gardes and Bruns 1993, 1996; Cullings et al.
1996; Dahlburg et al. 1997; Chambers et al. 1998;
McKendrick et al. 2000; Bidartondo et al. 2002). The nu-
clear ribosomal internal transcribed spacer (nrITS) regions
can be sequenced from ectomycorrhizal fungi found on root
tips with the use of fungal-specific primers (Gardes and
Bruns 1993) and can be used to identify ectomycorrhizal
mantles to the level of species (Horton and Bruns 2001). By
using these techniques, the identity of ectomycorrhizal root
tips can then be compared with the identified fruiting
bodies. Morphological features of mantles vary among spe-
cies and can also provide characters for identification
(Agerer 1987-1996; Horton and Bruns 2001). Calostoma
cinnabarinum has yet to be successfully cultured despite re-
peated attempts with vitamin-amended media (M. Binder,
personal communication, 2003).

Calostoma cinnabarinum produces fruiting bodies on soil
in forests dominated by ectomycorrhizal trees. Moreover,
phylogenetic analyses place C. cinnabarinum within the Scle-
rodermatineae, which is dominated by ectomycorrhizal taxa
(Hughey et al. 2000; Binder and Bresinsky 2002). Therefore,
it is probably ectomycorrhizal, but direct evidence is lacking.
This study used isotopic, molecular, and morphological tech-
niques to resolve the nutritional mode of C. cinnabarinum.
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Materials and methods

Sampling

Calostoma cinnabarinum fruiting bodies and soil cores
were collected from four locations in Massachusetts, USA
(Table 1). Samples of fruiting bodies and plant foliage used
in the isotopic analysis were collected from the Upton site.
The samples consisted of three fruiting bodies of Calostoma;
six fruiting bodies of the ectomycorrhizal genera Boletinel-
lus, Cortinarius, Gyroporus, Lactarius, and Scleroderma,
and four fruiting bodies of the saprotrophic genera Armil-
laria, Lycoperdon, and Trametes. In addition, a total of five
foliage samples were collected from three ectomycorrhizal
plant genera (Quercus, Carya, Pinus) for isotopic analysis.
The fruiting bodies were dried and stored as vouchers. Soil
cores of approximately 500-1000 mL were extracted from
beneath fruiting bodies to about 15 cm below the surface.
Ectomycorrhizal root tips were separated from roots using a
dissecting microscope. Root tips extracted from soil cores
were pooled based on morphology, stored in Eppendorf
tubes in 1x Tris-EDTA buffer, and refrigerated. Samples
for molecular and isotopic analyses were collected from Au-
gust through October of 2003.

Isotopic analysis and sample preparation

Isotopic analyses in this study follow the methods de-
scribed in Hobbie et al. 1999 and 2001 and Taylor et al.
2003. For the analyses, samples of ectomycorrhizal fungi,
saprotrophic fungi, and foliage from ectomycorrhizal plants
were identified to genus. Samples were dried at
50 °C. Approximately 250 mg of each sample was ground
to a fine powder using a mortar and pestle with liquid nitro-
gen. At least half of the sampled fruiting body or plant ma-
terial was kept as vouchers. Up to two replicates per sample
were analyzed for 6!3C and 6N at the University of Vir-
ginia on a Carlo Erba elemental analyzer coupled to a Mi-
cromass Optima mass spectrometer (Fisons/VG/Micromass,
Manchester, UK). The internal standards for isotopic and
concentration measurements were acetanilide and apple
leaves (NIST 1515). Stable isotope abundances are reported
as

815N or 813C (%) = (Rsample/Rslandard - 1) x 1000

where R is 1N/1N or 13C/!2C of either the sample or the
reference standards of atmospheric N, for nitrogen and Pee-
Dee belemnite for carbon. The standard deviation of isoto-
pic measurements of the internal standards used was 0.2%o.

Statistical analyses were performed using STATISTICA
v. 7.1 (StatSoft Inc., Tulsa, Oklahoma) to analyze the simi-
larity of isotope values among Calostoma, ectomycorrhizal
fungi, and saprotrophic fungi. A one-way ANOVA of the
raw data was followed by a Tukey HSD test for unequal
sample sizes.

DNA extraction, PCR, and DNA sequencing

For each of the four sites listed in Table 1, DNA was col-
lected from ectomycorrhizal root tips using extraction proto-
cols described in Cullings (1992) with some modification.
DNA was extracted from dried C. cinnabarinum fruiting
bodies using the E.Z.N.A. fungal DNA miniprep kit (Omega
Bio-tek, Inc., Doraville, Georgia).
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Table 1. Location and identity of fruiting body and ectomycorrhizal sequences, including group associations with GenBank and UNITE sequences used.

Site or source

Group

Inocybe (Fig. 2b)

Russula (Fig. 2c¢)

Unknown

Upton *

Broad Meadow Brook*

Blue Hills Reservation®

Mt. Wachusett*

GenBank sequences

UNITE sequences

Boletales (Fig. 2a)
Calostoma cinnabarinum, AY 854064

BMB A01, DQ493559
BMB B03, DQ493560
BMB B10, DQ493561
BMB B11 DQ493562
Rhizomorphs, DQ493563*

MW4.10, DQ493579
MW4.12, DQ493580

Boletus aestivalis, AY130295.1
Pisolithus sp., AB099922.1
Scleroderma bovista, AB099901.1

Boletus calopus, UDB000659
Pisolithus arhizus, UDB001206
Scleroderma areolatum, UDB00121

HS11.3, DQ493548
HS11.13, DQ493549
HS11.20, DQ493550
HS11.26, DQ493551

BH3.27, DQ493569
BH3.28, DQ493570

MW4.5, DQ493587
MW4.7, DQ493588
MW4.10, DQ493589
MW4.12, DQ493590

Inocybe nitidiuscula, AJ534934.1
Inocybe pudica, AY228341.1
Inocybe sp., AY751558.1
Unknown EcM, AY310820.1%
Inocybe lanuginosa, UDB000615
Inocybe napipes, UDB000017
Inocybe soluta, UDB000630
Inocybe stellatospora, UDB000610

HS7.3, DQ493552
HS7.4, DQ493553
HS7.14, DQ493554
HS11.1, DQ493555
HS11.2, DQ493556
HS11.6, DQ493557
HS11.15, DQ493558
BMB A07, DQ493564

BHI1.1, DQ493571

BH1.5, DQ493572

BH1.6, DQ493573

BH1.10, DQ493574

BH1.12, DQ493575

BH1.16, DQ493576

BHI1.17, DQ493577

BH1.19, DQ493578

MW3A.1, DQ493581

MW3A.2, DQ493582

MW3A.7, DQ493583

MW3A.16, DQ493584
MW3A.17, DQ493585

MW4.6, DQ493586

Russula ammoenipes, AY061656.1
Russula atropurpurea, AY061654
Russula azurea, AY061660.1
Russula decolorans, AY194601.1
Russla vinosa, UDB000350
Russula amethystina, UDB000303
Russula atropurpurea, UDB000313
Russula brunneoviolacea, UDB000013
Russula caerulea, UDB000335
Russula integra, UDB000355
Russula ochroleuca, UDB000295
Russula raoultii, UDB000328
Russula solaris, UDB000302

BMB B02, DQ493565
BMB B07, DQ493566
BMB B09, DQ493567
BMB B12, DQ493568

*Locations are as follows: Upton, Mass.; Broad Meadow Brook, Worcester, Mass.; Blue Hills Reservation, Milton, Mass.; Mt. Wachusett, Princeton, Mass.

Sequences from fruiting bodies.
Sequences from rhizomorphs.

SAn unknown ectomycorrhizal species.
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Table 2. 5'3C and §'°N mean values (+ standard deviations) fun-
gal groups and plant foliage and collected from the Upton site.

d13C 3N
Sample means (%o)
Calostoma cinnabarinum (n = 3)  -23.1 (x0.2) -12.6 (x0.3)
Mycorrhizal (n = 6) -23.1 (x0.5) -8.5 (£2.0)
Saprotrophic (n = 4) -21.0 (x1.3) -0.4 (x0.9)
Plant foliage (n = 4) 274 (x1.4) -0.2 (£1.3)
Tukey post hoc probabilities
Calostoma vs. mycorrhizal fungi 0.999%* 0.007
Calostoma vs. saprotrophic fungi 0.019 <0.001
Mycorrhizal vs. saprotrophic 0.006 <0.001

Note: 5"°C and "N values of fungal groups were compared using a
Tukey HSD test for unequal sample sizes.

*Group comparisons are not significantly different (P > 0.05) from
each other.

The polymerase chain reaction (PCR) and cycle sequenc-
ing were performed with primers ITS1F and ITS4B (Gardes
and Bruns 1993) on a MJ Bioworks PTC 200 DNA engine
thermal cycler (Bio-Rad Laboratories, Inc., Hercules, Cali-
fornia). Plant-specific primers ITS1-plant and ITS2-plant
(Muir and Schlétterer 1999) were used for host plant identifi-
cation. Cycle sequencing protocols were as follows: denature
step of 94 °C for 2 min; 35 cycles of 30 s at 92 °C, 1 min at
55 °C, and 30 s at 72 °C; final extension of 72 °C for 5 min.
Sequencing products were purified with GeneClean glass-
milk (Q-BIOgene, www.gbiogene.com) and run on an ABI
377 DNA sequencer (Applied Biosystems, Foster City, Cali-
fornia). Sequence editing was performed using Sequencher v.
3.1.1 (Gene Codes Corp., Ann Arbor, Michigan).

Molecular analyses

Fungal nuclear ribosomal internal transcribed spacers
(nrITS) 1 and 2 and 5.8S sequences were generated from ec-
tomycorrhizal root tips collected from each sampling site
(Table 1) and were used as queries in BLAST searches of
the GenBank (www.ncbi.nlm.nih.gov/) and UNITE (unite.
ut.ee/; Kodljalg et al. 2005) databases. Identified sequences
with the highest E score from the BLAST query were ob-
tained from GenBank. The two closest-related sequences
from UNITE queries were also obtained for analysis. These
sequences were aligned with ectomycorrhizal sequences us-
ing Clustal_X 1.81 (Thompson et al. 1997) with default set-
tings, followed by manual alignment using MacClade v.
4.03 (Maddison and Maddison 2001). Two sets of distance
analyses of DNA sequences were performed. First, a set of
70 sequences, including all the newly generated sequences
and the sequences obtained from GenBank and UNITE,
were analyzed together. ITS evolves rapidly, making it diffi-
cult to assess homology in alignments of distantly related
taxa. The purpose of this first analysis was not to provide a
rigorous phylogenetic estimate, but simply to group identi-
fied nrITS sequences and unidentified ectomycorrhizal
nrITS  sequences into clusters of similar sequences.
Subsequently, subsets of similar sequences from the 70
sequences were realigned and subjected to independent
analyses. The distance analyses used a neighbor-joining
(NJ) method that employed a Kimura two-parameter model
of evolution. These analyses were performed using PAUP*

Can. J. Bot. Vol. 85, 2007

Fig. 1. Nitrogen and carbon stable isotope values for fungi from the
Upton site. Ectomycorrhizal fungi are represented by shaded cir-
cles; saprotrophic fungi are represented by open squares; samples
for Calostoma cinnabarinum are represented by shaded triangles.

15.0
3 2 Calostoma cinnabarinum
12,5} ApY
([
Scleroderma
10.0f @ Boletinellus
® Scleroderma
-
é 7.5} Cortinarius @ ® Gyroporus
= Lactarius @
wn
w 50+
25}
Armillaria O Armillaria
ool [ Trametes
[ Lycoperdon
-2.5 L L L L L L !
-25 -24 -23 -22 -21 -20 -19 -18

$3C (%)

v. 4.0b (Swofford 2002). An NJ bootstrap analysis was per-
formed using 1000 bootstrap replicates and the same dis-
tance analysis parameters described above.

Morphological analysis

Ectomycorrhizal root tips molecularly identified as
C. cinnabarinum were described using protocols and termi-
nology from Ingleby et al. (1990) and Agerer (1991). Mac-
romorphological features were observed and photographed
with tissue immersed in water, using a dissecting micro-
scope. Micromorphological features were observed using a
compound microscope. For micromorphological features,
root tips were processed in a combination of 10% and 50%
KOH and then stained with cotton blue. Permanent slides
were made with a 50% glycerol solution. Both macromor-
phological and micromorphological features were described
with the aid of a checklist developed by the British Colum-
bia Ectomycorrhizae Research Network (www.pfc.forestry.
ca/biodiversity/bcern/index_e.html).

Results

Sampling

Forty-eight C. cinnabarinum fruiting bodies were col-
lected from four sites in Massachusetts. Nine fruiting bodies
from a single location were collected from the Upton site.
Another eight fruiting bodies were collected from two loca-
tions at Broad Meadow Brook, nine fruiting bodies were
collected from two different locations at Blue Hills Reserva-
tion, and 22 were collected from four different locations at
Mt. Wachusett.

Isotopic analysis

Thirteen fruiting bodies representing Calostoma, ectomy-
corrhizal fungi and saprotrophic fungi, along with five foli-
age samples, were collected from the Upton site. Mean
isotope values and standard deviations of fungal groups and
plant foliage are listed in Table 2. Isotopic values for
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Fig. 2. Unrooted NJ trees of ectomycorrhizal root tip nrITS se-
quences and the nearest sequence matches from BLAST and
UNITE databases. Three basidiomycete groups are identified:

(a) Boletales, (b) Inocybe, and (c¢) Russula. Numbers adjacent to
branches represent statistical support determined by NJ Kimura 2
parameter bootstrap analysis using 1000 replicates.

a Boletus aestivalis

Boletus calopus

Pisolithus sp. Sclerodermatineae

Scleroderma
areolatum

Pisolithus arhizus

C cinnabarinum / BMB B10
MW4.10 BMB B03
BMB B11 BMB A01

| Rhizomorphs MW4.12
— 0.05 substitutions/site

Scleroderma bovista

b Inocybe lanuginosa _ Inocybe stellatospora

MWa4.1
MW4.4  Mw4.5

Mw4.7

Inocybe
nitidiuscula
Inocybe sp.

100
BH3.27

Inocybe BH3.28

pudica

Unknown
ECM
s11.26 / HS11:20
HS11.3 HS11.13
— 0.05 substitutions/site

Inocybe soluta

Inocybe napipes
H

Russula atropurpurea
C
UNITE HS11.2
Russula raoultii HS7.14 Hs11.1
HS7.3 ys11.6
HS11.15
Russula caerulea Russula atropurpurea
GENBANK
Russula ochroleuca
Russula azurea
Russula
amethystina
MW3A 2 \iw3a.1e Y
MW3A.7
100 BH1.16
MW46  pwsaa7 BH1.19 BH1.1
MW3A.1 } ) BH1.12
Russula BH BH1.10 BH1.5

brunneoviolacea 1.6 BH1.17 BMBA07
HS7.4
Russula amoenipes

Russula solaris

Russula integra
Russula decolorans
Russula

vinosa

— 0.01 substitutions/site

C. cinnabarinum are compared with ectomycorrhizal fungi
and saprotrophic fungi in Fig. 1.

Saprotrophic fungi differed from both the known ectomy-
corrhizal fungi and C. cinnabarinum in 8'3C values (Fig. 1,
Table 2). On average, C. cinnabarinum was 2.1%o depleted
in 13C relative to saprotrophic fungi and did not differ from
ectomycorrhizal fungi (P = 0.999; Table 2). Plants were de-
pleted in 13C by 4.2%o relative to ectomycorrhizal fungi and
by 6.2%o relative to saprotrophic fungi.
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The 38!5N values differed substantially among all three
fungal groups (Fig. 1). Calostoma cinnabarinum values
were 4.1%o higher than ectomycorrhizal and 12.2%o higher
than saprotrophic fungi. Saprotrophic fungi and plant foliage
differed in 6'5N values by 0.2%o.

Molecular analysis

Sequences of nrITS were obtained from 43 ectomycorrhi-
zal root tips collected from all four sites described in Ta-
ble 1. Sequences of C. cinnabarinum fruiting bodies from
the Upton site were obtained for primary identification of
ectomycorrhizal sequences. The GenBank search yielded 10
identified sequences and an unknown ectomycorrhizal spe-
cies (Table 1). GenBank sequences for Inocybe sp., Russula
atropurpurea, Russula azurea, and the unknown ectomycor-
rhizal species received E values of 0.0 in BLAST searches.
The seven remaining GenBank sequences received E values
from as low as 1 x 107128 (Russula amoenipes) to a high of
1 x 1073 (Boletus aestivalis). The UNITE search yielded 16
sequences (Table 1).

An initial NJ tree was created from a complete alignment
of all 43 ectomycorrhizal sequences, C. cinnabarinum
nrlTS, and all 27 species obtained from online databases
(data not shown). The nrITS data matrix was 787 characters
in length, of which 512 were removed because of ambigu-
ities in aligning variable nrITS regions. The results of this
initial NJ tree indicate that three fungal groups and one un-
identified fungal sequence (sequenced from four ectomycor-
rhizal root tips) (Table 1) are represented in the soil cores
underneath C. cinnabarinum in this study. The three identi-
fied fungal groups represent the genera Inocybe and Russula
and the order Boletales. Sequences of the three identified
fungal groups were realigned, and individual unrooted NIJ
trees were created (Fig. 2). Sequence alignments for these
three groups were submitted to TreeBase (www.treebase.
org/treebase/, study accession number S1718).

The Boletales group (Fig. 2a) 1is represented by
C. cinnabarinum, six ectomycorrhizal sequences, a rhizo-
morph sequence, and six species from GenBank and UNITE
in a data matrix of 749 characters. The six ectomycorrhizal
and rhizomorph sequences are >99% similar to the sequence
from the C. cinnabarinum fruit body. These ectomycorrhizal
sequences were extracted from soil cores from Broad
Meadow Brook and Mt. Wachusett. Sequences from
C. cinnabarinum fruit bodies from these locations
were >99% similar to the sequence from the fruit body
from the Upton site. Gelatinous rhizomorphs were collected
from the soil cores. They were observed most frequently
from Broad Meadow Brook soil cores but rarely from Mt.
Wachusett soil cores. The rhizomorphs were not observed
in soil cores from the remaining two sites. In separate obser-
vations, the rhizomorphs were seen attached to
C. cinnabarinum fruit bodies and to ectomycorrhizae. The
nrITS sequence of the rhizomorphs matched the sequence
of C. cinnabarinum.

The unknown ectomycorrhizal sequence found in this
study retrieved sequences identified as uncultured Russula-
ceae isolate (DQO061931.1, E value = 3 x 10-17%) and Rhizoc-
tonia sp. (DQ093652.1, E value = 1 x 10-190) in searches of
GenBank. This group was placed on a long branch in the in-
itial NJ analysis of nrITS sequences (data not shown) and
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Fig. 3. (a and b) Calostoma cinnabarinum fruiting bodies from Mt. Wachusett (scale = 1 cm). (¢ and d) Calostoma cinnabarinum ectomy-
corrhizal root tips. Black arrows indicate extent of gelatinous cuticle (scale = 0.5 mm). (e and f) Gelatinous rhizomorphs from

C. cinnabarinum (scale = 0.5 mm). Photo credits: a, P.B. Matheny; b, M. Binder; c—f, A.-W. Wilson.
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did not fall among any groups identified below. The Inocybe
group (Fig. 2b, Table 1) is represented by six ectomycorrhi-
zal sequences from this study and by seven species from
GenBank and UNITE in a 867 character data set. The Rus-
sula group represents the largest and most diverse popula-
tions within the soil cores collected underneath
C. cinnabarinum fruit bodies (Fig. 2¢, Table 1). This group
is represented by 21 ectomycorrhizal sequences and by 13
species from GenBank and UNITE in a 678 character data
set. None of the ectomycorrhizal sequences from either the
Inocybe or the Russula group could be identified to species
from the data available in the GenBank and UNITE data-
bases.

Plant-specific primers used on C. cinnabarinum ectomy-
corrhizae obtained ITS1, 5.8s, and ITS2 sequences from all
C. cinnabarinum-identified ectomycorrhizal root tips. All
five sequences (DQ860279-DQ860283) were >98% similar
in identity. The sequence was subjected to a BLAST search
of GenBank, which retrieved the top three hits of Quercus
incana (AY456170), Q. buckleyi (AF174631), and Q. rubra
(AF098478).

Morphological analysis

Ectomycorrhizae of C. cinnabarinum are characterized by
a thick gelatinous cuticle interwoven with thin, branched hy-
phae suspended in the gelatinous matrix and mantles with
yellow orange to red orange colorations. Rhizomorphs are
gelatinized, are the same consistency as the basidiome stipe,
and have undifferentiated, clamped hyphae.

Macromorphological features

Mycorrhizal systems irregularly monopodial-pinnate, 5—
20 mm in length, up to 10 branches per 10 mm, rarely oc-
curring in enriched mineral soil and mineral soil (Figs. 3c,
3d). Ectomycorrhizal mantles in fresh root tips have a thick
glutinous, gelatinous cuticle to which soil particles adhere.
Most soil particles are easily washed off, remaining soil par-

ticles typically embedded in gelatinous matrix. Main axes
0.5-1 mm in diameter;branches straight to slightly bent, cy-
lindrical, 1-8 mm in length by 0.5-0.7 mm in diameter,
young tips orange yellow to light red orange, older tips red
orange to brown orange. Mantle surface easily observed
through translucent gelatinous cuticle, surface texture
smooth to velvety with a matte luster, mantle gradually
more transparent with age, host generally visible through
mantle. Rhizomorphs absent on some root tips but frequent
on others, generally rare, 15-100 um in diameter, light grey
orange in color, attachment restricted to a single point on
mantle, surface smooth, branching frequent, round or flat in
cross section, rubbery-gelatinous with texture similar to that
of the fruiting body stipe; when frequent, rhizomorphs form
dense interwoven clusters around root tips. No chemical re-
actions observed with KOH or Meltzer’s reagent.

Micromorphological features

Mantle 48—-100 pm thick, gelatinous cuticle 30-100 pm
thick, type A-C (Agerer 1991). Outer mantle layers felt-
prosenchyma, with gelatinous matrix, no special pattern dis-
cernable, hyphae cylindrical, 1.5-4 pm in diameter, smooth,
hyaline, septate with clamps, hyphal junctions with 30°-60°
angles, and embedded in gelatinous matrix. Middle and in-
ner layers a net-prosenchyma to a net-synenchyma, hyphae
cylindrical, 3-4 pm in diameter, smooth, hyaline, septate
with clamps. Rhizomorphs forming loose to smooth-
undifferentiated strands, hyphae 4-7 pm in diameter,
smooth, hyaline, septate with clamps. No chemical reactions
observed with KOH or Meltzer’s reagent.

Material examined

BMB B10 and BMB B11 were collected from soil under
collection AWW140, 9 September 2003, Broad Meadow
Brook Wildlife Sanctuary, Worcester, Massachusetts;
MW4.10 and MW 4.12 were collected from soil under col-
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lection AWW152, 17 October 2003, Mt. Wachusett, Prince-
ton, Massachusetts.

Discussion

Results of both molecular and isotopic analyses indicate
that C. cinnabarinum is ectomycorrhizal. Characterization
of C. cinnabarinum ectomycorrhizal root tips and rhizo-
morphs reveal that they share several morphological charac-
ters with the fruiting bodies, such as a clear gelatinous
cuticle and rubbery gelatinous tissues.

Isotopic analysis

Because potential differences in site nutrient composition
and in nutrient acquisition and use among taxa could com-
plicate interpretation of isotopic data, Taylor et al. (2003)
advised caution when using isotope values to infer the tro-
phic status of a fungus. To avoid these pitfalls, a conserva-
tive approach that uses both SN and !3C analyses of
multiple taxa from all ecological groups occurring in the
same location is suggested (Taylor et al. 2003). This study
used such a scheme with material collected from a single lo-
cation with multiple representatives from ectomycorrhizal
and saprotrophic taxa.

Calostoma cinnabarinum was significantly higher in 3N
than both ectomycorrhizal fungi and saprotrophic fungi
(Fig. 1, Table 2). High 3!5N values in specific ectomycorrhi-
zal taxa are correlated with proteolytic capabilities
(Lilleskov et al. 2002) or with a high degree of host specif-
icity (Hobbie et al. 2005), whereas high 65N values are un-
usual in saprotrophic fungi. Interestingly, in both the latter
study and others (Taylor et al. 2003; Hart et al. 2006), ecto-
mycorrhizal fungi of the Boletaceae had higher 55N values
than other co-occurring ectomycorrhizal fungi. The 65N
values suggest that C. cinnabarinum acquires and processes
nitrogen in a fashion similar to that of ectomycorrhizal
fungi. Although this study was not designed to address the
specific causes of isotopic values for C. cinnabarinum, it is
also possible that C. cinnabarinum has proteolytic capabil-
ities. Other studies suggest that differences in 1SN abundance
among fruiting bodies may result from the availability of
soil nitrogen in different locations (Trudell et al. 2004) and
different fractionation processes among different ectomycor-
rhizal fungi (Hobbie and Colpaert 2003; Hobbie et al. 2005).
Whether fractionation in C. cinnabarinum occurs from
source differences or from an increase in internal fractiona-
tion is unknown.

ANOVA results of 613C suggest that C. cinnabarinum is
ectomycorrhizal (Table 2). Average C. cinnabarinum §13C
values and ectomycorrhizal 8!3C values did not differ from
each other, but were lower than saprotrophic fungi. The
average 613C value for an ecological group is a more reli-
able reflection of nutrient acquisition than 35N, since 613C
values among taxa of a specific ecological group are less
variable than 8!°N values (Hobbie et al. 2001; Hart et al.
2006). Combining 6N and &!3C measurements in Fig. 1
shows that C. cinnabarinum samples cluster closely with
samples from ectomycorrhizal fungi. The juxtaposition and
analysis of 8N and 8!3C measurements between fungal
groups represented in Fig. 1 and Table 2 suggest that
C. cinnabarinum is ectomycorrhizal.
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Molecular analysis

Seven of 43 ectomycorrhizal root tip sequences obtained
matched ITS sequences of C. cinnabarinum (Fig. 2a), and
these seven were collected from two of the four study loca-
tions (Table 1). This is direct evidence identifying
C. cinnabarinum as an ectomycorrhizal fungus.

The remaining 36 root tip sequences collected from be-
neath C. cinnabarinum fruiting bodies represent a diverse
ectomycorrhizal mycota. Russula has the largest representa-
tion, with approximately four species colonizing ectomycor-
rhizal root tips found in the soil cores (Fig. 2c¢). Many
studies characterizing ectomycorrhizal communities have re-
ported similar results (Gardes and Bruns 1996; Dahlburg et
al. 1997; Kernaghan et al. 1997; Horton and Bruns 1998;
Horton et al. 1999; Stendell et al. 1999). Inocybe, with three
species (Fig. 2b), makes up the second-largest ectomycorrhi-
zal group, followed by an unidentified ectomycorrhizal spe-
cies (Table 1). The observation that C. cinnabarinum is
poorly represented in the soil cores relative to other ectomy-
corrhizal taxa is not unprecedented. In several studies
(Gardes and Bruns 1996; Dahlburg et al. 1997) of ectomy-
corrhizal communities, aboveground abundance of fruiting
bodies corresponded poorly with belowground community
structure. Gardes and Bruns (1996) studied the ectomycor-
rhizal community within a forest of Pinus muricata. Their
results showed that Suillus pungens is similar to
C. cinnabarinum in having a high aboveground representa-
tion but low belowground representation in the ectomycor-
rhizal community.

A symbiotic association of Quercus spp. with C. cinna-
barinum is reasonable based on the flora in the proximity of
fruiting bodies. Three of the four locations in this study
were deciduous forests dominated by Fagus and Quercus
species. At one (Upton site), Fagus was absent, leaving ec-
tomycorrhizal hosts to be Quercus, Pinus, or Carya. Since
no Calostoma ectomycorrhizae were collected from this
site, we cannot identify the host. However, we assume that
the most likely host would be the Quercus species, consider-
ing the host sequence matches from the other sites. Addi-
tional justification for this assumption comes from
observations of Quercus spp. with C. cinnabarinum in Costa
Rica (R. Halling, personal communication, 2004) and with
Calostoma miniata in China (Z.-L. Yang, personal commu-
nication, 2006). Though this study suggests that Quercus is
a primary host, the possibility that C. cinnabarinum is sym-
biotic with other ectomycorrhizal plant hosts cannot be ruled
out.

Anecdotal evidence indicates that the genus Calostoma
still associates with the order Fagales in regions where Quer-
cus hosts are absent. Calostoma rodwayii has been described
as ectomycorrhizal on Nothofagus in southern Australia (T.
Lebel, personal communication, 2006). Calostoma species
have also been collected in New Zealand Nothofagus forests.
Calostoma sarasinii and Calostoma berkeleyi were recently
collected by D. Desjardin and A. W. Wilson in Malaysian
forests dominated by Castanopsis and Dipterocarpus spe-
cies. Ectomycorrhizal symbioses between Calostoma species
and host species other than Fagales remains a possibility.
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