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Abstract Endophytic fungi occur on various types of leaf
litter, but few studies have been done on their roles as
saprophytes in decomposition. This study examined the suc-
cession of fungi in live, newly shed, and decomposing leaves
at 2 months of decomposition of Camellia japonica and
chemical changes in decomposing leaves colonized by
endophytes. Coccomyces nipponicum, Lophodermium sp.,
Geniculosporium sp. 1, and Colletotrichum gloeosporioides
were isolated from living leaves. Coccomyces nipponicum
and Lophodermium sp. were also isolated frequently from
newly shed and decomposing leaves. These two fungi
caused a decrease of lignin content and bleaching in decom-
posing leaves under field and laboratory conditions. Total
hyphal length in decomposing leaves was higher in bleached
portions than in surrounding nonbleached portions, which
probably reflected the early onset of hyphal growth of endo-
phytes inside leaf tissue at leaf senescence or death. Incuba-
tion of newly shed leaves that were sterilized to exclude
previously established endophytes resulted in no occur-
rence of bleached portions in decomposing leaves on the
forest floor. This result indicated that these endophytes
were incapable of colonizing leaves directly after litterfall
and that the persistence of endophytes from live leaves was
crucial for their colonization in decomposing leaves.

Key words Bleach - Decomposition - Endophyte - Lignin -
Rhytismataceae

Introduction

Endophytes include those fungi that can colonize internal
plant tissues at some time in their life without causing ap-
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of Camellia japonica leaf litter by

parent harm to their host (Petrini 1991). These fungi have
been studied intensively in terms of their ecological rela-
tionship with live leaves as parasites (Clay 1987; Andrews
and Hirano 1991; Carroll 1995). In contrast, the ecology of
endophytes on leaf litter has received little attention even
though they often occur in dead leaves as saprophytes in
the initial stages of decomposition (Hudson 1968; Miiller
et al. 2001; Kumaresan and Suryanarayanan 2002; Osono
2002; Osono et al. 2004). The growth of most endophytes
depends on readily available compounds such as soluble
sugars (Carroll and Petrini 1983; Sieber-Canavesi et al.
1991; Petrini et al. 1991, 1992), but xylariaceous endophytes
are reported to possess the ability to decompose lignin
and polymer carbohydrates such as cellulose. In Fagus
crenata leaves, for example, the colonization of xylariaceous
endophytes resulted in lignin decomposition and whitening,
or bleaching, of leaf litter under both field and laboratory
conditions (Osono 2002; Osono and Takeda 2001a, 2002).
There have been few other reports on the role of
endophytes in chemical changes of decomposing leaf
litter, and further studies are necessary to clarify the ecol-
ogy of endophytes as saprophytes on leaf litter (Andrews
1991).

This study examined (i) the succession of fungi in live,
newly shed, and decomposing leaves, (ii) the fungal biomass
and chemical changes in decomposing leaves colonized by
endophytes under field and laboratory conditions, and (iii)
the occurrence of these fungi in sterilized leaves. Camellia
japonica L., an evergreen tree, was chosen for the study
because endophytes possibly persisted in dead leaves from
live leaves and took part in lignin decomposition in the
initial stage of decomposition. Circumstantial evidence for
this is that (i) Coccomyces nipponicum Nagao and an uni-
dentified species of Lophodermium were responsible for
lignin decomposition in bleached portions of fallen leaves
(Fig. 1; Koide and Osono 2003) and (ii) species in Coc-
comyces and Lophodermium are known as endophytes of
tree leaves (Cabral 1985; Osorio and Stephan 1991; Hata
and Futai 1996; Okane et al. 1997). The occurrence of
bleaching in sterilized leaves from which previously estab-
lished endophytes were excluded was then compared with
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Fig. 1. A bleached leaf of
litterfall of Camellia japonica.
Black dots are fruiting bodies of
rhytismataceous fungi. Bar 1cm

nonsterilized leaves to test the ability of these endophytes
to infect litter directly after litterfall.

Materials and methods
Study site

The study site was located in Oharano Forest Park of Kyoto
City (34°57'N, 135°37'E), Kyoto, Japan. The mean annual
temperature is 15.3°C and annual precipitation is
1581.1mm. The study plot, 20 x 10m’ in area, was laid out
within a temperate secondary forest where Quercus serrata
Murr., C. japonica, and Pinus densiflora Sieb. et Zucc.
dominated in number and basal area. The plot was divided
into ten subplots of 4 x 5m’. There was no replication
by plot.

Collection of leaves

A total of 30 live leaves of C. japonica were collected from
six randomly selected trees within the study plot in Novem-
ber 2003. A total of 30 newly shed leaves were collected by
means of traps of nylon netting at 1.0 to 1.5m height in May
2003, a peak period of leaf fall of this tree species. These
leaves were placed in paper bags and taken to the labora-
tory. One leaf disc was punched out from the edge of each
single leaf with a sterile cork borer (5.5mm in diameter). A
total of 30 discs were prepared for each of live and newly
shed leaves.

Litterbag experiments

Decomposition of C. japonica leaves was studied by means
of a litterbag method (Osono and Takeda 2001b). The ex-
periment was carried out twice.

In May 2002, newly shed leaves were collected from the
forest floor in the study plot and taken back to the labora-
tory. The leaves were air-dried at room temperature
(~15°C) for 1 week. The leaves (3g) were enclosed in a
litterbag (15 x 15cm®) made of polypropylene shade cloth
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with a mesh size of approximately 2mm. A total of 20 bags
were prepared. About 10g of other shed leaves was used for
the determination of oven-dry mass at 40°C and initial
chemical composition. Litterbags were placed on the sur-
face of the litter layer in late May, 2 bags per subplot. The
bags were attached to the forest floor with metal pins to
prevent movement and loss and to ensure good contact
between the bags and the litter layer. The bags were re-
trieved in late July at 2 months after placement. The bags
were put into paper bags and taken to the laboratory. Ten
of 20 bags were used for fungal isolation and hyphal length
estimation. Bleached portions were evident on the surface
of leaves inside of these litterbags (denoted as decomposing
leaves) (see Fig. 1). A total of 30 leaf discs were punched
out with a sterile cork borer (5.5mm in diameter) from
bleached portions of decomposing leaves, and another 30
leaf discs were prepared from surrounding, nonbleached
portions of the same leaves. Thus, a total of 60 discs were
punched out and used for fungal isolation. The remaining
parts of bleached and nonbleached portions were used for
hyphal length estimation. Another 10 bags were used for
the determination of oven-dry mass at 40°C, leaf area, and
chemical composition.

In May 2003, newly shed leaves were collected and en-
closed in litterbags according to the same procedure as the
previous year. A total of 20 bags was prepared, and 10 of
them were sterilized by exposure to ethylene oxide gas at
60°C for 3h (denoted as sterilized leaves) and another
10 were not exposed to ethylene oxide (denoted as
nonsterilized leaves). Litterbags were then placed on the
forest floor in early June, one sterilized and one
nonsterilized bag per subplot, according to the same proce-
dure as the previous year. The bags were retrieved in early
August at 2 months after placement. The bags were put into
paper bags and taken to the laboratory. They were used for
the determination of oven-dry mass at 40°C, leaf area, and
chemical composition. Before the experiment, the sterilized
leaves (1.0g) were placed on 2% malt extract agar [MA;
malt extract 2%, agar 2% (w/w)]. After 8 weeks of incuba-
tion at 20°C in darkness, no microbial colonies had
developed on the plates. Thus, the effectiveness of the
sterilization used in this study was confirmed.
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Fungal isolation

Fungi were isolated from leaf discs with the surface steril-
ization method (Kinkel and Andrews 1988) according to
Osono et al. (2004) but with several modifications. First, leaf
disks were submerged in a solution of 15% hydrogen perox-
ide (v/v) for 30s. Second, the surface-sterilized disks were
plated on petri dishes (9cm in diameter) containing 2%
MA, one disc per plate. Third, the plates were incubated at
20°C in darkness and observed at 3 days and at 2 and 4
weeks after the surface sterilization. The plates were then
incubated at room temperature under natural light condi-
tion for another 8 weeks. Any fungal hyphae or spores
appearing on the plates were subcultured onto fresh MA
plates, incubated, and identified. Preparations for fungal
isolation were carried out within 6h of sampling.

Coccomyces nipponicum and Lophodermium sp. were
similar in their colony features and micromorphology on
nutrient agar plates, so that they were difficult to distinguish
based on microscopic observation of isolated strains. Thus,
in the present study, these two species were not distin-
guished from each other and are referred to simply as
rhytismataceous fungi.

Hyphal length estimation

Bleached and nonbleached portions of decomposing leaves
in ten litterbags retrieved were cut separately and combined
to make three sets for each portion. Hyphal lengths of these
samples were estimated using the agar film method of Jones
and Mollison (1948) but with several modifications (Osono
et al. 2003b). The samples were processed within 24h of
sampling. Samples of 1.0g or 2.5g (fresh weight) were
homogenized in a blender at 10000rpm in 49.0 or 47.5ml,
respectively, of distilled water for 3min. The suspension
(20ml) was diluted with 20ml molten agar solution
[final concentration, 1.5% (w/v)] and mixed at low speed
on a magnetic stirring plate. Three agar films were prepared
for each suspension in a haemocytometer (0.1 mm depth),
transferred to glass slides, and dried for 24h. The films
were stained with fluorescent brightener (FB) for 1h. FB
binds to chitin in the fungal cell wall (West 1988) and
enables visualization of all hyaline hyphae that are live or
ghost (empty).

The stained films were mounted between slides and cov-
erslips with one drop of immersion oil (type DF; Cargille
Laboratories, Cedar Grove, NJ, USA) and examined with a
Nikon Microphot-SA epifluorescent microscope equipped
with a high-intensity mercury light source (Nikon, Tokyo,
Japan). A Nikon UV-1A filter cube was used for examina-
tion of FB-stained hyphae. Darkly pigmented hyphae that
were not stained with FB were observed by bright-field
microscopy. Microscope fields were selected randomly, and
25 fields were observed for each slide at 1000x magnifica-
tion. Hyphal lengths were estimated using an eyepiece grid
and the grid intersection method (Olson 1950). Total hy-
phal length was calculated as the sum of FB-stained hyphal
length and darkly pigmented hyphal length. Separate litter

samples were dried at 40°C for 1 week to convert fresh
weight to dry weight.

Leaf arca measurement

The leaves in litterbags and the preserved initial leaves were
pressed between board papers, oven-dried at 40°C for 1
week, and weighed. Mass loss of the leaves was determined
as a percentage of the original mass. Leaves in litterbags
were then photocopied and scanned with a photoscanner
(EPSON GT-8000; Seiko Epson, Nagano, Japan). By the
image analysis performed on a Macintosh computer using
public domain NIH image software (written by U.S. Na-
tional Institutes of Health), area of bleached portions and
total leaf area were measured (Osono and Takeda 1998).
Proportion of bleached area to total leaf area was expressed
as a percentage, and mean values of the proportion were
calculated. Bleached and nonbleached portions were
then cut separately and combined to make one sample for
each portion. The samples were ground in a laboratory mill
to pass through a 0.5-mm screen and used for chemical
analyses.

Chemical analyses

Lignin content in the samples was estimated by gravimetry
according to a standardized method using hot sulfuric acid
digestion (King and Heath 1967). Total carbohydrate con-
tent was estimated by the phenol-sulfuric acid method
(Dubois et al. 1956). Soluble carbohydrates were extracted
with 50% methanol (v/v), and their content was estimated
by the phenol-sulfuric acid method. Holocellulose fraction
was not determined by direct analysis but was calculated as
a difference between total carbohydrate and soluble carbo-
hydrates. The details of the methods are described in Osono
and Takeda (2005).

Pure culture decomposition test

Six strains of four taxa (three strains of Rhytismataceae,
one of coelomycete sp. 1, one of Colletotrichum gloeo-
sporioides, and one of Geniculosporium sp. 1) isolated from
C. japonica leaves were used for the pure culture decompo-
sition test (Osono and Takeda 2002; Osono et al. 2003a).
Newly shed leaves of C. japonica were collected from the
forest floor of the study plot in May 2002 and oven-dried at
40°C for 1 week. The leaves were preserved in a vinyl bag
until the experiment began.

Leaf discs including the primary vein were punched out
with a cork borer (10mm in diameter) and sterilized by
exposure to ethylene oxide gas at 60°C for 3h. Leaf discs
(0.6g) were placed on the surface of petri dishes (9cm in
diameter) containing 20ml 2% agar. Inocula for each as-
sessment were cut out of the margin of the previously inocu-
lated petri dishes on 2% MA with a sterile cork borer (6 mm
in diameter) and placed on the agar, one inoculum per
plate. The plates were incubated for 8 weeks at 20°C in



darkness. The disks were then retrieved, oven-dried at 40°C
for 1 week, and weighed. Initial litter was also sterilized,
oven-dried at 40°C for 1 week, and weighed to determine
the original mass. Mass loss of decomposed leaves was de-
termined as a percentage of the original mass. Five plates
were prepared for each strain, and five uninoculated plates
served as a control. Chemical analyses were performed for
strains that caused mass loss of more than 5.0%. The discs
from five plates were combined to make one sample for
each strain and used for analyses of lignin and holocellulose
as described previously.

Statistical analysis

The frequency of a single species was calculated as the
number of discs from which the species grew compared to
the total number of discs tested in each leaf type, expressed
as a percentage. A species was regarded as frequent when
the frequency of the species was greater than or equal to
10%. Only the results of the frequent species are presented
in this study. Fisher’s exact probability test was used to
evaluate the difference in frequencies between bleached
and nonbleached portions of decomposing leaves. A paired
t test was used to evaluate the difference in hyphal length
between bleached and nonbleached portions of decompos-
ing leaves.

Results
Frequency and biomass of fungi in leaves

Geniculosporium sp. 1, Colletotrichum gloeosporioides, and
rhytismataceous fungi (C. nipponicum and Lophodermium
sp.) were isolated from living leaves (Table 1). Rhy-
tismataceous fungi were also isolated from newly shed
leaves, but Geniculosporium sp. 1 and C. gloeosporioides
decreased in frequency. When rhytismataceous fungi were
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isolated from bleached portions of decomposing leaves,
their fruiting bodies were formed on the portions. However,
these fungi were not isolated from nonbleached portions;
Geniculosporium sp. 1 and C. gloeosporioides were not
frequent in these portions. An unidentified coelomycete
sp. 1, which had darkly pigmented hyphae, was the most
frequent fungus in decomposing leaves. The frequency of
coelomycete sp. 1 was significantly lower in bleached por-
tions than in nonbleached portions.

Total hyphal length in decomposing leaves was signifi-
cantly higher in bleached portions than in nonbleached
portions (see Table 1). In contrast, the hyphal length of
darkly pigmented hyphae and its proportion to total
length were significantly lower in bleached portions than in
nonbleached portions.

Chemical properties of leaves colonized by fungi

Mass loss of decomposing leaves was 23% in 2002; this loss
was 29% in nonsterilized leaves and 31 % in sterilized leaves
in 2003 (Table 2). Mass loss was not significantly different
between nonsterilized and sterilized leaves in 2003.
Bleached portions accounted for 17% of total leaf area of
decomposing leaves in 2002 and for 2% in nonsterilized
leaves in 2003, but no bleached portions occurred in steril-
ized leaves. In 2002 and 2003, lignin content was lower
in bleached portions than in nonbleached portions of
nonsterilized leaves. In 2003, lignin content was higher and
holocellulose content was lower in sterilized leaves than in
nonsterilized leaves.

Mass loss of leaves colonized by fungi under pure culture
condition ranged from 1.4% to 14.8% (Table 3). Three
strains of Rhytismataceae caused the bleaching of leaves,
decrease of lignin content, and increase of holocellulose
content as compared to control leaves. In contrast,
coelomycete sp. 1 caused increase of lignin con-tent and
decrease of holocellulose content as compared to control
leaves. Colletotrichum gloeosporioides and Geniculo-

Table 1. Frequency (%) of fungi and hyphal length (m/g dry litter) in live, newly shed, and
bleached and nonbleached portions of decomposing leaves

Live  Newlyshed Decomposing leaves
leaves leaves
Bleached Nonbleached P
Frequency of fungi
Rhytismataceae 7 20 13 0 o
Geniculosporium sp. 1 23 3 7 10 ns
Colletotrichum gloeosporioides 13 0 0 3 ns
Coelomycete sp. 1 0 40 67 *
Hyphal length
Total hyphae nd nd 6786 £ 378 3875+ 432 K
Darkly-pigmented hyphae nd nd 213 +52 697 £ 113 ok
Proportion (%) of darkly nd nd 3+1 18+1 *

pigmented hyphae to total
length

Values indicate means + SE (n =3)

Fisher’s exact probability test and paired ¢ test were used to evaluate the difference in frequencies
and hyphal lengths, respectively, between bleached and nonbleached portions
% P < 0.001; * P < 0.05; ** P < 0.10; ns, nonsignificant; nd, not determined



284

Table 2. Mass loss (% original mass), proportion (%) of bleached area to total leaf area, and lignin and holocellulose contents (mg/g dry litter)

in bleached and nonbleached portions of decomposing leaves

Type of leaves Time Mass loss Proportion of Lignin Holocellulose
(months) bleached area
Bleached Nonbleached Bleached Nonbleached
2002
Initial 0 0.0+0.0 0.0£0.0 nd 212 nd 191
Nonsterilized 2 229£09 16.8 £ 1.8 221 270 296 265
2003
Initial 0 0.0+0.0 0.0£0.0 nd 212 nd 170
Nonsterilized 2 293£0.8 1.6 £0.7 194 229 166 174
Sterilized 2 31.2+£1.5™ 0.0£0.0 nd 313 nd 143

Values indicate means + SE (n = 10)

Paired ¢ test was used to evaluate the difference in mass loss between nonsterilized and sterilized leaves

Table 3. Mass loss (% original mass) and lignin and holocellulose
contents (mg/g dry litter) of uninoculated (control) and decomposed
leaves by fungus under pure culture condition

Fungus Mass loss  Lignin  Holocellulose
Control, uninoculated 0.0+0.0 261 177
Rhytismataceae” 148+0.0 227 193
Rhytismataceae” 8.6+0.0 233 186
Rhytismataceae” 7.1+£0.0 248 186
Coelomycete sp. 1 95+£0.0 330 153
Colletotrichum gloeosporioides 1.9+£0.0 nd nd
Geniculosporium sp. 1 14+00 nd nd

Values indicate means + SE (n =5)
“Three strains of rhytismataceous fungi (Coccomyces nipponicum or
Lophodermium sp.) were used in the test

sporium sp. 1 caused negligible mass loss as compared to
control leaves.

Discussion
Occurrence of endophytes in decomposing leaves

Two rhytismataceous fungi (C. nipponicum, Lophoder-
mium sp.), Geniculosporium sp. 1, and C. gloeosporioides
are endophytic fungi of C. japonica leaves. Species in
Coccomyces, Lophodermium, Geniculosporium, and Col-
letotrichum have been reported as foliar endophytes of
other temperate trees (Cabral 1985; Boddy and Griffith
1989; Legault et al. 1989; Osorio and Stephan 1991; Hata
and Futai 1996; Okane et al. 1997; Osono 2002; Osono et al.
2004). The rhytismataceous fungi occurred frequently in
newly shed and decomposing leaves. Koide and Osono
(2003) reported previously that these fungi occurred in
fallen leaves and were responsible for the bleaching. Fre-
quency of Geniculosporium sp. 1 was low in decomposing
leaves, but Koide et al. (2005) indicated that this fungus
increased its frequency in the later stages of decomposition.
Such a temporal decrease of Geniculosporium in the initial
stages was also reported in Fagus crenata leaves (Osono
2002) and was likely attributable to competition with other
species for readily available energy sources such as soluble
carbohydrates that were abundant in the mesophyll of

newly shed leaves. This result, that C. gloeosporioides
disappeared at leaf death, was also reported in Swida
controversa leaves (Osono et al. 2004) and suggests that the
fungus is a parasite of live leaves.

The greater total hyphal length in the bleached portion
of decomposing leaves probably reflected the early onset of
ingrowth of rhytismataceous fungi inside the leaf tissue at
leaf senescence or death. A similar situation had been al-
ready found for Rhabdocline parkeri, an endophyte latent
in healthy-looking needles of Pseudotsuga mensiesii, which
started hyphal growth as soon as senescence of leaves began
(Stone 1987). These endophytes seem to be successful
in colonization of dead tissues before fungi that colonize
after litterfall. In fact, the darkly pigmented hyphae of
coelomycete sp. 1 were reduced in bleached portions as
compared to nonbleached portions, suggesting that its colo-
nization of bleached portions was eliminated by the prior
colonization by endophytes.

The observation that bleached portions did not occur on
sterilized, endophyte-excluded leaves indicated that the
endophytes causing bleach, probably the rhytismataceous
fungi, were incapable of colonizing leaves directly after
litterfall and that persistence from live leaves was crucial
for colonization. Similarly, Osono (2002) reported that
Ascochyta sp., endophytic on F. crenata leaves, failed to
infect the inside of sterilized freshly fallen leaves on the
forest floor. One possible explanation for the disappearance
of these fungi in sterilized leaves seems to be found in their
life history characteristics, which were typically demon-
strated in Lophodermium piceae, an endophyte in Picea
abies needles (Osorio and Stephan 1991). This fungus in-
vades latently inside healthy needles, produces ascospores
soon after leaf death, and releases ascospores to infect live
needles again.

Role of endophytes in chemical changes

The field and laboratory experiments showed that
rhytismataceous fungi caused the decrease of lignin content
and bleaching of leaves. Xylariaceous endophytes have
been found to be the only group of foliar endophytes that
are ligninolytic and are able to decompose the lignocellu-
lose matrix in leaves (Carroll and Petrini 1983; Osono and



Takeda 2001a,b, 2002). The present study is thus the first to
demonstrate that rhytismataceous endophytes also have
ligninolytic activity and, acting as pioneer decomposers,
take part in delignification in the initial stage of decomposi-
tion. On the other hand, most foliar endophytes have lim-
ited ability to decompose lignocellulose and depend on
readily available carbohydrates (Carroll and Petrini 1983;
Sieber-Canavesi et al. 1991; Petrini et al. 1991, 1992).
Colletotrichum gloeosporioides and Geniculosporium sp. 1
can be included in this group. Geniculosporium species also
showed a limited ability to decompose larch needle litter
(Osono et al. 2003a) but had ligninolytic activity in beech
leaf litter (Osono and Takeda 2002), suggesting that the
decomposing ability of this species depends on litter types
used as substrata.

There have been few reports of such selective loss of
lignin in the initial stages of leaf litter decomposition in
temperate forests (Berg and McClaugherty 2003; Osono
and Takeda 2005). In most litter types, conversely, polymer
carbohydrates such as cellulose were selectively removed in
the initial stages, as was shown for nonbleached portions of
C. japonica leaves. As far as we know, the occurrence of
bleached portions within 2 months of decomposition is the
earliest record. For example, xylariaceous fungi bleached F.
crenata leaves in at least 6 months of decomposition (Osono
and Takeda 2001a; Osono 2002). Saito (1965) and Hintikka
(1970) reported bleaching caused by Basidiomycetes on
forest floor materials beneath the litter layer, i.e., in later
stages. The delignification caused by rhytismataceous fungi
in the initial stage of decomposition thus provides a unique
situation for subsequent decomposition processes of C.
japonica leaves. Their colonization produced the within-
leaf heterogeneity of chemical properties in leaf litter,
which may alter the pattern of substrate utilization by suc-
ceeding fungi (Osono 2003) and decomposition processes.
Further studies are thus needed to follow long-term pat-
terns of decomposition and fungal succession in bleached
and nonbleached portions of C. japonica leaves.
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