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Abstract Formation of the Flammulina velutipes fruiting

body can be induced by lowering the ambient temperature

(first treatment) in complete darkness. Fruiting bodies

formed under these conditions elongate without pileus

formation (pinhead fruiting body), suggesting that they

cannot mature in complete darkness. However, after light

treatment of the pinhead fruiting body (second treatment),

a pileus develops immediately, and the stipe also thickens

and becomes increasingly pigmented. The apical region

swells as a result of cell division starting 2 days after light

treatment, the pileus–stipe junction fracture and hymenium

primordia form on day 4, and gills appear at day 6. Pf1 and

Pf3 are specifically expressed after exposure to low tem-

perature without light. The cell wall-associated protein

[pileus-specific hydrophobin-like protein (PSH)] is specif-

ically induced in the pileus, but not in the stipe, following

the second light treatment to the pinhead fruiting body.

These results suggest that Pf1 and Pf3 would be involved in

fruiting body induction and that PSH would be involved in

pileus formation. These phenomena will aid further histo-

logical and molecular biological investigations into the

mechanisms behind fruiting body development in F.

velutipes.

Keywords Light � Pinhead fruiting body �
Pileus formation � Stipe elongation

Introduction

Fruiting body induction of basidiomycete mushrooms is

stimulated by environmental conditions such as changes in

temperature or light. In many species, light is required for

fruiting body induction or for other developmental stages,

and complete darkness does not induce fruiting body or

normal maturation. For example, light stimulates formation

of the fruiting body primordium of Favolus arcularius

(Batsch) Fr. (Kitamoto et al. 1968), Schizophyllum com-

mune Fr. (Perkins and Gordon 1969), Coprinus cinereus

(Schaeff.) Gray (Tusué 1969), and Lentinula edodes (Berk)

Pegler (Mohamed et al. 1992a,b). It also stimulates

pileus formation in F. arcularius (Kitamoto et al. 1974),

C. cinereus (Kamada et al. 1978; Kamada and Tuji 1979),

and L. edodes (Mohamed et al. 1992a,b). Furthermore,

light induces other morphological changes during the life

cycle of basidiomycete fungi, such as those that take place

during asexual sporulation (Kües et al. 1998; Kertesz-

Chaloupkova et al. 1998). In addition to fruiting body

induction by light without a temperature change in

S. commune, light also regulates several dikaryon-specific

genes involved in fruiting body formation (Yli-Mattila

1987; Wessels et al. 1987; Ruiters et al. 1988). However,

other environmental factors that stimulate gene expression

involved in fruiting body induction of basidiomycete

mushrooms have not been well described. Flammulina

velutipes (Curtis) Singer, known as winter mushroom, is

one of the most popular edible mushrooms in Japan, and it

forms fruiting bodies under low temperature (Ingold 1980).

Furthermore, F. velutipes can form fruiting bodies in

complete darkness, although they elongate without pileus

formation to produce a pinhead fruiting body (Plunkett

1956; Aschan-Åberg 1960; Kinugawa and Furukawa 1965;

Kinugawa 1977). Therefore, the gene expression profile
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involved in fruiting body induction of F. velutipes is con-

sidered to be different from those of mushrooms whose

fruiting bodies are light induced without a temperature

lowering. Although several studies describe genes that are

specifically expressed in the F. velutipes fruiting body

(Azuma et al. 1996; Kim et al. 1999; Ando et al. 2001;

Yamada et al. 2005), little is known about gene expression

involved in fruiting body development of F. velutipes at

low temperature in complete darkness.

Stipe length, pileus size, and fruiting body pigmentation

of F. velutipes are important from a commercial point of

view, but the mechanisms behind stipe elongation, pileus

formation, and fruiting body pigmentation are not well

understood. It was shown that the diameter of the pileus

increases in proportion to light intensity (up to 100 lx;

Inatomi et al. 2001), and thus it is believed that F. velutipes

pileus formation is stimulated by light. Fruiting in darkness

has also been reported for several other basidiomycete

mushrooms. For example, when C. cinereus is grown in

complete darkness, it forms fruiting bodies with a long stipe

and a tiny, undeveloped pileus on top that is termed a dark

stipe (Tusué 1969). In addition, when light-induced fruiting

body primordia of F. arcularius are transferred into dark-

ness, their pilei do not develop, resulting in fruiting bodies

consisting of a long stipe (Fukutomi et al. 1982; Kitamoto

et al. 1999) that is termed an epilete stipe (Kitamoto et al.

1968). However, when the dark stipe of C. cinereus and the

epilete stipe of F. arcularius are exposed to light, both can

form a pileus at the apical region (Tusué 1969; Fukutomi

et al. 1982). Recently, F. velutipes fruiting body induction

in low temperatures and complete darkness, and fruiting

body maturation after second light stimulation, have been

investigated (Sakamoto et al. 2004, 2007). The expression

of proteins involved in F. velutipes fruiting body induction

and maturation was also investigated (Sakamoto et al. 2001,

2002, 2007). In this article, the relationship between protein

expression and morphological changes under light and dark

conditions is discussed.

Morphological changes after exposure to low

temperature in complete darkness

The first changes in F. velutipes hyphae are observed

7 days after fruiting treatment (lowering temperature with

light stimulation) by scanning electron microscopy (Azuma

et al. 1996). Flammulina velutipes forms young fruiting

bodies at 14 days and mature fruiting bodies (with gills in

their pileus) at 21 days after fruiting treatment (Sakamoto

et al. 2002). Young fruiting bodies develop under lowered

temperature (a transfer from 23 to 16�C) in complete

darkness (low-temperature treatment), and the stipe elon-

gates without pileus formation after 21 days in these

conditions to produce the pinhead fruiting body (Sakamoto

et al. 2002; Fig. 1a). Kinugawa and Furukawa (1965)

demonstrated that low temperature treatment of short

duration (a minimal duration is 12 h at 15�C) induces

fruiting body formation in F. velutipes, suggesting that low

temperature is the critical factor for this process. Fruiting

bodies are not formed 21 days after light treatment without

lowering of temperature, suggesting that light cannot

directly stimulate fruiting body induction in F. velutipes

(Sakamoto et al. 2002, 2004). On the other hand, fruiting

bodies formed at low temperature in complete darkness

cannot form a pileus, suggesting that light may be involved

in pileus formation. Pileus tissue is not formed when apical

sections of 14-day pinhead fruiting bodies (Sakamoto et al.

2004, 2007) are formed. These findings support the pre-

vious accounts of fruiting of F. velutipes in complete

darkness (Plunkett 1953, 1956; Aschan 1954; Aschan-

Åberg 1958; Kinugawa 1977). It has been reported that

young fruiting bodies of F. velutipes that are smaller than

0.2 mm and which have formed under light also have a

spiky appearance, and that as the primordia increase in size

the rudimentary pileus differentiates (Williams et al. 1985).

These observations indicate that the pileus is not differ-

entiated during the early stages of the primordium devel-

opment of F. velutipes.

The F. velutipes pinhead fruiting body is similar in

shape to that of C. cinereus after cultivation in complete

darkness; the stipes on the C. cinereus fruiting body have

been denoted as dark stipes (Tusué 1969). This observation

suggests that in complete darkness, F. velutipes primordia

can be induced and that stipes elongate. The fruiting bodies

that form in complete darkness were found to be thinner

than normal fruiting bodies that form during fruiting

treatment (Sakamoto et al. 2002, 2004, 2007). Furthermore,

these fruiting bodies are not pigmented, which supports the

current understanding that the fruiting body color of

commercially cultivated F. velutipes correlates with the

extent of light exposure (Shiratori et al. 1982; Inatomi et al.

2001). These findings suggest that although low tempera-

ture is a critical factor for fruiting body induction of F.

velutipes, fruiting bodies cannot mature in complete

darkness.

Morphological changes after second light stimulation

Flammulina velutipes pinhead fruiting bodies that form

after 21 days of low-temperature treatment in complete

darkness are differentiated by light (second light treatment)

to develop the pileus immediately at the apex (Sakamoto

et al. 2004, 2007; Fig. 1b). This observation suggests that

light can directly stimulate the formation of the F. velutipes

pileus. After the second light treatment, the apical region
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swells due to cell division to form the pileus (Sakamoto

et al. 2007). In contrast, fruiting bodies that continued to be

cultivated in the dark did not exhibit this development.

These findings suggest that F. velutipes fruiting bodies that

form under complete darkness have the potential to form a

pileus, similar to that which has been observed for other

species whose fruiting bodies can form in the dark,

including C. cinereus (Tusué 1969) and F. arcularius

(Fukutomi et al. 1982). Pileus tissue cannot form in the

apical region of pinhead fruiting bodies that formed in the

dark, and a second light treatment induced pileus tissue

only at apical regions, suggesting that only these regions of

pinhead fruiting bodies have the potential to develop into

the pileus (Sakamoto et al. 2004, 2007). It seems that the

cells that can differentiate into the pileus are established

during differentiation of the fruiting body primordium. As

a result, these cells should be defined as pileus primordium,

which is the term used in describing pileus formation in F.

arcularius (Fukutomi et al. 1982).

Two days after the second light treatment, neither the

junction fracture between the pileus and stipe nor the

hymenium has undergone clear differentiation (Sakamoto

et al. 2007). The fracture and the hymenium primordium

are formed at 4 days after light treatment, and it was noted

that cells in the junction seemed to be attached to each

other (Sakamoto et al. 2007). The fracture and the hyme-

nium are more distinct at 6 days (Sakamoto et al. 2007).

Umar and Van Griensven (1997) claimed that programmed

cell death occurs during pileus formation in Agaricus

bisporus (J.E. Lange) Imbach. In basidiomycetes,

programmed cell death is observed at the meiotic stage in

C. cinereus mutants that are defective in sporulation (Lu

et al. 2003). In F. velutipes, dead cells (originally denoted

as moribund cells) have been observed at the junction

between the pileus and stipe (Williams et al. 1985). These

results raise the possibility that formation of the junction

fracture between the pileus and stipe is caused by pro-

grammed cell death. The junction fracture forms following

the second light treatment, suggesting that light-induced

programmed cell death is involved in pileus formation in F.

velutipes. Clearly, further careful histological studies are

needed to reveal the mechanism behind the junction frac-

ture formation in F. velutipes.

The stipes of pinhead fruiting bodies thicken immedi-

ately after second light treatment, although thickening does

not occur at the basal end of the stipe (Sakamoto et al.

2004). Sakamoto et al. (2004) showed that stipe elongation

is inhibited until after 8 days of light treatment, and that

stipes elongate rapidly afterward. Notably, Gruen (1969)

has demonstrated that the molecule(s) that induce stipe

elongation may be located in the pileus lamellae, which

suggests that the pileus of F. velutipes may promote stipe

elongation (Gruen 1976). It is considered that this rapid

elongation may occur in response to the molecule(s) from

the pileus. Basidiospores are not apparent 4 days after the

second light treatment, but they are visible on gill surfaces

at 8 days (Sakamoto et al. 2007). Kamada and Tuji (1979)

have reported that fruiting body maturation, including stipe

elongation, is promoted in the phase 3 pileus, in which

meiosis is in progress in the basidia. Therefore, the time at

Fig. 1 Experimental scheme

used to investigate the effect of

temperature and light on the

development of the Flammulina
velutipes fruiting body. a One-

month-old cultures grown in

complete darkness at 23�C were

then subjected to the low-

temperature treatment

(continuous darkness at 16�C).

b One-month-old cultures

grown in complete darkness at

23�C were then subjected to the

low-temperature treatment for

21 days, at which point pinhead

fruiting bodies had formed, and

were then subjected to the

second light treatment

(continuous illumination at

16�C). FDS Flammulina
velutipes differentiation specific

gene, PSH pileus-specific

hydrophobin
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which rapid stipe elongation begins will be influenced by

the stage of basidiospore development in F. velutipes. This

stipe elongation system may ensure the effective dispersal

of basidiospores. However, the stipe rapidly elongates at

early stages of development in the dark, after which the

elongation rate decreases (Sakamoto et al. 2004). This

observation suggests that there may be another stipe

elongation system that operates in the dark which does not

involve the pileus-derived stipe elongation molecule(s).

Protein expression after low-temperature treatment

To investigate the influence of lowering temperature on

fruiting body induction of F. velutipes at the molecular

level, mycelial proteins expressed after low temperature

were investigated by two-dimensional electrophoresis

(Sakamoto et al. 2002). In all, 22 proteins are newly

expressed after temperature lowering under continuous

darkness (Sakamoto et al. 2002). These proteins are not

induced by light, and the collective results indicate that

temperature is the critical factor for fruiting body induction

in F. velutipes (Sakamoto et al. 2002), and that many of the

proteins involved in fruiting body induction in F. velutipes

are regulated by low temperature.

Two protein spots, Pf1 and Pf3, are both expressed in

mycelia after low-temperature treatment and in the fruiting

body (Sakamoto et al. 2002). N-terminal amino acid

sequences of Pf1 and Pf3 are highly similar to the deduced

amino acid sequence of the F. velutipes FDS (Flammulina

velutipes differentiation specific) gene (Azuma et al. 1996;

Sakamoto et al. 2002). There is no gene similar to FDS

except for those encoding hypothetical proteins in the

Laccaria bicolor (Maire) P. D. Orton genome (Martin et al.

2008), and no obvious motif is found in the putative amino

acid sequence encoded by FDS. Therefore, the molecular

function of FDS cannot be inferred from sequence infor-

mation. However, Pf1 and Pf3 are induced by temperature

lowering without light stimulation, and FDS is transcribed

abundantly in the fruiting body; therefore, it likely has an

important role in fruiting body formation.

Protein expression after second light treatment

Previous studies of other basidiomycetes have investigated

genes involved in pileus formation (Muraguchi and Kamada

1998) or the role of light in gene expression involved in

fruiting body induction (Ruiters et al. 1988). However, the

relationship between protein expression and pileus differ-

entiation after light exposure is not yet understood. Protein

expression in the pinhead fruiting body formed under

complete darkness has been compared with that of the

pileus and stipe of the fruiting body after the second light

treatment (Sakamoto et al. 2007). One protein [pileus-

specific hydrophobin-like protein (PSH)] is expressed spe-

cifically and abundantly in the pileus (especially in the gill)

but not in pinhead fruiting bodies or stipes following a

second light treatment (Sakamoto et al. 2007). This finding

suggests that PSH expression is induced after light treat-

ment and that it may be involved in pileus formation in

F. velutipes. A BLAST search revealed that there are no

genes similar to the PSH encoding gene (psh) in any data-

base, including basidiomycete genome databases, suggest-

ing that PSH is a novel protein. The deduced amino acid

sequence of psh has a serine-rich motif in its central region

and a hydrophobin-like motif in its C-terminal region (Sa-

kamoto et al. 2007). Conserved cysteines of hydrophobin

proteins are also present in the hydrophobin-like region of

PSH, and a hydropathy plot of this region is similar to that

of the corresponding region of the F. velutipes hydrophobin

FVH1 (Sakamoto et al. 2007). There are many hydrophobin

genes in fungi, and two hydrophobin genes in F. velutipes

have been reported (Ando et al. 2001; Yamada et al. 2005).

It was reported that hydrophobins SC3 and SC15 in

S. commune interact with each other (Lugones et al. 2004).

By analogy, PSH may interact with other F. velutipes

hydrophobins to regulate pileus formation.

The expression level of psh in the pinhead fruiting body

is low (day 0) and similar to that in the stipe of the mature

fruiting body: at 8 days after second light treatment, the

expression of psh was significantly increased compared to

day 0, and the expression level is similar to that in the

pileus of the mature fruiting body (Sakamoto et al. 2007).

Following light treatment, the expression of psh increases,

suggesting that it is induced by light exposure and is spe-

cifically transcribed in the pileus. The psh is not expressed

in vegetative mycelium exposed to light, and its expression

in the pileus increases only several days after light treat-

ment (Sakamoto et al. 2007). These results suggest that psh

is not directly regulated by light but that it may be

expressed as a secondary response following light

treatment.

Future photomorphological and skotomorphological

studies in F. velutipes

This report has showed that the F. velutipes fruiting body

can be induced in complete darkness under low tempera-

ture (skotomorphogenesis; see Fig. 1), that the fruiting

body formed under this condition has an undeveloped

pileus at its apex, and that the pileus forms immediately

after a second light treatment (photomorphogenesis;

Fig. 1). Because F. velutipes fruiting body formation can

be induced by lowering temperature without any other
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environmental factors, it is a good system for investigating

low-temperature sensing for fruiting body formation. For

example, a low-temperature sensor, Mga2p, was found in

Saccharomyces cerevisiae (Nakagawa et al. 2002). Mga2p

is produced as a dormant precursor that is firmly anchored

to the endoplasmic reticulum or nuclear envelope mem-

brane by its C-terminal region. In response to a low-tem-

perature signal, its N-terminal transcription factor domain

is released into the cytosol by ubiquitin/proteasome-

dependent processing and activates cold tolerance proteins

such as OLE1 (Nakagawa et al. 2002). Mga2 homologues

are found in basidiomycete genomes and are likely to have

similar functions in these fungi. For example, the Crypto-

coccus neoformans Mga2 homologue is involved in

high-temperature growth (Kraus et al. 2004). Flammulina

velutipes is a suitable basidiomycete for investigating cold

sensors such as Mga2 for fruiting body induction.

Fruiting bodies of basidiomycetes also respond to light

in an effective strategy for spore diffusion. In this report, it

is shown that pileus formation in F. velutipes can be

induced by second light treatment; therefore, F. velutipes is

suitable for investigating pileus formation and stipe elon-

gation. Separation between the pileus and stipe may be

caused by programmed cell death (Williams et al. 1985;

Sakamoto et al. 2007). Therefore, further studies should

reveal the potential relationships between light sensing and

pileus formation caused by programmed cell death. It has

also been shown that a second light treatment induces

fruiting body browning, stipe thickening, and temporal

inhibition of stipe elongation (Sakamoto et al. 2004).

Several molecules involved in stipe elongation have been

reported (Gruen 1969; Hirai et al. 1998), and these are

relevant for investigating fruiting body development in F.

velutipes under light and dark conditions.

Photomorphogenesis in basidiomycetes was discussed

by Eger-Hummel (1980), and it was shown that fruiting

body differentiation in these fungi is regulated by blue

light. Putative blue light receptor genes that are homolo-

gous to Neurospora crassa wc-1 and wc-2 (Ballario et al.

1996) were cloned from C. cinereus (Terashima et al.

2005) and L. edodes (Sano et al. 2008, 2009). In addition, it

was shown that the mutation in the light response-defective

mutant of C. cinereus, dst1, maps to a WC1 homologue

(Terashima et al. 2005). The L. edodes WC1/WC2 homo-

logues PHRA and PHRB interact with each other and have

a DNA-binding ability similar to that of the N. crassa

WC1/WC2 complex (Sano et al. 2009). These results

indicate that blue light receptor(s) regulate fruiting body

differentiation in mushrooms. It has been found that

F. velutipes pileus formation is induced by blue light

wavelengths (Aschan-Åberg 1960). Also, we observed that

F. velutipes pileus formation is induced by blue light but

not by red or yellow light (Sakamoto et al. 2007). This

finding suggests that F. velutipes pileus formation is also

regulated by blue light, and further study of blue light

sensing in F. velutipes will be helpful for understanding

fruiting body maturation.

Several basidiomycete genomes have been sequenced

(Martin et al. 2008), including those of L. bicolor,

C. cinereus, and S. commune. Reverse genetic analysis

techniques, including gene disruption and RNA interfer-

ence, have been developed for several basidiomycetes,

such as C. cinereus (Namekawa et al. 2005) and A. bisp-

orus (Eastwood et al. 2008). Genome sequence data and

reverse genetic methods will be available for F. velutipes in

the near future, thereby facilitating functional analysis. The

findings described in this report will provide a basis for

further molecular and genetic analyses of skoto- and

photomorphological phenomena in F. velutipes.

As discussed here, F. velutipes fruiting bodies develop

in complete darkness, and these fruiting bodies have a long

stipe and an undeveloped pileus at the apex. Furthermore,

fruiting body maturation, including pileus formation and

stipe thickening, elongation, and pigmentation, can be

induced by a second light treatment. These phenomena will

aid further histological and molecular biological investi-

gations into the mechanisms behind fruiting body devel-

opment in F. velutipes.
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