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Abstract Experiments using natural substrates and arti-
ficial media were categorized into three groups. Using
experiments in these three categories, we investigated dis-
persion, invasion sequence, and decomposing ability of
ammonia fungi in the field on natural substrates. Spore
germination and vegetative and reproductive growth of
ammonia fungi derived from monocultures and five-species
cultures were assessed on natural substrates and on artificial
media. These features assist understanding of the coloniza-
tion and successive occurrence of ammonia fungi in the field
based on estimation of interactions among the fungi and the
physiological characteristics of each ammonia fungus. The
sequential colonization and fruiting of ammonia fungi in the
field can be explained primarily by the preference or toler-
ance of a species to high concentrations of ammonium-N
under alkaline to neutral conditions. Succession of ammo-
nia fungi results from their sequential colonization associ-
ated with the time needed for each fungus to produce
reproductive structures. Colonization likely initiates from
mycelia and/or spores preinhabiting the soil and from newly
invading airborne propagules. Duration of occurrence of
ammonia fungi in the field is shortened by the interactions
among them. Saprobic ammonia fungi are the principal
agents of litter decomposition under alkaline to neutral
conditions.
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Introduction

Research on ammonia fungi, first initiated by Dr. Naohiko
Sagara (Professor Emeritus of Kyoto University, Japan)
(Sagara 1975; cf. Sagara and Hamada 1965; Sagara 1973), is
one of the major achievements in the 50-year history of the
Mycological Society of Japan (MSJ) and has maintained
leadership by Japanese mycologists. With this background
and following my personal research interests, I have chosen
ammonia fungi as my topic for the presidential address of
MSJ. In this article, I review knowledge of the experimental
and physiological ecology of ammonia fungi, attained be-
cause for these 35 years I have been studying the physiology
of basidiomycota, especially the effect of environmental
factors on fungal morphogenesis, with many colleagues
(Kitamoto et al. 1972, 1974, 1986; Suzuki et al. 1976;
Fujimoto et al. 1982; Kinugawa et al. 1986, 1994; Watanabe
and Suzuki 1995; Watanabe et al. 1994a,b, 1996; Koyama
et al. 1997, 2002; Ban-nai et al. 1997, 2005; Murata et al.
2001; Arai et al. 2004). I then began research on ammonia
fungi based on this background in physiology research.
Ammonia fungi are defined as a chemoecological group
of fungi that sequentially develop reproductive structures
exclusively or relatively luxuriantly on the soil after the
sudden addition of ammonia, or of some other nitrogenous
material that reacts as a base, or of alkalis (Sagara 1975).
The sequential appearance of reproductive structures
(=succession) of these fungi in the field generally proceeds
as follows: anamorphic fungi — Ascomycota — smaller
Basidiomycota — larger Basidiomycota (Sagara 1975). Am-
monia fungi can be divided into two groups based on their
succession in the field. One group comprises species that
appear in the early phase in the succession (EP fungi; ana-
morphic fungi — Ascomycota — smaller Basidiomycota)
while those of the second group appear in the late phase of
the succession (LP fungi; larger basidiomycota) (Sagara
1995; Yamanaka 1999, 2003; Imamura and Yumoto 2004).
All the EP fungi are saprobic (=saprotrophic) (Yamanaka
1999, 2003), mostly litter-decomposing fungi as speculated
based on their observed litter-decomposing abilities
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(Enokibara et al. 1993; Yamanaka 1995a; Soponsathien
1998a,b; cf. He and Suzuki 2004). In contrast, most of
the LP fungi are biotrophic and are characterized as
ectomycorrhizal symbionts (Sagara 1995). Ammonia
fungi can be also divided into two groups based on
the appearance of the reproductive structures (=occur-
rence) in the laboratory and in the field. One group com-
prises species that occur under laboratory conditions and
another group comprises species that occur only in the field
when nitrogenous materials such as urea are applied
(Sagara 1975).

In ecosystems, ammonia fungi have a role in the immobi-
lization of nitrogenous degradation products from animal
wastes such as urine, feces, and dead bodies (cf. Sagara
1976a,b, 1981, 1984, 1992, 1995; Morimoto et al. 1981;
Sagara et al. 1985, 2000; Miller and Hilton 1987; Yamanaka
1995a,1999; Wang and Sagara 1997; Fukiharu et al. 2000a,b;
Harmaja 2002; He and Suzuki 2003; Tibbett and Carter
2003; Suzuki 2004) as well as the decomposition of plant
materials (Fukiharu et al. 1997; Sato and Suzuki 1997;
He and Suzuki 2004).

Ammonia fungi have been recorded in Asia, Oceania
(Australia, New Zealand), Hawaii, Europe, North Africa,
North America, and South America (Fukiharu and
Horigome 1996; Suzuki et al. 2003). In other words, ammo-
nia fungi are distributed from the sub-Arctic to south tem-
perate region, and possibly also in sub-Antarctic and
tropical lowland regions. Many ammonia fungi have been
recognized as belonging also to other ecological categories,
such as fungicolous fungi, coprophilous fungi (dung fungi),
pyrophilous fungi (fireplace fungi), etc. (Sagara 1975, 1976a,
1992; Suzuki 2004).

Field experiments versus laboratory experiments

Not only field experiments but also laboratory experiments
are indispensable to analyze the ecology of fungi. For both
field and laboratory experiments, natural substrates as well
as artificial media have been adopted as useful experimental
methods to examine fungus ecology. Experiments using
natural substrates and artificial media have advantages and
disadvantages.

In the field, fungi grow three dimensionally and many of
them decompose and utilize organic polymers such as cellu-
lose, hemicellulose, lignin, and chitin (Dickinson and Pugh
1974). Therefore, their cultivation using natural substrates
provides the most appropriate conditions for examination
of fungal growth, especially for saprobic fungi. Experiments
using natural substrates are relevant to understanding the
growth of each fungus in the field and for examination of
interactions among different species of microorganisms;
natural substrates provide similar conditions to those in the
field by maintaining heterogeneity and a three-dimensional
structure. For mixed cultures (multiple species cultures),
natural substrates also have the same advantages as already
described. On the other hand, experiments using natural
substrates have a disadvantage in quantitative examination

of vegetative growth of each fungus, because it is difficult to
observe mycelia and to distinguish fungus cells (hyphae)
from the natural substrates. Cultivation of fungi on artificial
media is more suitable for quantitative research on the
physiological characteristics of each fungus, especially for
examination for potential growth rates of each fungus. A
challenge with artificial media, however, is controlling mois-
ture conditions, one of the most important environmental
factors for fungal growth.

In the following, I show several examples of experiments
using natural substrates and artificial media to examine
mechanisms of colonization (=propagation) and occurrence
of ammonia fungi. The experiments using natural substrates
and artificial media are categorized into three kinds of ex-
periments: field experiments, laboratory experiments asso-
ciated with field experiments, and laboratory experiments.
The categories “laboratory experiments associated with
field experiments” and “laboratory experiments” are
strictly overlapping when natural substrates are used for
both kinds of experiments. Here, I categorize cultivation
using natural substrates from the field without any treat-
ments as “laboratory experiments,” whereas those using
natural substrates after some treatment of the soils are
designated “laboratory experiments associated with field
experiments.”

Field experiments
Chemical treatments in the field

The mycobiota (=fungal species assemblage, fungal flora)
of some ecological groups of fungi has been examined by
the application of chemicals on the surface of the forest
floor and that of a weed community (Sagara 1975, 1976a,
1992). Such treatment is a kind of field-based enrichment
culture. This method has the advantage over laboratory-
based enrichment culturing in that it allows the efficient
survey of mycorrhizal fungi (cf. Sagara 1975, 1976a, 1992;
Fukiharu and Horigome 1996; Suzuki 2000a; Suzuki et al.
2003) along with saprobic fungi, especially macromycetes
from large domains (cf. Sagara 1975). However, it is
likely that there are many fungal species growing
vigorously in the substrates and stimulated by the chemical
treatments but which do not produce any reproductive
structures.

As previously described, the mycobiota of ammonia
fungi has been examined by application of substances such
as aqueous ammonia, ammonium salts yielding alkalinity in
soil, and urea in different vegetation types (Sagara 1975;
Suzuki 1992, 2000a; Fukiharu and Hongo 1995; Yamanaka
1995a—c; Fukiharu and Horigome 1996; Fukiharu et al.
1997; Sato and Suzuki 1997; Imamura 2001; Suzuki et al.
2002a; Nagao et al. 2003; He and Suzuki 2004; Imamura and
Yumoto 2004) as well as by chemical treatment of sub-
strates in the laboratory level (Sagara 1975, 1976a,c, 1992;
Fukiharu and Horigome 1996; Suzuki et al. 2002a; Suzuki
2004).



Fig. 1. Embedding litter bags and wood blocks in the field (experiment
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Fig. 2. Decomposition of litter and wood blocks in urea-treated soils
(experiment 1). Arrow, urea application. A Percentage dry weight loss
of litter and wood blocks. B Occurrence of ammonia fungi in the field,
where both urea-treated samples were embedded

Embedding litter bags and wood pieces in the field

The litter bag method is appropriate for field analysis of
the litter decomposition capabilities of microorganisms
(Robertson and Paul 2000; Wall and Reichman 2000), al-
though inevitably the method involves disturbance when
the bags are embedded in soil and restrict the movement of
soil animals. The rate of decay of embedded litter is also
affected by the seasonal timing of experimentation and
selection of the soil horizon for the experiment.

Litter decomposition abilities of ammonia fungi were
studied by the examination of changes in the decomposition
rates of a mixture of fallen leaves of broadleaf trees (leaf
litter) and wood blocks that were embedded in a mixed
forest soil after urea application (Fig. 1). The results indi-
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cated that urea application stimulates decomposition of leaf
litter and wood, especially when EP fungi are present. This
tendency was more marked in the wood blocks than in the
leaf litter (Fig. 2). In Pasania edulis forest, the decomposi-
tion of embedded stem sticks of P. edulis was accelerated by
urea application whereas the decomposition of embedded
fallen leaves (leaf litter) was not accelerated (He and
Suzuki 2004).

These results indicate that decomposition, at least in
part, involves saprobic ammonia fungi. Such a conclusion is
also supported by the specific activities of cellulolytic and
ligninolytic enzymes in saprobic ammonia fungi, with cellu-
lolytic enzymes having an optimal pH between 7 and 9
(Enokibara et al. 1993) and ligninolytic enzymes having a
wide optimal spectra from weakly acidic to weakly alkaline
conditions (Soponsathien 1998a,b).

Laboratory experiments associated with field
experiments

Experiments using natural substrates
Cultivation of soils treated in the field

Invasion sequence of fungi in the field. The invasion se-
quence of saprobic ammonia fungi in the field following
urea application was examined by the cultivation of packed
soils, which had been collected from the forest floor at
different days after urea application, in sterilized test tubes
with cotton plugs. These results suggest that the first to
invade was Amblyosporium botrytis 12 days after the appli-
cation of urea, followed by Ascobolus denudatus, Peziza
moravecii, and Coprinopsis phlyctidospora, which invaded
18 days after the urea application. Finally, Tephrocybe
tesquorum invaded 43 days after urea was applied (Fig. 3).
This sequence of invasion by the five ammonia fungi
roughly equated with the observed succession in the forest,
although the sequence of C. phlyctidospora and T.
tesquorum was reversed (see Fig. 3).

These results suggest that the succession of ammonia
fungi in the field partially results from the sequential coloni-
zation of each ammonia fungus accompanied by the time
needed for formation of reproductive structures by each
fungus in urea-treated soils (cf. Suzuki 1989).

Invasion of ammonia fungi by airborne spores/hyphae. The
invasion of ammonia fungi by airborne propagules, such as
spores and pieces or fragments of hyphae, was examined by
sampling sterilized soils collected at different times after
urea application (Figs. 4, 5). Reproductive structures of the
three saprobic ammonia fungi Amblyosporium botrytis,
Ascobolus denudatus, and Coprinopsis phlyctidosora
were observed on the sample soils. Of the three fungi,
C. phlyctidospora was isolated at the highest frequency
(Table 1).

This observation suggests that airborne spores and/or
hyphae of saprobic ammonia fungi can be the invasive
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Fig. 3. Invasion sequence of ammonia fungi in the field (experiment 2).
In site I, 800g/m* of urea was applied on April 3, 1984 (arrow). @,
Duration of occurrence of each ammonia fungus; B, duration of occur-
rence peak of each ammonia fungus; =, duration of reduction in occur-
rence of each ammonia fungus; —, duration of propagation of each
ammonia fungus, estimated by incubation of soils that were collected

Fig. 4. Sampling experiment in the field: sampling apparatus
(experiment 3)

propagules, although we cannot deny the possibility that the
invasion resulted from spores and/or hyphae carried by ani-
mals from the air and/or as contaminants on the sampling
equipment. Unfortunately, it is not possible to test for air-
borne propagules of mycorrhizal ammonia fungi by this
kind of sampling experiment.

Spore germination of ammonia fungi on sterilized soils

Monocultures. Spore germination of five ammonia fungi,

the saprobic Amblyosporium  botrytis, Ascobolus
denudatus, Tephrocybe tesquorum, and Coprinopsis
phlyctidospora, and the ectomycorrhizal Hebeloma

vinosophyllum, was evaluated on the sterilized soils (L-F
horizons) collected at different times after urea application
in the field. They were then incubated at 20.0° £ 0.5°C in a
light (16h) and dark (8h) regime.

All tested ammonia fungi formed reproductive struc-
tures on several urea-treated soils (Suzuki et al., unpub-
lished data). These results indicate that at least the spores of
selected saprobic and mycorrhizal ammonia fungi germi-
nate on urea-treated soils.

1985

from L-A, horizon (P). P is expressed as the duration between two soil
sampling dates, the first being the date of initial appearance of repro-
ductive structures of each fungus in incubated soil and the second being
the date at which final disappearance of the reproductive structures of
each fungus was observed. (From Suzuki et al. 2002b, with permission)

IT

d Contour line
Valley b

I1I

Fig. 5. Sampling experiment in the field: distance between sampling
sites (experiment 3). P, area where urea treatment (800g/m*) was
applied 2, 3,4, and 5 years before the sampling experiment. Each of the
urea plots in the area was 2-5m apart from the spot where a desk was
placed. a, 31m; b, 18 m; ¢, 21 m; d, 56m



Table 1. Invasion of ammonia fungi by airborne spores/hyphae in the field (experiment 3)

a.

Sample site Sample soil Frequency of occurrence of:

Unidentified fungi®

Amblyosporium botrytis

Ascobolus denudatus Coprinopsis phlyctidospora

1 AP 43/47 0747 1/47 1/47
B¢ 16/24 0/24 7124 8/24
11 A 17/45 0745 0/45 0/45
B 7121 0/21 0/21 121
111 A 27/46 0/46 0/46 1/46
B 6/21 0/21 0/21 121
v A 6/46 0/46 0/46 1/46
B 3/23 0/23 0/23 0/23
b.

Sample site Sample soil Frequency of occurrence of:

Unidentified fungi®

Amblyosporium botrytis

Ascobolus denudatus Coprinopsis phlyctidospora

1 A 8/47 0/47
B 10/24 1/24
11 A 1/47 0747
B 6/23 0/23
111 A 0/47 0747
B 7123 0/23
v A 18/47 0/47
B 19/24 0/24

0/47 2/47
3/24 124
0/47 0/47
2/23 0/23
0/47 0/47
0/23 0/23
0/47 0747
0/24 0/24

C

Sample site Sample soil Frequency of occurrence of:

Unidentified fungi®

Amblyosporium botrytis

Ascobolus denudatus Coprinopsis phlyctidospora

1 A 8/38 3/38
B 6/14 0/14
11 A 0/37 0/37
B 512 012
111 A 3/36 0/36
B 112 0/12
v A 1/39 0/39
B 0/13 0/13

0/38 5/38
0/14 0/14
0/37 1/37
0/12 012
0/36 1/36
0/12 0/12
0/39 0/39
0/13 113

Numerator: number of bottles in which occurrence of each ammonia fungal species was observed

Denominater: number of bottles placed in the field
* Anamorphic fungi

"Mixture of soils of the L-F and H-A horizons collected 6 days after urea application: moisture content 66.0%, pH 8.8, 1570.7mg NH,-N/100 g dry

soil, 0.4mg NO,-N/100 g dry soil, 648.4mg NO;-N/100g dry soil

“Mixture of soils of the L-F and H-A horizons collected 16 days after urea application: moisture content 71.0%, pH 8.3, 1255.2mg NH,-N/100g

dry soil, 0.1 mg NO,-N/100g dry soil, 803.2mg NO;-N/100g dry soil

Vegetative growth and formation of reproductive structures
of ammonia fungi on sterilized soils

Monoculture and five-species culture. The mycelia of four
EP fungi, Amblyosporium botrytis, Ascobolus denudatus,
Tephrocybe tesquorum, and Coprinopsis phlyctidospora,
and the mycelium of the LP fungus Hebeloma vino-
sophyllum were inoculated separately (monoculture) or to-
gether (five-species culture) on the surface of sterilized soils
collected at different times after urea application. As a con-
trol, the mycelia of the five ammonia fungi were also inocu-
lated separately or together on the surface of gamma
ray-sterilized non-urea-treated soils collected on the same
date as the urea-treated soils. In monoculture, both EP and
LP fungi grew well on all urea-treated soils except for the
soils collected just a few days after urea application (Fig. 6).

The growth rate of vegetative mycelia of all tested fungi
increased for soils collected at the time of normal occur-
rence of each species in the field (Suzuki et al., unpublished
data; cf. Suzuki 1989).

Reduced formation of reproductive structures was
observed in five-species culture of the EP fungi Asco-
bolus denudatus, Tephrocybe tesquorum, and Coprino-
psis  phlyctidospora, and also for the LP fungus H.
vinosophyllum, but not the EP fungus Amblyosporium
botrytis (Fig. 6). This tendency was more drastic in 7.
tesquorum; that is, its fruiting was absolutedly inhibited in
five-species cultures except for the five-species cultures
using the urea-treated soils collected at its fruiting period
in the field (see Fig. 6).

It appears, therefore, that ammonia fungi grow vigorously
on soils with relatively high ammonium nitrogen concentra-
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Fig. 6. Vegetative growth and formation of reproductive structures of five ammonia fungi on sterilized soils (experiment 4)

Table 2. Spore germination of ammonia fungi in water extract of soils (experiment 5)

Fungal species Isolate no. Urea-treated soil” Control soil® Positive control® Negative control*
Amblyosporium botrytis M 006 62.5 £3.6° 23+0.5 29.0+£0.3 0.8+0.4
Ascobolus denudatus M 007 94.5+0.9 0 77.0 £3.1 0

Coprinopsis phlyctidospora NBRC 30478 82.8+2.5 0 85.6£1.8 0

Hebeloma vinosophyllum NBRC 31231 67.0+£3.3 0 73.6 £3.5 0

Hebeloma spoliatum - 74.1£2.6 0 66.0 1.9 0

“pH 9.2, 820mM NH,-N, 0.4mM NO;-N
"Non-urea-treated soil; pH 5.2, 0.46mM NH,-N, 0.04mM NO,-N

“100mM (NH,),HPO, (pH 8.0) for A. botrytis, C. phlyctidospora, H. vinosophyllum, and H. spoliatum; 10mM NH,CI (pH 9.0) for A. denudatus

YH,0 (double-distilled water)
¢ Average of five replicates with standard error

tion under neutral to weakly alkaline conditions. The results
obtained from monocultures and five-species cultures also
suggest that the timing of occurrence of each ammonia
fungus in the field is partly related to interactions with other
ammonia fungi. [ hypothesize that the acquisition of symbio-
sis with plants (i.e., the formation of ectomycorrhizae) is a
propagation strategy of Hebeloma vinosophyllum to
overcome potentially competitive interactions with soil
microbes, especially with saprobic ammonia fungi.

Experiments using extract of natural substrates

Cultivation by extract of natural substrates treated in the

field

Spore germination of ammonia fungi in sterilized extracts of
urea-treated soils. Spore germination of ammonia fungi in
the field was examined by incubation of spores in sterilized
water extracts of urea-treated soils. Results confirm that
spores of ammonia fungi, both saprobic and ectomy-

corrhizal species, are stimulated by urea-treated soils. In
other words, no strongly inhibitory factors for spore germi-
nation are present in urea-treated soils (Table 2). Further
experiments involving a combination of cation-exchange
residues and anion-exchange residue suggest that the major
stimulatory component in urea-treated soils is ammonium
nitrogen (Suzuki et al., unpublished data).

Laboratory experiments
Experiments using natural substrates
Cultivation of soils treated in the laboratory

Survey of mycobiota of saprobic ammonia fungi. As al-
ready described, most saprobic ammonia fungi can be sur-
veyed by cultivation of soils collected from the A, horizon
followed by application of nitrogenous chemicals, such
as urea (cf. Sagara 1975, 1976a,c, 1992; Fukiharu and



Horigome 1996; Suzuki 2004). Cultivation can also be con-
ducted in a small vessel such as a flower pot or a planter, and
in scientific glassware such as a conical flask, even when
soils in various horizons are completely mixed (cf. Sagara
1976c). Sagara (1976a) conducted soil cultivation trials at
various constant temperatures or under different tempera-
ture regimes following application of different amounts of
urea. From these results, he speculated the mechanism of
the occurrence of ammonia fungi. Namely, he advocated
that, in principle, the occurrence of ammonia fungi is caused
by the predominant growth induced at the early stage of
cultivation. His experiments also revealed that the effective
application rate of urea for occurrence of ammonia fungi is
in a remarkably narrow range, with the upper limit in labo-
ratory experiments well below that in the field (cf. Sagara
1975, 1976a,c, 1992). This difference may be caused by the
narrower ranges of concentration gradient of ammonium
nitrogen, the absence of leakage of urea and its derivative
ammonia from treated soil, and by lack of invasion of the
same fungal species from outside the treated area; the soil
packed in a laboratory vessel represents a kind of closed
system at the substrate level.

The effective application rate of urea for occurrence of
ammonia fungi was also examined by the soils (L-H hori-
zons) obtained from lodgepole pine (Pinus contorta var.
latifolia) forests using the flower pot cultivation method
described previously. In the lodgepole pine forest soils, the
effective range for urea application that supports ammonia
fungi was 2.5-40mg/g dry soil (Fig. 7). The saprobic fungi
appearing with the smallest amount of urea was Ascobolus
denudatus (Fig. 7B) and that appearing with the largest
amount was Coprinus sp. (Fig. 7C).

Spatial distribution of saprobic ammonia fungi in the
field. The spatial distribution of each saprobic ammonia
fungal species can be studied by incubation of soil cores.
Amblyosporium botrytis, Ascobolus denudatus, Tephrocybe
tesquorum, Coprinopsis neolagopus, and Coprinopsis
phlyctidospora appeared from soils collected from
subquadrats at the frequencies of 77/200, 43/200, 25/200, 11/
200, and 144/200, respectively (Fig. 8). These data show the
minimum frequency of existence of each ammonia fungus in
the soil because there are no data about the recovery rate,
i.e., the efficiency of sporulation and fruiting of each fungal
species from a living hypha and/or a spore.

Similar results have been reported from the same kind of
experiment undertaken in Kiyosumi, Chiba (Suzuki et al.
2002b), although the distribution frequency of each saprobic
species differed somewhat between the two sampling sites.

These results indicate that the inoculum sizes of saprobic
ammonia fungi are relatively large in the field, although we
cannot exactly know the spatial distribution of living
propagules of each ammonia fungus in the field by this
method, as already described. The effectiveness of coloniza-
tion by ammonia fungi, i.e., by means of spores and hyphae,
etc., has not been completely resolved by this experiment.
Even on the assumption that one of the latent presence
forms of ammonia fungi in the soil is hyphae, we cannot
determine a genet size in these experiments. We cannot
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know how many adjacent subquadrats are occupied by the
same fungus genet, nor whether a certain fungal species
obtained from a subquadrat soil sample is derived from one
or more hyphae of different genets. Using artificial media in
association with molecular techniques will likely give us
more precise information about the spatial distribution of
both saprobic and mycorrhizal fungi.

Growing ability of ammonia fungi. Yamanaka (2001)
treated forest soils of the A, horizon with different amounts
of urea in the laboratory. Five days after the urea treatment,
he sterilized the soils by gamma-ray radiation and inocu-
lated the sterilized soil with vegetative hyphae of
Tephrocybe tesquorum. He found that vegetative growth
and fruit-body development occurred when the ammonia
concentration in the soil was high. This result is supported
by the results of similar experiments using sterilized
urea-treated soils collected from different days after urea
application in the field (see earlier).

Experiments using artificial media
Cultivation using agar media

Vegetative growth and fruiting ability of ammonia
fungi. Cultivation of vegetative mycelia on nutritional agar
media is a suitable method to assess certain physiological
characteristics of each fungus, especially the growth rate of
each fungus on the basis of hyphal extension. The mycelial
growth rate of each fungus provides an indication of the
potential territory acquiring ability of each fungus in the
field. Cultivation on nutrient agar media generally results in
formation of fungal reproductive structures at a higher fre-
quency than that in liquid media. Although agar cultivation
helps our understanding of physiological characteristics of
fungi and characteristics of reproductive structure for-
mation of each fungus, we should be aware that artificial
cultivation methods only demonstrate the physiological
characteristics of reproductive structure formation arising
from vegetative growth. We should introduce other culture
methods using liquid media when we want to examine more
closely the physiological characteristics of each fungus at the
stage of reproductive structure formation (cf. Kitamoto
et al. 1980). In addition, cultivation on nutrient agar
enables the coculture (dual culture, or two-species culture)
of two fungi to evaluate interactions between them in a
two-dimensional system (Boddy 2000), although interac-
tions between fungi in the field always happen in three
dimensions.

Monocultures. Hyphal growth rates (linear growth) of
five ammonia fungi, Amblyosporium botrytis, Ascobolus
denudatus, Humaria velenovskyi, Coprinopsis echinospora,
and Hebeloma vinosophyllum, were measured on nutrient
agar media adjusted to pH 8.0, compared with agar at pH 7.0,
6.0, 5.0, and 4.0, respectively. Correlations of growth rate
with pH were less profounced for species that occurred in the
field later in the sequence of ammonia fungi (Fig. 9, Table 3).
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Fig. 7. Occurrence of saprobic ammonia fungi on urea-treated soils
packed in a flower pot (experiment 6). A Appearance of conidiophore
of Amblyosporium botrytis (20mg-N urea/g dry soil; incubation for 50
days at 10°C). B Appearance of ascomata of Ascobolus denudatus
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(10mg-N/g dry soil; incubation for 34 days at 25°C). C Appearance of
basidiomata of Coprinopsis sp. (20mg-N/g dry soil; incubation for 94
days at 10°C)
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The saprobic ammonia fungus Coprinopsis stercorea formed
basidiomata on 0.25-1.0 g urea/l under light (Morimoto et al.
1982). The ectomycorrhizal ammonia fungus, Hebeloma
vinosophyllum, formed tiny basidiomata in synthetic media
containing ammonium nitrogen and urea as a single nitrogen

source, but did not form them in media containing nitrite or
nitrate nitrogen as a single nitrogen source.

These results agree well with the observed ecological
characteristics of Hebeloma vinosophyllum as a pioneer,
facultative ectomycorrhizal fungus.
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Table 3. Changes in pH in cultivation of different fungal species (experiment 8)
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Fungal species Isolate no. Final pH" of the medium cultured at initial pH of:

5 6 7 8
Amblyosporium botrytis NAO 578 4 44+ T 45+T 46T 48+0.1 55+0.1
Ascobolus denudatus NAO 575 5 44+T 46T 50T 57+0.1 6.3+0.1
Humaria velonovskyi NAO 567 6 45+T 46T 49+T 55+0.1 59+T
Coprinopsis echinospora NBRC 30630 10 43+T 43+T 45+T 49+T 5.6 +0.1
Hebeloma vinosophyllum NBRC 31231 18 41T 40T 40T 40x0.1 3.8%0.1

*Average of five replicates with standard error
"Less than 0.1
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Fig. 10. Interactions between ammonia fungi (experiment 9). A—-C
Ascobolus denudatus (left) and Amblyosporium botrytis (right): pH 5
(A), pH 6 (B), pH 7 (C). D-F Hebeloma vinosophyllum (left) and A.
botrytis (right): pH 4 (D), pH 5 (E), pH 6 (F). G-I H. vinosophyllum

Multiple species cultures. By the coculture method, we
found that the EP fungi Amblyosporium botrytis and
Ascobolus denudatus showed mutual intermingling under
acidic to alkaline conditions (Fig. 10A—C; cf. Suzuki 2000b).
Both EP fungi produced vigorous vegetative growth
and reproductive structures at pH above 7.0 whether
cultured together with LP fungus Hebeloma vinosophyllum
or as a monoculture (Fig. 10F,I; Licyayo et al., unpublished
data). In contrast, the LP fungus H. vinosophyllum showed
strongest invasion ability and fruiting ability at pH 4.0-6.0

(left) and A. botrytis (right): pH 5 (G), pH 6 (H), pH 7 (I). Red arrows
indicate the ascomata of A. denudatus; yellow arrows indicate coni-
diophores of A. botrytis; blue arrows indicate basidiomata of H.
vinosophyllum

(Fig. 10D,E,G,H), but inhibited both vegetative growth and
fruiting by opponent EP fungi A. botrytis and A. denudatus
at pH 8.0.

Cultivation using liquid media
The physiological characteristics of each fungus, especially

the latent growth rate of the fungus as assessed by biomass,
can be examined by using liquid cultures.



Spore germination of ammonia fungi. The principal chemi-
cal components that stimulates spore germination of ammo-
nia fungi were determined by incubation of spores in
different aqueous solutions of chemicals chosen from re-
sults from urea-treated soils as described earlier. Spore ger-
mination was stimulated by solutions containing 10-100mM
NH,-N under alkaline to neutral conditions (Suzuki 1978,
1989, 2004; Suzuki et al. 1982).

Vegetative growth of ammonia fungi. Based on measure-
ment of dry weight, Yamanaka (2003) found that many of
the saprobic ammonia fungi grew well at pH 7 and 8,
whereas the ectomycorrhizal ammonia fungi showed opti-
mum growth at pH 5 and 6. In his study, pH of the liquid
media was adjusted by different kinds of buffers. A pH
value of 5-6 or somewhat higher aligns with that of most
Japanese forest soils without urea application (cf. Sagara
1992; Yamanaka 1995a—c; Sato and Suzuki 1997; Fukiharu
et al. 1997; Suzuki 2000a; Suzuki et al. 2002b; He and Suzuki
2004).

Both inorganic nitrogen, NH,-N and NO;-N, and organic
nitrogen such as L-asparagine and urea were highly effec-
tive for the growth of saprobic ammonia fungi, especially
Coprinopsis cinerea (Morimoto et al. 1981) and C.
phlyctidospora (Suzuki 1989; Yamanaka 1999; He and
Suzuki 2003), at somewhat higher concentrations than the
optimal nitrogen concentration for growth of many wood
decay and litter-decomposing fungi. Other saprobic ammo-
nia fungi, Amblyosporium botrytis, Tephrocybe tesquorum,
and C. echinospora, grow well on NH,-N, some amino acids
(L-asparagine, glycine, etc.), urea, and bovine serum
albumin but not nitrate (Yamanaka 1999). In contrast,
the saprobic ammonia fungi Peziza urinophila and
Pseudombrophila petrakii (=Pseudombrophila deerta) do
not grow on any of these nitrogen sources (Yamanaka
1999).

The effect of nitrogen sources on the growth of an
ectomycorrhizal ammonia fungus, Hebeloma vinosophyl-
lum, was examined on a basal synthetic medium. Hebeloma
vinosophyllum grew when associated with the following ni-
trogen sources: NH,Cl, KNO,, KNO,, and urea. pH optima
for vegetative growth of H. vinosophyllum using each of
these four nitrogen sources were 7-8, 5-6, above 8, and 4-6,
respectively (Fig. 11, Table 4). Another ectomycorrhizal
ammonia fungus, Laccaria bicolor, also grows well on am-
monium, nitrate, and urea (Yamanaka 1999). The major
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initial form of nitrogen in urea-treated soils is ammonium
nitrogen, and this gradually changes to nitrate nitrogen (cf.
Yamanaka 1995a; Suzuki 2000a; Suzuki et al. 2002b).

These results fit the ecological character of Hebeloma
vinosophyllum as a pioneer, facultative ectomycorrhizal
fungus. These results also suggest that the major nitrogen
source for vegetative growths of H. vinosophyllum and
Laccaria bicolor in urea-treated soils is ammonium nitro-
gen, gradually replaced by nitrate nitrogen along with an
accompanying decrease in soil pH.

Reproductive structure formation of ammonia fungi. Urea
and NH,-N stimulated fruit-body formation of the saprobic
ammonia fungus Coprinopsis cinerea when applied to po-
tato dextrose liquid (Morimoto et al. 1981). Urea was also
effective for fruit-body formation of the saprobic ammonia
fungus Coprinopsis phlyctidospora when it was applied to
the synthetic medium (He and Suzuki 2003).

The foregoing results indicate that urea is an effective
stimulant for fruiting of ammonia fungi. However, urea
cannot be one of the major determinants for the occurrence
of ammonia fungi in the field, because urea concentrations
in the soils are inadequate, based on the concentration of
ammonium nitrogen in the urea-treated soil of several days
after application of urea (cf. Sagara 1992; Yamanaka 1995a—
¢; Sato and Suzuki 1997; Fukiharu et al. 1997; Suzuki 2000a;
Suzuki et al. 2002b; He and Suzuki 2004).
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Fig. 11. Effects of nitrogen sources on vegetative growth of Hebeloma
vinosophyllum (experiment 10)

Table 4. Changes in pH by cultivation of different nitrogen sources (experiment 10)

Nitrogen source

Final pH" of the medium cultured at initial pH of:

3 4 5 6 7 8
NH,Cl1 31T 39+0.1 39+0.1 3.8+0.2 31+0.1 3.7+04
KNO, 25T 58+T 6.0+T 61T 74T 72+T
KNO, 31T 42+03 6.5+0.1 6.7+0.1 6.8+T 72+T
Urea 32T 42+04 6.5+0.2 6.7+0.2 69+T 73+T

Incubation period: 12 days

* Average of five replicates with standard error

"Less than 0.1
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Conclusions

Based on these results and the discussion, our current
understanding of the mechanism of colonization (=propaga-
tion) and succession of ammonia fungi and its role in the
field is summarized as follows.

1. The invasion and colonization of ammonia fungi is
initiated mainly by spores and small mycelial colonies
inhabiting in the ammonia-treated area and/or the area
adjacent to the ammonia-treated area, and probably also
from airborne and/or animalborne spores and fragments
of mycelium.

2. The successive occurrence of ammonia fungi in the field
results from the sequential colonization of ammonia
fungi associated with the time needed for each fungus to
produce its reproductive structures.

3. The duration of the occurrence of ammonia fungi in the
field is shortened by interactions between ammonia
fungi and other soil microbes, especially interactions
between different ammonia fungi themselves.

4. The sequential propagation of each ammonia fungus
and the time needed for development of reproductive
structures may be explained by their preference of and
tolerance to, high concentrations of ammonium nitrogen
under alkaline to neutral conditions.

5. Some saprobic ammonia fungi are the principal de-
composers of plant materials on forest floors that have
been disturbed by deposition of a large amount of
ammonium nitrogen (compensatory effects on nutrient
cycling; cf. Suzuki 2002).

Sagara (1995) proposed cleaning symbiosis for the role
of ectomycorrhizal postputrefaction fungi (Sagara 1992),
which are composed of ammonia fungi.

Future knowledge of the ecophysiology of ammonia
fungi will likely develop from ideas and methods that com-
bine the results obtained from experiments using artificial
media and those using natural substrates.

Experiments

Experiment 1. Litter was collected from the area adjacent
to the site of embedding in the litter bags 3 days before they
were installed. Thereafter, only leaves of broadleaf trees
were sorted from the litter. They were mixed and dried at
room temperature, and then about 17 g litter was packed in
each bag made of nonwoven fabric (size, 15cm X 9 cm; mesh
size, 0.5mm). The fabric is made of string composed of 70%
polyester and 30% nylon). The balsa (Ochroma lagopus)
wood blocks (2cm wide, 10cm long, 1cm thick) were also
dried at room temperature. Both samples were embedded
between L-F horizons and H-A horizons in the mixed for-
est (see Fig. 1) in Ninosawa, Kiyosumi, Japan (35°10" N,
140°9” E; 220m alt.) on April 14, 1992, followed by applica-
tion of fertilizer urea (800g/m”).

Experiment 2. Detailed information about the methods of
the experiment is shown in Suzuki et al. (2002b).

Experiment 3. A desk (~90cm x ~60cm) covered with a
sheet of plastic film (140cm x 120cm) hanging about 30cm
(from the lowest part) above the desk surface was placed in
a mixed forest (see Fig. 4) in Arakashizawa, Kiyosumi, Ja-
pan (detailed information about this plot is shown as site I1I
in Table 1) (Suzuki et al. 2002b). Four desks were fixed 30—
70cm apart over the surface of the forest floor (see Fig. 4).
A mixture of soils of the L-F and H-A horizons were
collected 6 days (A) and 16 days (B) after urea application
(1600g/m”) on October 27, 1990. Soils were packed
separately to fill 90% of the volume of screw-cap bottles
(22mm in diameter, 65 mm long; 30ml), and soils were ster-
ilized using gamma-ray irradiation (1.5 x 10’ C/kg). The ster-
ilized soils were stored at —30°C. The sterilized soils in the
bottle were put on desks placed in the field on August 4,
1991 (a), October 15, 1991 (b), and October 22, 1991 (c),
respectively. The caps of the bottles were left open. About
half the bottles were kept open for 1 week and others for 2
weeks (see Fig. 4). Thereafter, the bottles were sealed with
the sterilized screw caps. The soils in the bottles were incu-
bated for 60 days at 20.0° + 0.5°C in a light (16h) and dark
(8h) regime. Invasion of each ammonia fungal species was
evaluated by appearance of its reproductive structures (see
Table 1).

Experiment 4. The EP fungi Amblyosporium botrytis
MO006, Ascobolus denudatus M007, Tephrocybe tesquorum
NBRC 30487, and Coprinopsis phlyctidospora NBRC
30478, and the LP fungus Hebeloma vinosophyllum NBRC
31231, were separately cultured on MY agar medium [malt
extract (Difco) 10g, yeast extract (Difco) 2 g, agar (Nakalai
Tesque) 15g, distilled water 1000ml, pH 5.5] at 25.0°
0.5°C in darkness. Inoculum was an agar disk of myce-
lium (6mm in diameter, 3mm deep) bored from the
subperipheral region of an agar culture as already de-
scribed. For monoculture, an agar disk of each ammonia
fungal species was separately inoculated on the surface of
gamma ray-sterilized (1.5 x 10°C/kg) soils collected from
H-A horizons at different times after urea application
(800 g urea/m*; applied on April 6, 1985) in a mixed forest in
Arakashizawa, Kiyosumi, Chiba, Japan) (detailed informa-
tion about this plot is shown as site III in Table 1) (Suzuki et
al. 2002b). For the five-species culture, the agar disks of five
ammonia fungal species (one disk for each fungus species)
were inoculated together on the surface of gamma ray-
sterilized soils prepared by the same procedure as previ-
ously described. The monocultures and five-species cultures
were incubated at 20.0° + 0.5°C in light (16 h) and dark (8h)
regime. Occurrence of each ammonia fungus in the field was
A. botrytis, April 17 to June 12; A. denudatus, May 1 to May
15; T. tesquorum, May 8 to June 26; C. phlyctidospora, May
29 to September 18; and Hebeloma spoliatum, July 17 to
December 22). The ability of reproductive structure forma-
tion for the five ammonia fungal species was evaluated as
conidiation area for A. botrytis, and for the others as total
numbers of primordia of ascomata or basidiomata during



the whole cultivation period. The conidiation area is shown
as the percentage of the area of conidiophore formation to
a full surface area of medium, including its top and bottom
surfaces (100%), at 6 days of cultivation. The number of
primordia of A. denudatus, T. tesquorum, C. phlyctidospora,
and H. vinosophyllum were counted at 22, 39, 120, and 50
days after inoculation, respectively.

Experiment 5. Amblyosporium botrytis M 006, Ascobolus
denudatus M007, Coprinopsis phlyctidospora NBRC 30478,
and Hebeloma vinosophyllum NBRC 31231 were sepa-
rately cultured on slants made of MY agar at 25.0° = 0.5°C
in darkness. Conidia of A. botrytis and ascospores of
A. denudatus were collected from conidiophores and
ascomata, respectively, by scraping, and were then made
separately into a water suspension. The mixture of conidia
and fragments of conidiophores, and that of ascospores and
fragments of ascomata, were suspended in pure water, and
spores were separated out by filtration through folded
gauze. The spores were washed three times in sterilized
pure water. Dispersed spores of C. phlyctidospora and H.
vinosophyllum were collected aseptically from the cultures.
Basidiospores of Hebeloma spoliatum were collected from
basidiomata collected from a urea-treated plot in the field.
The spores were washed three times in sterilized pure
water. The spore suspensions of A. botrytis, A. denudatus,
C. phlyctidospora, H. vinosophyllum, and H. spoliatum
were prepared at densities of 1.5 x 10°/ml, 1.2 x 10°/ml, 3.2 x
10°/ml, 5.0 x 10°/ml, and 5.2 x 10°/ml, respectively. The urea-
treated soil was collected from the H-A horizons 6 days
after the application of urea (800g urea/m? March 22, 1983)
in a mixed forest, Arakashizawa, Kiyosumi, Chiba, Japan
(35°10" N, 140°8" E; 290m alt.). Non-urea-treated soil was
collected on March 28, 1983 by the same way as already
described. Pure water, twice the weight of the fresh soil
sample, was added to the soil, and the soil suspension was
shaken (180 times reciprocal shaking/min) for 1h at room
temperature followed by filter paper filtration (no. 6;
Advantec). Water extracts of the soils were sterilized using
a membrane filter (cellulose nitrate; pore size, 0.2um;
Advantec). Five milliliters of the sterilized water extract
was added to 0.5ml of spore suspension of each fungal
species. The spore suspensions were incubated at 20.0° +
0.5°C in darkness for 20 days. Spore germination was exam-
ined at designated intervals. The results are shown accord-
ing to the maximum percentage of germination in each
fungal species cultivation (see Table 2).

Experiment 6. Litter (A, horizon) was collected from
lodgepole pine forest near Cold Creek Ranger Station,
Alberta, Canada (53°36” N, 115°35” W; 825m alt.). About
100 ¢ fresh soil was packed in a flower pot (850ml). Then,
0.01, 0.3, 1, 2.5, 5, 10, 20, or 40mg-N urea/g dry soil was
applied separately on the surface of the soil. As control,
non-urea-treated soils were prepared. The mouth of the pot
was covered with a plastic film having many pinholes. Water
was sprayed on the litter surface at suitable intervals. The
soils were incubated at 10.0° = 0.8°C or 25.0° £ 0.8°C for 103
days in a light (16h) and dark (8h) regime.
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Experiment 7. Fifty soil core samples (S5cm X Scm X 5cm)
collected on April 24, 1994, from the floor (0.5m x 1.0m) of
a Quercus acuta forest in Kan-nami, Shizuoka, Japan
(139°1” E, 35°9" N; 600m alt.) were separately packed in
sterilized 200-ml conical flasks, which were then sealed with
sterilized cotton plugs. Sterilized aqueous urea solution was
applied to each soil sample to adjust the urea concentration
to 21 mg urea/g dry weight of soil and achieve a water con-
tent in the final range of 60%—-75%. The treated soils were
incubated at 20.0° + 0.5°C for 39 days in a light (16h) and
dark (8h) regime. This incubation temperature is the most
suitable temperature for induction of fruiting of most
saprobic ammonia fungi.

Experiment 8. Five ammonia fungi were grown on nutrient
agar media (glucose, 20.0g; NH,CI, 0.9g; KH,PO,, 0.3g;
MgSO,-7H,0, 0.3g; CaCl,-2H,0, 0.1g; ZnSO,-7H,0,
0.30mg; FeSO,-7H,0, 0.15mg; CuSO,-5H,0O, 0.05mg;
MnSO,-5H,0, 0.05mg; (NH,);Mo0,0,,, 0.02mg; thiamine
hydrochloride, 0.50 mg; niacin, 0.10mg; agar (Difco), 15.0g;
and distilled water, 11, pH 5.5) at 25.0° £ 0.5°C for 7 days in
darkness (preculture). A mycelial disk (Smm in diameter)
obtained from the subperipheral region of the preculture
was inoculated on nutrient agar media adjusted to different
pHs. pH adjustment was achieved using 1M HCI and 1M
NaOH. The cultures were incubated at 25.0° £ 0.5°C in
darkness, and linear growth of the mycelia was measured.
The pH of each medium was recorded just after harvesting
mycelium (see Table 3).

Experiment 9. The mycelial blocks of Amblyosporium
botrytis M 006, Ascobolus denudatus M 001, and Hebeloma
vinosophyllum NBRC 31231 were prepared as shown in the
methods described in experiment 4. Mycelial agar blocks of
A. botrytis and of A. denudatus, those of A. botrytis and of
H. vinosophyllum, and those of A. botrytis and of H.
vinosophyllum were separately inoculated at 2-cm intervals
on MY agar adjusted at pH 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0,
respectively: pH 5.0 was adjusted with 1M HCI and 1M
NH,CIL; pH 6.0 was adjusted with 1M NH,CI; pH 7.0-9.0 was
adjusted with 1M NH,Cl and 1M NH,OH. The cocultures
were incubated at 20.0° + 0.5°C in the dark for 21 days.
Observation of cocultures was done every day under light
for 1h.

Experiment 10. The basal synthetic medium consisted of
maltose, 40.0g; KH,PO,, 0.3g; MgSO,-7H,O, 03g;
CaCl,-2H,0, 0.1g; ZnSO,-7H,0, 0.30mg; FeSO,-7H,0,
0.15mg; CuSO,-5H,0, 0.10mg; MnSO,-5H,0O, 0.10mg;
Na,MoO,-2H,0, 0.02mg; thiamine hydrochloride, 0.50mg;
niacin, 0.10mg; and double-distilled water, 11. Then, 0.26 ¢
nitrogen was added as NH,CI, KNO,, KNO,, or as urea to
the basal medium. Initial pH was adjusted from 3 to 8 by
1M NaOH and 1M HCI. Media exceeding pH 9 were not
prepared because sedimentation was observed above pH
8.5. The medium was sterilized using a membrane filter
(cellulose nitrate; pore size, 0.25um; Advantec), and 20ml
filtered media was separately poured into a 50-ml sterilized
conical flask. The dikaryotic isolate of Hebeloma



16

vinosophyllum NBRC 31231 was cultivated on nutrient
agar (see experiment 8) for 11 days at 25.0° £ 0.5°C. An
inoculum plug (Smm in diameter, 3mm deep) obtained
from the subperipheral region of the mycelium was inocu-
lated on 3-mm-deep water agar. An inoculum plug (5mm in
diameter, 3mm deep) of Hebeloma vinosophyllum ob-
tained from the water agar plate was inoculated in each
liquid medium. The culture was incubated at 25.0° £ 0.5°C
in darkness for 12 days. Each mycelial sample was dried at
80°C. The pH of each medium was recorded just after har-
vesting of mycelium (see Table 4).
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