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Fungal and actinobacterial communities were analyzed together with soil chemistry and enzyme activities in
order to profile the microbial diversity associated with the economically important mushroom Tricholoma
matsutake. Samples of mycelium-soil aggregation (shiro) were collected from three experimental sites where
sporocarps naturally formed. PCR was used to confirm the presence and absence of matsutake in soil samples.
PCR-denaturing gradient gel electrophoresis (DGGE) fingerprinting and direct sequencing were used to
identify fungi and actinobacteria in the mineral and organic soil layers separately. Soil enzyme activities and
hemicellulotic carbohydrates were analyzed in a productive experimental site. Soil chemistry was investigated
in both organic and mineral soil layers at all three experimental sites. Matsutake dominated in the shiro but
also coexisted with a high diversity of fungi and actinobacteria. Tomentollopsis sp. in the organic layer above the
shiro and Piloderma sp. in the shiro correlated positively with the presence of 7. matsutake in all experimental
sites. A Thermomonosporaceae bacterium and Nocardia sp. correlated positively with the presence of 7. mat-
sutake, and Streptomyces sp. was a common cohabitant in the shiro, although these operational taxonomic units
(OTUs) did not occur at all sites. Significantly higher enzyme activity levels were detected in shiro soil. These
enzymes are involved in the mobilization of carbon from organic matter decomposition. Matsutake was not
associated with a particular soil chemistry compared to that of nearby sites where the fungus does not occur.
The presence of a significant hemicellulose pool and the enzymes to degrade it indicates the potential for
obtaining carbon from the soil rather than tree roots.

Tricholoma matsutake (S. Ito et Imai) is an ectomycorrhizal
(ECM) fungus found in pine and spruce forests in the North-
ern Hemisphere (26, 46, 49). This fungus produces commer-
cially valuable mushrooms that have been revered in Japan for
their flavor, medicinal properties, and iconic significance for
centuries (11). Nearly 3,000 tons of 7. matsutake or closely
related species is exported to Japan annually, with a retail
value of approximately one billion U.S. dollars (39). This
mushroom was known as 7. nauseosum in Nordic countries
until recently, when molecular techniques revealed its con-
specificity with T. matsutake (1). Matsutake mushrooms are
distributed patchily throughout Finland (20), where they be-
came a commercially harvested mushroom in 2007. The new
and growing value of this nonwoody forest product has re-
ceived increasing attention in Nordic countries.

Matsutake persistently colonizes the rhizosphere of host
trees and gradually grows as a concentric circle, forming a
dense mat of fungal filaments adhered to host plant roots and
soil particles. This unique and massive mycorrhizal mycelial
aggregate is called shiro and is limited mostly to the B layer of
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the mineral soil prior to sporocarp production (11). In the
shiro, T. matsutake dominates the ECM community (21).
Prior to fruiting, field observations suggest that many root
tips that are mycorrhizal with 7. matsutake become necrotic or
die during the early summer (L.-M. Vaario et al., unpublished
data). Gill et al. (8) reported a progressive darkening and
subsequent necrosis from base to tip in all types of matsutake
mycorrhizal roots. These natural phenomena imply that the
fungus becomes somewhat disconnected from the host tree
before sporocarps are produced. This observation has driven
questions concerning the potential existence of an alternative
carbon source during sporocarp formation. The decomposition
of litter provides an important carbon source for soil microbes.
Of the organic carbon found in litter, hemicelluloses are the
most abundant of the relatively water-soluble carbohydrates.
Hemicellulotic carbohydrates decrease rapidly during the early
stages of decomposition (35). Moreover, matsutake mycelium
produces B-glucosidase, an enzyme that hydrolyzes oligosac-
charides having a B-1,4 linkage when incubated on pine bark or
even in pure cultures (19, 44). These in vitro studies indicate
that 7. matsutake is able to directly degrade and mobilize
certain sources of organic carbon. However, while its in vitro
physiology has been characterized, soil enzyme activities in the
shiro are unknown. In natural ecosystems, ECM fungal species
usually coexist with many other fungi, and species interactions
are manifold and poorly understood (41). Together with fungi,
actinobacteria are the most important producers of exocellular
enzymes (32) that catalyze the release of oligosaccharides in
the environment. Such enzymes are vital for soil nutrient re-
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cycling. Some of the actinobacteria involved in the ectomycor-
rhizophere consistently promote mycorrhizal development and
support the concept of commensal “mycorrhization” bacte-
ria (5, 6). Thus, fungi and actinobacteria may play one or
more roles in the shiro, but the microbial communities as-
sociated with 7. matsutake have yet to be investigated from
this perspective. Therefore, a better understanding of the
microbial community in the shiro and how it relates to soil
chemistry (particularly water-soluble organic carbon) could
provide some insight into the ecology of matsutake fruit-
body production.

In this study, we propose the following hypothesis: 7. mat-
sutake dominates but also coexists with a number of microbes
in coniferous forest soil and can obtain carbon directly from
the soil rather than from tree roots. We analyzed fungal and
actinobacterial communities together with performing soil
chemical and enzymatic analyses from the shiro (Shiro™) and
nearby nonshiro (Shiro ™) control spots. The organic layer im-
mediately above these samples (Shiro™** or Shiro *"") was
included in all analyses except the profiling of soil enzyme
activity. The study was divided into three steps: (i) assessment
of fungal and actinobacterial communities and their corre-
lation with 7. matsutake and other soil microbes, (ii) deter-
mination of exoenzyme activities and related organic carbon
concentrations of shiro soil, and (iii) determination of soil
chemical properties.

MATERIALS AND METHODS

Study sites. From 2007 to 2010, three experimental sites were monitored for
the presence of sporocarps. The first study site was a 100-m by 135-m plot in
Nuuksio National Park in southern Finland (SF) (60°18'16"N, 24°31'10"E). This
site contained a mixed stand of Pinus sylvestris, Picea abies, and Betula pendula.
The other two sites were 10 m by 10 m in western Finland: Kourajarvi (WF-K)
(62°10"13"N, 22°50'31"E) and Alkkia (WF-A) (62°9'14"N 22°50'26"E). Pinus
sylvestris is the dominant tree species at both sites in WF. Sporocarps of 7.
matsutake were found during 2008 to 2009 (17 sporocarps in 2008 and 67 in 2009)
in the SF site. However, they appeared only in 2007 and 2010 and no sporocaps
were found during the sampling years (2008 and 2009) in the WF sites. Mean
maximum and minimum temperatures in the SF and WF sites during 2008 to
2009 were 9.6 and 9.0°C and 3.8 and 2.3°C, respectively (annual means = 6.7°C
and 5.7°C, respectively), and annual rainfall was about 800 mm and 700 mm,
respectively (http://mesi.metla.fi/tuska/Venalainen_et_al._FMI_2005.pdf).

Soil sampling. The sites were determined by the presence of 7. matsutake
sporocarps in 2007. In spring 2008, we sampled 2 ml of mineral soil from 10 spots
in SF, nine spots in WF-A, and nine spots in WF-K where matsutake sporocarps
were found in 2007. DNA was extracted from 0.25 g of each soil sample with the
PowerSoil DNA kit according to the manufacturer’s instructions, and the pres-
ence of live mycelia was confirmed by PCR amplification with specific primers
(15) annealed at 52°C.

Soil sampling for microbial community analysis. Soil sampling was performed
during the 2008 harvest. Locations of the sampling spots were determined by the
presence of sporocarps, but the presence of 7. matsutake mycelium in the soil
samples was also confirmed by PCR. Samples of mineral soil that yielded PCR
targets were designated Shiro™ and organic soil samples taken directly above the
Shiro™ samples as Shiro* 2", Correspondingly, matsutake-free controls (PCR
target negative, designated Shiro™ and Shiro~"") were sampled 1 meter to the
east from Shiro™ spots in all three study sites. In the SF site, 17 matsutake
sporocarps were harvested. In the WF sites, because no matsutake sporocarps
were found in autumn 2008, we sampled spots where matsutake DNA was
confirmed by PCR amplification in spring 2008. If the sporocarp reappeared, we
repeated soil sampling in the same SF spots as in autumn 2009. Soil samples
(Table 1) were placed into 1.5-ml microcentrifuge tubes for further analysis.

In total, we screened 61 shiro soil samples with 7. matsutake-specific internal
transcribed spacer (ITS) primers and obtained 43 sets of Shiro™/Shiro™ " soil
samples from the three study sites. Shiro" samples were also confirmed by
screening for T. matsutake hyphae with the aid of a light microscope. We
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TABLE 1. Details of soil samples for microbial community analysis
from three experimental sites

Sample no. used for fungal (actinobacterial)
OTU analysis at:

Sample type Yr
SF WEF-K WF-A Total

Shiro™* 2008 17 (14) 6(4) 7(3) 43 (34)
2009 13 (13) NA? NA

Shiro™ 2008 9(5) 2(2) 2(2) 24 (16)
2009 11(7) NA NA

Shiro ™Y 2008 14 (11) 7(4) 8(3) 41 (28)
2009 12 (10) NA NA

Shiro ™~ 2008 2(2) 33 2(2) 11 (15)
2009 4(8) NA NA

“ Shiro™ samples in the SF site were confirmed by both sporocarps and PCR
positivity; those in the WF sites were confirmed by PCR positivity only.
> NA, not available.

screened 27 control samples with the same method from three sites and obtained
24 sets of Shiro~/Shiro ™" soil samples. After screening, a final set of 43 Shiro™,
41 Shiro™2*, 24 Shiro~, and 11 Shiro *®* samples were subjected to fungal
community analysis, and a set of 34 Shiro™, 28 Shiro™*", 16 Shiro~, and 15
Shiro ™" samples were subjected to actinobacterial community analysis (see
Tables S1 and S2 in the supplemental material). There were two reasons for the
unequal number of samples. First, Shiro ~/Shiro %" were sampled 1 meter from
Shiro™/Shiro**" spots, and several Shiro~ samples later showed denaturing
gradient gel electrophoresis (DGGE) bands that corresponded to T. matsutake
and were discarded from subsequent analyses. Second, several samples only
weakly amplified with PCR (and therefore DGGE), and computer scoring of the
gels failed to detect any bands. In such cases, these soil samples were excluded
from the microbial community analysis.

Soil sampling for enzyme activity assays. We randomly sampled five Shiro™
spots and five Shiro™ spots in the SF site in 2008. A 10-ml sample of the mineral
layer soil from each spot was collected after sporocarps were harvested, and this
was designated Shiro™ (PCR positive). Correspondingly, control (PCR negative,
Shiro ™) spots were sampled 1 meter to the east of Shiro™ spots.

Soil sampling for determination of total hemicellulotic carbohydrates. In
2009, we found T. matsutake sporocarps in or within 10 cm of five sampling spots
analyzed for enzymatic activity in the SF site. Immediately after harvesting, 15 to
20 ml of soil was taken from five sets of Shiro™/Shiro**" samples and five sets
of Shiro™/Shiro~#" samples for the quantification of total hemicellulotic carbo-
hydrates in the adjacent soil.

Soil sampling for analysis of soil pH, moisture, nutrients, and trace elements.
Soil samples were taken for chemical analyses with a corer (diameter, 6 cm) from
three study sites in late autumn 2008. Two plots known to contain T. matsutake
(PCR positive) and two matsutake-free plots (PCR negative) were selected in the
SF site. Both WF sites were sampled in the same manner except that only one
PCR-positive and one PCR-negative plot were sampled. In total, four matsutake
PCR-positive plots and four matsutake PCR-negative plots were selected. From
each plot, we oriented four 20-cm transects along the main compass points.
Transects intercepted at the center of each plot, and soil was sampled at 10- and
20-cm intervals from the center. Including the center, a total of nine spots were
sampled, pooled, and subsequently divided into 5 subsamples for the final chem-
ical analysis.

DNA extraction, PCR, and DGGE analysis. Genomic DNA was extracted
from 0.25 g of each soil sample with the PowerSoil DNA kit according to the
manufacturer’s instructions. For the fungal community analysis, the internal
transcribed spacer (ITS) region of the ribosomal DNA (rDNA) was amplified
with GC-clamped ITSIF (5'-CGC CCG CCG CGC GCG GCG GGC GGG
GCG GGG GCA CGG GGG GCT TGG TCA TTT AGA GGA AGT AA-3')
and ITS2 primers (48). PCR amplification for DGGE analysis was performed
with Biotools polymerase (B & M Laboratories, Madrid, Spain) as described by
Korkama et al. (16).

For the actinobacterial community analysis, the 16S rRNA gene was amplified
with GC-clamped S-C-Act-0235-a-S-20 and S-C-Act-0878-a-A-19 primers (12,
37) and the thermal cycling parameters described by Jaatinen et al. (12). A
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gradient of 48 to 62% of 6% (wt/vol) acrylamide-bisacrylamide (37:5:1) was
prepared, and gels were run at 70 V and 60°C for 16 h (12).

The DCode denaturing gradient gel system (Bio-Rad, Hercules, CA) was used
for both analyses. Control ladders with several known DGGE bands were in-
cluded for comparison. DGGE gels were stained with SYBR gold, visualized
under low-power UV light (Dark Reader transluminator; Clare Chemical Re-
search, Dolores, CO), and photographed digitally. DGGE gel photographs were
screened for the presence (1) or absence (0) of fungal and actinobacterial bands
using Alphaimager 2.1 (Alpha Innotech Corp., CA). Based on their mobilities,
two to four bands of similar mobility were selected for sequencing, excised,
amplified, and run again in DGGE three to five times until a high-quality and
single band was obtained. Finally, DGGE-PCR products were reamplified with
23 to 25 cycles and purified with the High-Pure PCR product purification kit
(Roche, Germany).

Direct sequencing of the partial ITS (fungi) and partial 16S rRNA gene
(actinobacteria) products was conducted by a commercial sequencing service
(Macrogen Inc., South Korea) with the same primers (ITS1F [7] and ITS2) used
in amplification of ITS and Act237F and Act876R for the 16S rRNA gene. Cycle
sequencing of actinobacterial products consisted of, for the reverse primer, an
initial denaturation at 96°C for 1 min and 40 cycles of 96°C for 20 s, 55°C for 20 s,
and 60°C for 4 min; for the forward primer, an initial denaturation at 96°C for 1
min and 40 cycles of 96°C for 20 s, 59°C for 20 s, and 60°C for 4 min were used.
Sequences were aligned using Geneious Pro (version 5.0.4) (Biomatters Ltd.,
New Zealand) and adjusted accordingly by eye.

Identification of fungal and actinobacterial OTUs. Two to four replicates of
each fungal or actinobacterial DGGE band were sequenced. All DGGE-derived
sequences were aligned with those available in GenBank using the BLAST
algorithm. At least 97% similarity was used as the limit for classifying an oper-
ational taxonomic unit (OTU). When the closest sequences were less than 97%
similar, the highest BLAST score was chosen and noted accordingly.

Soil enzyme activity assays. Eight enzyme assays were performed on 4-methyl-
umbelliferone (MU) or 7-amino-4-methylcoumarin (AMC) substrates and one
via photometric detection of 2,2'-azinobis-3-ethylbenzothiazoline-6-sulfonate
(ABTS) reaction products. The substrates used were MU-phosphate (for the
detection of the acid phosphatase, EC 3.1.3.2), MU-B-p-glucopyranoside
(B-glucosidase, EC 3.2.1.3), MU-N-acetyl-B-p-glucosaminide (chitinase, EC
3.2.1.14), MU-B-p-glucuronide hydrate (glucuronidase, EC 3.2.1.31), MU-B-p-
xylopyranoside (xylosidase, EC 3.2.1.37), MU-B-p-cellobioside (cellobiohydro-
lase, EC 3.2.1.91), r-leucine-AMC (leucine aminopeptidase, EC 3.4.11.1), and
ABTS (laccase, EC 1.10.3.2). The assay was described in detail by Courty et al.
(4), but we prepared soil samples from the field experiment with a centrifuge
method (10a). Briefly, 500 wl of soil was placed into a microcentrifuge tube
with 500 pl sterile distilled water, and the tube was centrifuged for 30 min at
16,000 X g. The supernatants from three tubes of each replicate were pooled
and brought to a total volume of 5 ml with water. After mixing, the tube was
stored on ice until analyzed. In contrast to the protocol described by Courty
et al. (4), water in the reaction mix was replaced by soil solution.

Determination of hemicellulotic carbohydrates. Total hemicellulotic carbohy-
drate was determined from 15 to 20 ml of dry soil sample. The concentration of
neutral and acidic sugar units in noncellulosic polysaccharides was obtained
by acid methanolysis followed by silylation and gas chromatography (GC)
(38). The hemicellulose concentration was calculated as described by Merila
et al. (25).

Soil chemical analysis. Soil pH was measured in a water suspension using fresh
soil (1:1.7, vol/vol). Soil moisture was determined after drying at 105°C overnight,
and organic matter (OM) content was determined as loss on ignition after
combustion at 550°C for 4 h. Carbon and nitrogen were determined from air-
dried soil with a LECO CHN-1000 analyzer according to ISO 10694 and ISO
13878, and concentrations of other elements (Al, Ca, Fe, K, Mg, Mn, Na, P, and
S) were determined with an inductively coupled plasma atomic emission spec-
trometer (ICP-AES, ARL 3580) after dry ashing and dissolution with hydrochlo-
ric acid (HCI) according to SFS-EN ISO 11885. Arithmetic means for five soil
samples were used in subsequent analyses.

Statistical analyses. DGGE gel images were analyzed with the GelCompar II
(ver. 5.1; Applied Maths BVBA, Belgium) and a binary matrix (presence/absence
data) was produced with a band-matching optimization of 0% and band position
tolerance of 1%. The relative frequency of each OTU was calculated as the
proportion of all samples examined in which it was detected.

We used the Phi coefficient (9) as a measure of association between the
presence of 7. matsutake and other fungal and actinobacterial OTUs. The sta-
tistical significance of the association was tested using a two-sided Fisher exact
test.

Variation in fungal and actinobacterial community compositions among
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Shiro*, Shiro ™, Shiro ™", and Shiro~*"" samples was investigated by nonmetric
multidimensional scaling (NMDS) using a Jaccard distance measure and two-
dimensional solutions. Statistical analyses were carried out with vegan (29) in R
(ver. 2.10.1) (34).

The respective impacts of shiro on soil enzyme activities and total hemicellu-
lotic carbohydrates at the SF site were evaluated by analysis of variance
(ANOVA). Soil layers were analyzed separately. The effect of shiro on soil
chemical properties was evaluated using mixed-model analysis by pairwise com-
parisons; shiro, soil type and, shiro X soil type were treated as fixed effects and
sample plots as a random effect (in total, there were 2 plots from the SF site and
2 plots from the WF sites). We performed variable transformation when neces-
sary to obtain a normal distribution. Normality and homogeneity of the variance
of the residuals were examined using scatter plots and Q-Q-plots using SPSS
(version 15.0; SPSS Inc., Chicago, IL).

Nucleotide sequence accession numbers. All sequence data generated in this
study were deposited in GenBank (accession numbers HQ215859 to HQ215908
and HQ293015 for fungal OTUs and accession numbers HQ204333 to
HQ204369 for actinobacterial OTUs).

RESULTS

Fungal and actinobacterial communities. Since the sam-
pling strategy was based on the presence of 7. matsutake DNA
in Shiro* samples, the OTU identified as T. matsutake was
found in all Shiro* samples but also in 41.9% of the Shiro™*"¥
samples. In total, 51 fungal OTUs were identified based on
DGGE bands and represented three fungal phyla. The major-
ity of sequences belonged to Basidiomycota (58.8%), 21.6% to
Ascomycota, and 9.8% to Zygomycota, and 9.8% were un-
known (see Table S1 in the supplemental material).

OTU identities were derived from closest matches in a
BLAST search of GenBank sequences. The Phi coefficient was
used to measure the association between the presence of 7.
matsutake and other fungal OTUs in Shiro™ or in Shiro™*""
samples. Many fungal OTUs detected in Shiro™ samples, such
as Basidiomycete sp. 2 (F56), Basidiomycete sp. 1 (F54), Tricho-
loma portentosum (F23), and Mortierella sp. 1 (F12), were neg-
atively correlated with the presence of matsutake in both SF
and WF sites (P = 0.000 to 0.088). Only Piloderma sp. (F37/
F32) was positively correlated with the presence of 7. mat-
sutake in Shiro™ samples, although the relationship was quite
weak (P = 0.081 to 0.092). In Shiro"**¥ samples, Tomentellop-
sis sp. (F38/F44) correlated positively with the presence of 7.
matsutake in the soil layer directly below (Shiro™) (P =
0.061 to 0.083) in both SF and WF sites. In WF sites, there
were more fungal OTUs such as Cortinarius sp. (F13),
Tylospora sp. (F19), and Trichoderma sp. (F46), positively corre-
lated with the presence of T. matsutake (P = 0.017 to 0.085)
(Table 2). Relative frequencies of all fungal OTUs (see Table
S1 in the supplemental material) showed that about half of
those cooccurring with 7. matsutake belonged to genera known
to form ectomycorrhiza.

In total, 37 actinobacterial OTUs were detected, including
29 OTUs belonging to the Actinomycetales order and eight
sequences that matched A18 (uncultured actinobacterial
clone) (see Table S2 in the supplemental material). The cor-
relation analysis showed that there were clear differences be-
tween SF and WF sites. The Phi coefficient showed that 10
actinobacterial OTUs in Shiro™ samples of the SF site corre-
lated negatively with the presence of T. matsutake, but only one
was in a WF site. In contrast, two actinobacterial OTUs in
Shiro™ samples of WF sites correlated positively with the pres-
ence of T. matsutake: Thermomonosporaceae bacterium 1



8526

VAARIO ET AL.

ApPL. ENVIRON. MICROBIOL.

TABLE 2. Correlation between the presence of T. matsutake in Shiro* soil and of other fungal OTUs in Shiro* and Shiro**" soils”

OTU Accession Closest Significance by

Site Soil layer Fungal OTU Phylum GenBank % Match Fisher’s exact Phi value
code no. .

match test (2 sided)

SF Shiro*®®  F44  Tomentellopsis sp. Basidiomycota HQ215891 FJ554204 99 (326/330) 0.083 0.306
F13  Cortinarius biformis Basidiomycota ~HQ215863 AY669688 100 (261/261) 0.073 —0.413
F41  Hebeloma sp. Ascomycota HQ215888  AF430291 99.6 (249/250) 0.049 —0.387

Shiro™* F37  Piloderma sp. 4 Basidiomycota HQ215884 FJ552742 99 (284/287) 0.092 0.212
F43  Clavulina cf. amethystina  Basidiomycota HQ215890 EU862204 99 (317/319) 0.079 0.225
F12  Mortierella sp. 1 Zygomycota HQ215862 GQ302682 99 (178/179) 0.076 -0.28
F13  Cortinarius biformis Basidiomycota HQ215863 AY669688 100 (261/261) 0.076 -0.28
F23  Tricholoma portentosum  Basidiomycota HQ215871 EU186273 97 (341/352) 0.041 —0.303
F30  Piloderma sp. 2 Basidiomycota ~ HQ215877  FJ552742 99.7 (311/312) 0.034 —0.333
F32  Piloderma sp. 3 Basidiomycota ~HQ215879  FJ552742 98 (307/312) 0.001 —0.453
F36  Cantharellales sp. 3 Basidiomycota HQ215883  AF440673 90 (247/274)" 0 —0.693
F47  Atheliaceae Basidiomycota ~HQ215894 FM992889 100 (256/256) 0.015 —0.375
F48  Uncultured Ascomycota HQ215895  FJ475808 98 (271/276) 0.063 —0.297
Dermateaceae

F50  Russula xerampelina Basidiomycota ~ HQ215897  FJ845433 99.5 (192/193) 0.076 -0.28
F54  Basidiomycete sp. 1 Basidiomycota HQ215900 EF493313 100 (140/140) 0.014 —0.356
F55  Uncultured fungus 3 HQ215901 GQ160052 100 (189/189) 0.004 —0.408
F56  Basidiomycete sp. 2 Basidiomycota HQ215902 EF493313 100 (160/160) 0 —0.584
F60  Polyporales Basidiomycota ~ HQ215906  FJ475705 100 (302/303) 0.076 —0.28

WEF  Shiro™®™®  F13  Cortinarius biformis Basidiomycota HQ215863 AY669688 100 (261/261) 0.017 0.601
F19  Tylospora sp. Basidiomycota HQ215868 AB456677 98 (281/288) 0.057 0.524
F38 T tellopsis submollis ~ Basidiomycota HQ215885  AJ438983 99 (291/293) 0.061 0.419
F46  Trichoderma viride Basidiomycota HQ215893  AF486010 99.6 (230/231) 0.085 0.385
F40  Phialocephala fortinii Ascomycota HQ215887  AY394915 99 (273/277) 0.001 —0.787

Shiro™* F32  Piloderma sp. 3 Basidiomycota HQ215879  FJ552742 98 (307/312) 0.081 0.381
F12  Mortierella sp. 1 Zygomycota HQ215862  GQ302682 99 (178/179) 0.058 —0.414
F15  Cortinarius coleoptera Basidiomycota ~ HQ215865 EU266682 99.5 (211/212) 0.058 —0.414
F18  Pezizomycetes Ascomycota HQ293015 GQ268570 100 (74/74) 0.058 —0.414
F22  Uncultured Ascomycota HQ215870  FJ475766 99.6 (278/279) 0.058 —0.414
Herpotrichiellaceae

F23  Tricholoma portentosum  Basidiomycota HQ215871 EU186273 97 (341/352) 0.058 —0.414
F33  Uncultured fungus 2 HQ215880 DQ309123 97 (204/211) 0.047 —0.482
F40  Phialocephala fortinii Ascomycota HQ215887  AY394915 99 (273/277) 0.012 -0.618
F54  Basidiomycete sp. 1 Basidiomycota  HQ215900 EF493313 100 (140/140) 0.088 —0.372
F56  Basidiomycete sp. 2 Basidiomycota HQ215902 EF493313 100 (160/160) 0.003 —0.713

“ Bold indicates a positive correlation.

® Highest similarity from BLAST results but less than 97%.

(A29) (P = 0.024) and Streptomyces sp. (A25) (P = 0.088)
(Table 3). In Shiro **® samples, Thermomonosporaceae bacte-
rium 2 (A50) (P = 0.035), uncultured actinobacterium 4 (A31)
(P = 0.06), and Nocardia sp. (A35) (P = 0.08) correlated
positively with the presence of 7. matsutake directly below the
soil layer (Table 3). Four actinobacterial OTUs that were more
common in Shiro™** samples were absent from the Shiro *"
samples: uncultured actinobacterium 2 (A27), Nocardia sp.
(A35), uncultured actinobacterium 4 (A31), and Actinospica
sp. 2 (A39) (see Table S2 in the supplemental material).

Most Shiro™ samples clustered at either end of axis 1 in the
NMDS ordination of fungal community structure, but Shiro™
samples did not separate as well. Moreover, Shiro™ samples
from SF and WF were evenly scattered around the plots.
Shiro ™, Shiro ", and Shiro™~ " samples clearly overlapped to
some extent (Fig. 1).

NMDS ordination of the actinobacterial community did not
completely separate Shiro™ and Shiro~ samples, but sam-
ples from SF and WF sites tended to separate in different
clusters along axis 1. Similarly, Shiro~ samples or their
respective organic layers did not separate in NMDS ordina-
tion (Fig. 2).

Enzymatic activity of soil dominated by T. matsutake. Signif-
icantly higher activities were detected for B-glucosidase in
Shiro™ soil than in Shiro™ soil (ANOVA, P = 0.010) (Fig. 3).
In addition, higher activities of acid phosphatase were de-
tected in both Shiro™ and Shiro™ soil samples. However,
differences in acid phosphatase between Shiro™ and Shiro™
samples were not significant. Clear activities of cellobiohy-
drolase, xylosidase, and chitinase were detected, but only
xylosidase (ANOVA, P = 0.002) was significantly higher in
Shiro™* compared to Shiro™~ samples. No or negligible activ-
ity was recorded for glucuronidase, leucine aminopeptidase,
or laccase (Fig. 3).

Total hemicellulotic carbohydrates in soil dominated by 7.
matsutake. There was a significantly higher concentration of
total hemicellulotic carbohydrates in Shiro**"¥ than in
Shiro ™Y samples (P = 0.026) (Fig. 4). In the mineral layer,
the total hemicellulotic carbohydrates tended to be higher in
Shiro™ samples, but the difference between Shiro™ and Shiro™
samples was not significant (P = 0.460) (Fig. 4).

Soil chemical properties at the study sites. No significant
differences between Shiro™ and Shiro~ samples or between
Shiro**™ and Shiro **¥ samples were detected among the
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TABLE 3. Correlation between the presence of T. matsutake in Shiro* soil and of actinobacterial OTUs in both Shiro™ and Shiro™*" soils”

Soil OTU Accession Closest Significance by
Site 1 Actinobacterial OTU Family GenBank % Match Fisher’s exact ~ Phi value
ayer code no. .
match test (2 sided)
SF  Shiro*®™¥  A50  Thermomonosporaceae Thermomonosporaceae HQ204366 FJ037190 98 (612/626) 0.035 0.425
bacterium 2
Shiro™ A9 Leucobacter sp. Microbacteriaceae HQ204336 EF138947 98 (635/645) 0.024 —0.433
A21  Mycobacterium sp. 4 Mycobacteriaceae HQ204341 GU358074 99 (649/653) 0 —0.626
A24  Uncultured actinobacterium 1 HQ204343 EF220614 98 (607/622) 0.025 —0.409
A26  Actinomycetales bacterium 1 HQ204345 X92703 100 (621/623) 0.001 —0.57
A28  Cellulomondaceae bacterium  Cellulomonadaceae HQ204347 FJ626810 97 (514/528) 0.043 —0.372
A30 Uncultured actinobacterium 3 HQ204349 FJ570524 99.5 (623/626) 0.079 —0.349
A31 Uncultured actinobacterium 4 HQ204350 FJ570359 99 (607/612) 0.006 —0.507
A32  Uncultured actinobacterium 5 HQ204351 EF220691 99.8 (614/615) 0.004 —0.497
A37  Goodfellowiella sp. Pseudonocardiaceae HQ204356 DQ093349 97 (593/611) 0.007 —0.486
A39  Actinospica sp. 2 Actinospicaceae HQ204358 AJ865862 99 (633/642) 0.089 —0.349
WF  Shiro™® A31  Uncultured actinobacterium 4 HQ204350 FJ570359 99 (607/612) 0.061 0.69
A35  Nocardia sp. Nocardiaceae HQ204354 EF538741 97 (546/565) 0.08 0.633
Shiro™* A25  Streptomyces sp. Streptomycetaceae HQ204344 EU080938 97 (546/565) 0.088 0.607
A29  Thermomonosporaceae Thermomonosporaceae HQ204348 EF663839 98 (619/632) 0.024 0.81
bacterium 1
A30 Uncultured actinobacterium 3 HQ204349 FJ1570524 99.5 (623/626) 0.039 —0.624

“ Bold indicates a positive correlation.

measured soil properties or their interactions (Table 4). How-
ever, significantly different soil chemical properties were found
between soil layers (data not shown). Soil moisture (P =
0.075), carbon content (P = 0.064), and nitrogen content (P =
0.064) tended to be higher in Shiro**"" than in Shiro *"Y
samples. Site effects were also detected for some chemical
properties, e.g., soil organic matter, carbon, and nitrogen of
Shiro ™" soil in SF were much higher than those in the WF
sites (data not shown).

DISCUSSION

This study combined a molecular survey of microbial diver-
sity together with soil chemical and enzyme analyses. We fo-
cused on shiro soil (mineral layer) as a unique and massive
mycorrhiza-mycelium aggregate of host plant roots and soil
particles where the 7. matsutake sporocarp forms, as well as
the organic layer immediately above. Our study yielded three
key observations: (i) 7. matsutake dominates in Shiro™ soil but
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FIG. 1. Two-dimensional NMDS ordination of fungal communities
in Shiro™ (solid circles), Shiro~ (open circles), Shiro*** (solid trian-
gles), and Shiro™*"¥ (open triangles) samples from the three experi-
mental sites. 7. matsutake OTU (F35) was excluded from the analysis.
The stress value was 0.031. Numbers are fungal OTU codes.

FIG. 2. Two-dimensional NMDS ordination of actinobacterial
communities in Shiro™ (solid circles), Shiro™ (open circles), Shiro™#*¥
(solid triangles), and Shiro~**¥ (open triangles) samples from the three
experimental sites. The stress value was 0.029. Numbers are actino-
bacterial OTU codes.
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FIG. 3. Enzyme activities in soil samples dominated by 7. mat-
sutake (Shiro™) and without T. matsutake (Shiro™). Mean values and
standard errors (SEs) are shown; asterisks indicate significant differ-
ences between Shiro™ and Shiro~ (ANOVA, P < 0.05; n = 5). BGlu,
B-glucosidase; Cell, cellobiohydrolase; Xylo, xylosidase; Gluc, gluc-
uronidase; Lacc, laccase; Chit, chitinase; LAP, leucine aminopepti-
dase; ACP, acid phosphatase.
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also coexists with a high diversity of fungi and actinobacteria,
(i) higher activities of enzymes involved with the degradation
of organic carbon were detected in shiro soil as well as a higher
concentration of hemicellulotic carbohydrates in the soil im-
mediately above, and (iii) soil chemical differences between
shiro and nonshiro soil in both layers were not significant but
there seems to be more organic matter and N in soil above the
shiro.

Fungal and actinobacterial diversity in the shiro. 7. mat-
sutake has been reported as a dominant species at root tips in
the shiro (21). However, the mechanism by which 7. matsutake
and its extraradical mycelia achieve and maintain dominance
in the shiro remains unclear. In line with previous studies (see,
e.g., references 21 and 27), our study showed that 7. matsutake
inhabits mainly the mineral soil layer. Although matsutake is
the dominant ECM fungus at root tips, 45 fungal OTUs were
found in the shiro and 51 fungal OTUs in the organic soil
immediately above it. Surprisingly, nearly half of the fungal
OTUs were identified as ECM fungi. This DNA must originate
from the extraradical mycelia of ECM fungi instead of colo-
nized root tips, since most of the root tips in shiros were fully
colonized by T. matsutake (21; Vaario et al., unpublished data).
Many root tips showed signs of necrosis, which is a typical
response of the host plant to colonization by 7. matsutake (8,
26). This response may possibly result in a limited number of
lateral roots becoming exposed to colonization by other fungi.

Taken together, our results suggest that T. matsutake dom-
inates in the shiro and influences the surrounding microbial
community. However, we must note that these OTUs were
obtained using DGGE, which reveals only the dominant spe-
cies (30) due to incomplete resolution of bands in the gel (33).
Importantly, this study showed that certain fungal species in
the shiro (e.g., Piloderma sp. and Clavulina cf. amethystine) and
in the soil above (e.g., Tomentellopsis sp., Tylospora sp., and
Trichoderma sp.) seemed to commonly coexist with 7. mat-
sutake, since a positive correlation among these species was

APPL. ENVIRON. MICROBIOL.
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FIG. 4. Total hemicellulotic carbohydrates in soil samples. Com-
mon letters indicate nonsignificant differences in each soil type
(ANOVA, P < 0.05; n = 5). Bars are means and errors are SEs.

Total hemicellulotic carbohydrates (mg g dw soil)

found. In particular, positive correlations between 7. mat-
sutake and Piloderma sp. in Shiro* samples and between T.
matsutake and Tomentellopsis sp. in Shiro™*"" samples were
both found in two different geographical sites and may be
general features of a matsutake-driven community. This result
leads us to consider if there are functional connections be-
tween these microbes.

To our knowledge, this is the first study to document the
actinobacterial community in the 7. matsutake shiro. Actino-
mycetes constitute a significant component of the microbial
population in many soil types. Our results showed that most of
the actinobacterial OTUs that were present were negatively
correlated with the presence of 7. matsutake. Ohara and
Hamada (28) reported that certain antibacterial compounds
produced by T. matsutake ECM in the roots of Pinus densiflora
led to the elimination of local bacteria and actinomycetes. This
could explain the negative correlation between many actino-
bacterial OTUs and the presence of T. matsutake.

Several actinobacterial OTUs that were clearly more abun-
dant in the Shiro™*"" samples were missing in Shiro *"* sam-
ples, e.g., uncultured actinobacterium 2, Nocardia sp., uncul-
tured actinobacterium 4, and Actinospica sp. 2. Notably,
positive correlations between 7. matsutake and Nocardia sp.
and between T. matsutake and uncultured actinobacterium 4
were both significant. It has been reported that Nocardia spe-
cies was able to produce antibiotics (36). At the moment,
whether this actinobacterial OTU and other, more abundant
actinobacterial OTUs in Shiro™**" soil have a functional con-
nection with T. matsutake is unclear. The actinobacterial com-
munity structures at the SF and WF sites were clearly different
and may have been influenced by a higher productivity of the
SF site during the study period.

Enzyme activity, chemical properties, and microbial com-
munities in shiro. This study detected significantly higher ac-
tivities of B-glucosidase and xylosidase in Shiro™ soil than in
nearby Shiro™ soil sampled immediately after sporocarps were
harvested. Many root tips in Shiro™ soil showed signs of ne-
crosis, which is a typical response of the host plant to coloni-
zation by T. matsutake (8, 26) and suggests degradation of root
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that the pH and the concentrations of Ca** and K™ ions were
slightly lower in shiro soil. However, no clear relationship
between sporocarp formation and soil chemistry was found.
More carbon and nitrogen in the soil immediately above the
shiro might be related to the higher hemicellulose content and
a common property of shiro soil, because P values were rela-
tively low (= 0.064) compared to those for other soil constit-
uents. Compared with Shiro™**™ soil, differences between the
soil chemistry of Shiro™ and Shiro™ soils were much smaller.

Matsutake usually does not form rhizomorphs to transport
nutrients over long distances to developing sporocarps, and
extension through the substrate in vitro is rather limited com-
pared to that for other ECM fungi (27, 47). The observation of
apparently dead mycorrhizal root tips suggests that disconnec-
tion from the host plant may occur and calls into question the
source of energy and nutrients used during sporocarp forma-
tion. Nutrient uptake from the shiro and superficial organic
layer may be essential for sporocarp production, and our re-
sults support this hypothesis. Future research should test the
saprobic potential of 7. matsutake to utilize different forms of
organic carbon (e.g., hemicelluloses and related compounds)
and examine the effects of those positively correlating with the
presence of T. matsutake in the shiro. Understanding the nat-
ural ecosystem of this fungus will help culture 7. matsutake and
determine the functional diversity of ECM fungi and their role
in the environment.

In conclusion, 7. matsutake appears to be a specialized mem-
ber of the soil microbial community that, except for its carbon
source, does not require specific soil conditions. We found that
T. matsutake coexists with a diversity of fungal and actinobac-
terial species and observed a higher enzyme activity involved in
the degradation of organic carbon in the shiro. The composi-
tion of soil organic matter and its dynamics above the shiro
should be investigated to better understand the establishment
and productivity of this fungus.
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