Conversion of conifer wastes
Into edible and medicinal mushrooms
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Abstract

Mushroom-producing white-rot fungi can be used to convert woodwaste into gour-
met and medicinal mushrooms. White-rot fungi do not always readily colonize on coni-
fer wood because of its extractives content. This study evaluated the resinous extractive
content of loblolly pine (Pinus taeda), ponderosa pine (Pinus ponderosa), and an un-
known species of southern yellow pine before and after treatment with the extrac-
tive-degrading fungi Aureobasidium spp., Ceratocystis spp., and Ophiostoma spp.
Fungal treatment removed 70 to 99.9 percent of extractives. Scanning electron micros-
copy showed heavy mycelial growth ofthe colorless isolate Ophiostoma piliferum, with
good sporulation, on the surface ofloblolly and southern yellow pine chips, in the resin
canals, and in the parenchyma cells within 4 to 5 days. The treated wood chips were used
to cultivate lignolytic mushroom-producing, white-rot basidiomycetes of various
Pleurotus species and two other fungi, Grifolafrondosa and Hericium erinaceus. The
results show that lignolytic white-rot basidiomycetes can easily colonize and produce
mushrooms on treated conifer wood chips.

Woodwaste, including thinned
material from stagnated and overstocked
small-diameter wood, poses a serious
threat to forest health by increasing fuel
load, which can result in forest fires that
severely damage the ecosystem. In the
year 2000, there were 122,827 fires,
8,422,237 acresburned, andanestimated
$1.3 billion in fire control costs (Bos-
worth2001). Atthe sametime, the global
demand for energy and nutritious food
has been increasing, and there is agrow-
ing shortage of natural resources.
Thinned material from stagnated and
overstockedsmall-diameterwoodstands
can serve as a valuable resource for the
production of nutritious gourmet and
medicinalmushrooms.

White-rot fungi that produce edible
and medicinal specialty mushrooms
have been cultivated from hardwood in
Asia for centuries. The production of
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Pleurotus oroyster mushrooms has been
increasing at a rapid rate worldwide.
Pleurotus mushrooms represent 14 per-
cent ofthe total world production ofed-
ible mushrooms, amounting to 368,000
tonsin 1997 (Chang 1999). The produc-
tion of Pleurotus mushrooms is a rela-
tively new enterprise in the United
States; 881 tonswere producedin 1995,
an increase 0f94 percent from the previ-
ousyear(Royse 1997).

Pleurotus mushrooms are very effi-
cient producers of protein. Protein con-
stitutes 30 percent ofthe dry weight of
Pleurotus mushrooms and 18 percent of

Lentinusedodes, comparedto 13 and 25
percent of wheat and milk, respectively
(Ogundana and Okogbo 1981). Pleu-
rotus mushrooms are considered to be
one of the most efficient producers of
food protein (Ogundana and Okogbo
1981, Manzi 1999, Dabbour and Tak-
buri 2002) and an excellent source of
dietary fiber (Cheung and Lee 2000,
Mattila and Pizzoferrato 2000). Pleuro-
tus mushrooms also produce vitamins
(B1, B2, B12, C, D, folate, and niacin)
(Mattila et al. 2001) and mineral ele-
ments (Manzi 1999, Mattilaetal. 2001).
These nutritious and medicinal mush-
rooms (Cochran 1978, Chang and Bus-
well 1996, Ishisukaetal. 1997, Sheetal.
1998, Wasser and Weis 1999) are in
great demand by the gourmet mush-
roomindustry (Chang 1999).

The medical uses of Pleurotus mush-
rooms include their potential to act as
antitumor agents (Cochran 1978;
Gunde-Cimerman 1999; Kawamura et
al. 2000; Zhang et al. 1994, 2001) and
antifungal and antiviral agents (Gunde-
Cimerman 1999) as well as their ability
to lower cholesterol (Chovot 1997,
Cheung 1998, Bobeketal. 1998a, Was-
ser and Weis 1999) and reduce colon
carcinoma (Bobeketal. 1998b, Gunde-
Cimerman 1999).Pleurotusmushrooms
are fast colonizers that degrade a wide
variety of lignin in lignocellulosic
woodwaste. They produce extracellular
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enzymes, including lignin peroxidase,
manganese peroxidase, and laccase.
These enzymes are nonspecific with re-
gard to substrate and are referred to as
lignin-modifying and/or lignin-degrad-
ing enzymes. As aresult offungal ligno-
lytic actiononwood, the spent substrates
together with the remaining fungi can
become a source of hemicelluloses and
cellulose that can be used as carbohy-
drate for animal feed (Bisaria et al.
1997) orfertilizers (Stewartetal. 1998).

Southern yellow pine (SYP) consists
of 11 species: longleafpine (Pinuspalu-
stris), short leafpine (P. echinata), slash
pine (P. elliottii), southern Floridaslash
pine (P.elliottiivar. densa), loblollypine
(P. taeda), pitch pine (P. rigida), spruce
pine (P. grabra), Virginia pine (P.
virginiana), sand pine (P. clausa), pond
pine (P. serotina), and table mountain
pine (P.pungens). Four ofthese species
(loblolly pine, short leaf pine, long leaf
pine, and slash pine) account for about
93 percent of all standing timber in the
southeastern and south-central states
(Hoadley 1990). SYP usually contains a
high concentration of wood extractives
or pitch deposits, ranging from 3 to 9
percent of total dry weight of the wood
(Koch 1972). In exceptional cases, the
extractives may constitute up to 40 per-
cent, depending onthe season whenthey
were harvested (Zabel and Morrell
1992). Some extractives (i.e., monoter-
penes) are toxic to certain fungi and in-
sects (Raffaand Smalley 1995, Payne et
al. 2001); other extractives impart color
and fragrance to wood.

Wood-extractive-degrading fungi are
initial wood colonizers that cause black
discoloration in sapwood as well as in
wood chips, logs, sawn timber, veneer,
sawdust, and wood products. The fungi
penetrate rapidly and deeply into the
sapwood of conifers, assimilating avail-
able nutrients (primarily nonstructural
wood components), but they have little
or no effect on the cellulose, hemicellu-
lose, or lignin content ofthe wood (Sjos-
trom 1981; Blanchetteetal. 1992; Brush
etal. 1994; Rocheleauetal. 1998,1999).
Although these fungi do not degrade the
major components of wood, their meta-
bolic action substantially reduces wood
extractives (Blanchette et al. 1992,
1996). These nonstructural components
of wood extractives consist of simple
carbohydrates (sugar and starch), phe-
nolic compounds (suchas stilbenes, tan-
nins, phlobaphenes, flavanoids, and
lignans), lipids (triglycerides, fatty ac-
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ids, resin acids, sterols, and steryl
esters), and waxes, alkaloids, andtropo-
lones, which are found in parenchyma
cells and in the lumen of other cells
(Sjostrom 1981, Zabel and Morrell
1992, GaoandBreuil 1995).

Pleurotus mushrooms have been cul-
tivated on various agricultural lignocel-
lulosic wastes or hardwood but never on
conifer wood. The primary objective of
our research was to evaluate the my-
celial growth of mushroom-producing
Pleurotus species on coniferwoodwaste
after treating the wood with extractive-
degrading fungi. The secondary objec-
tive was to convert conifer wood resi-
dues, woodwastes, and underutilized
forest resources into a value-added re-
source for the production of gourmet
andmedicinal mushrooms.

Methods and materials

Fungi

Dikaryotic isolates of the following
mushroom-producing white-rot fungi
were obtained from the culture collec-
tion of the Center for Forest Mycology
Research at the Forest Products Labora-
tory (USDAForestServ.,Madison, Wis-
consin): Grifola frondosa (Dicks:Fr.)
S.F.Gray  (FP-101988, SC 10),
Hericium erinaceus (Bulliard: Fries)
Persoon (FP- 140075, SC 13),
Pleurotus citrinopileatus  (Singer)
(FP-102361,SC 17),P.cystidiosus O.K.
Miller (FP-140088, SC 18 and FP-
140088, SC 19),P. euosmus (Berkley
apud Hussey) Saccardo (FPRL-66,SC
20), P. ostreatus (Jacquin: Fries)
Kummer (FP-101509, SC 21 and
FP—-140084SC 23), P. populinus Hilber
and Miller, (FP-102755, SC 24), P.
pulmonarius (Fries) Quelet (RLG-
10645, SC25andFP-140087,SC36),P.
sapidusKalchbr., (FP-4-103,SC 27, FP-
140080, SC 28, and FP-140094, SC55),
and P. sajor- caju (Fr.) Sing. (FP-
140078,SC29).

Pleurotus cornucopiae (Paulet ex
Fries, WC-608, SC 52) and P. eryngii
(De Candolle ex Fries) Queletsensu lato
(WC- 827, SC 52) were obtained from
Dr. D. J. Royse, Penn State University
(University Park, Pennsylvania). The
wood  extractive-degrading  fungi
Aureobasidium pullulans  (deBary)
Arnand [MDX 18], Ceratocystis
coerulescens  (Munch)  Bakeshe
[C-262], and C. pilifera (Fries) Moreau
[RWD 9472B] were obtained from the
Center for Forest Mycology Research at
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the ForestProducts Laboratory. Acolor-
less isolate of Ophiostoma piliferum
(Cartapip 97) was obtained from
AgraSol, Inc. (Raleigh,NorthCarolina).

The fungi were maintained on 1.5 per-
cent (w/v) malt extract (Bacto, Difco,
Detroit, Michigan) and 2 percent (w/v)
agar (Bacto, Difco; MEA). Malt extract
agar 90-mm-diameter plates were inoc-
ulated withamycelium/agarplug (6 mm
diameter) ofa young, actively growing
margin ofthe colony at the center ofthe
plate and incubated at 24°C in the dark
for 1 to 2 weeks oruntil mycelial growth
had covered the entire surface of the
plate.

Treatment of chips

Loblolly pine (Pinus taeda) chips
were obtained from Bowater, Inc. (Cata-
bwa, SC). Chips ofan unknown species
of SYP (Pinus spp.) were obtained from
the Bienville National Forest in Missis-
sippi. Ponderosa pine (P. ponderosa)
chips were obtained from the Coconino
National Forest near Flagstaff, Arizona.
All chips were frozen until used.

Small-scale treatment. — One hun-
dred grams (dry weight 45% to 50%) of
frozen SYP chips ofvarious sizes (0.5 to
2cmby 0.2t0 0.25 cm) and distilled wa-
ter were added to Pyrex storage dishes
(Corning No. 3250) to produce a final
moisture content of 60 percent. Each
dishwas autoclaved and inoculated with
actively growing mycelia from half an
MEA plate inoculated with the extrac-
tive-degrading fungi Aureobasidium
spp. or Ceratocystisspp. Acolorlessiso-
late of Ophiostoma piliferum (Cartapip
97) was inoculated 2 x 102 spores (1x)
and4 x 108 spores (2x) per storage dish.
After thorough mixing, the inoculated
wood chips were incubated at 24°C in
the dark for 30 days and then autoclaved
to kill the extractive-degrading fungi.
The experimentwas performed intripli-
cate.

To evaluate the growth ofmushroom-
producing fungi, treated SYP chipswere
inoculated with actively growing myce-
lia of Griofola frondosa, Hericium
erinaceus, or Pleurotus ostreatus
scraped from half the surface of an
MEA plate. After thorough mixing, the
chipswere incubated at24°C inthe dark.
Mycelial growth was measured after an
incubation period of50 days.

Large-scale treatment. — Four kilo-
grams (dry weight 45% to 50%) of
frozen conifer wood chips of various
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sizes and distilled water were added to
air-permeable polyethylene bags (610
by 914 mm) to produce a final moisture
content of 60 percent. The bags were in-
oculated with 2 x 10° spores of the col-
orless isolate (Cartapip 97) per kilogram
wet wood chips. The chips were mixed
manually and incubated at 24°C in the
dark for 4 to 5 days. At the end ofthe in-
cubation period, the chips were auto-
claved at 12 1°C for 45 minutes.

Determination of
resinous extractives

After treatment, pine chips were
ovendried at 50°C and ground into
30-mesh sawdust with a Wiley mill
(Authur H. Thomas Co., Scientific Ap-
paratus, Philadelphia, Pennsylvania).
The ovendried sawdust (dry weight) was
extracted overnight in a Soxhlet extrac-
tor with diethyl ether (Brush et al. 1994)
or dichloromethane (T 204 cm-97)
(TAPPI 1997).

Scanning lectron microscopy
Treated loblolly pine chips were cut
radially using razor blades, mounted on
aluminum stubs using silver paste, and
gold coated using a Denton Desk-1
(Denton Vacuum, Inc., Cherry Hill,
New Jersey) sputter coater. Samples
were examined and photographed using
Polaroid film in a JEOL JSM-840
(JEOL Ltd., Tokyo, Japan) scanning
electronmicroscopeat 15kV.

Grain spawn and
fruiting body production

Grain spawn and mushroom produc-
tionwere prepared as outlined inaprevi-
ous publication (Croan 2000). A mix-
ture of 500 g barley, 5 g gypsum
(calcium carbonate or calcium sulfate),
and 500 to 600 mL water in apolypropy-
lene autoclavable bag (20.2 by 42 cm)
with amicroporous filter patch was used

(a)

for spawn production. After the bags
were inoculated with various Pleurotus
species, they were sealed with athermal
impulse sealer and incubated in the dark
at24°C for 1 to 3 weeksoruntil mycelial
growth had covered the surface of the
grain.

Pretreated pine chips ofvarious sizes
with orwithout 20 percentwheatbran, 1
percent gypsum, and 3 percent glucose
were placed in autoclavable bags with a
microporous filterpatch. Distilled water
was added to increase moisture content
ofthe mixture to 60 percent, resulting in
afinal weight of 1,000 g. The bags were
then inoculated with grain spawn ofvar-
ious Pleurotus species at approximately
20 percent wet weight. The bags were
manually mixed, sealed with thermal
impulse sealer, and incubated at 24°C in
the dark for 1 to 2 weeks or until the
mycelium had completely colonizedthe
substrate. The experiment was repli-
cated three to five times.

The bags were placed in arefrigerator
for 1 to 2 days, and then were cut open,
exposing the colonized substrate to the
air, andplacedinan incubator. The tem-
perature was maintained at 20° to 22°C
under a standardized light cycle (appro-
ximately 10hr. light, 14hr. dark) usinga
fluorescent ceiling light (two 20-W,
standard, cool white bulbs). Humidity
and moisture were maintained at 70 to
95 percent with a constant vapor-like
spray ofdistilled water for an hour every
6 hours, using a Herri-michifier (part
L122-74,trio model 707). Fruiting bod-
ies were harvested when the caps
reached 5to 10 cmindiameter. Fruiting
bodies were harvested for up to three
flushes. The dryweightofthe substrates
was used to calculate the percentage of
biological efficiency. Biological effi-
ciency is the fresh weight of the har-
vested mushrooms divided by the dry

Figure 1. — Mycelial growth of Griofola frondosa on SYP chips: (a) chips treated with
extractive-degrading fungi; (b) untreated chips.
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weight of the substrate and then multi-
pliedby 100.

Determination of lignin

Total lignin content in the spent sub-
strates was extracted with 72 percent
H,SO.,. Acid-insoluble lignin (Klason
lignin) was measured gravimetrically
(Effland 1977), and acid-soluble lignin
was determined by spectrophotometry
based on absorption ofultraviolet radia-
tion (TAPPI standard method T 222 om-
88.(TAPPI11988).

Results and discussion

Three mushroom-producing basidio-
mycetes, Griofolafrondosa, Hericium
erinaceus, and Pleurotus ostreatus,
were selected for small-scale treatment
ofconifer chips in Pyrex storage dishes.
The fungi did not grow or grew poorly
on surfaces of untreated chips, even
though these versatile fungi are fast col-
onizers that can degrade a wide variety
of lignin in various lignocellulosic sub-
strates. Martinez-Inigo et al. (1999)
found that Scots pine extractives were
toxic to various wood-inhabiting fungi.
Resin acids accounted for 88 percent of
total extractives. Fungal growthwas en-
hanced by removing the extractives.
Similarly, certain resin acids in pine
cone extractives were found to be toxic
to wood-inhabiting fungi (mold, sap-
stain, and wood-rotting fungi) (Micales
etal. 1994).

When conifer chips were treated with
the extractive-degrading fungi Aureo-
basidiumpullulans, Ceratocystis coeru-
lescens, and Ophiostoma piliferum, and
a colorless isolate of O. piliferum
(Cartapip 97), rapid and heavy filamen-
tous mycelial growth occurred on the
entire surfaces of SYP chips (Fig. 1).
The fungi removed 70 to 99.9 percent of
the extractives (Table 1). In addition to
heavy mycelial growth, Griofolafron-
dosa, Hericium erinaceus, and Pleuro-
tus ostreatus produced abnormal fruit-
ing bodies, aerial spines, or aerial
mycelia (Fig. 2). The aerial spines of
Hericium erinaceus were 24 to 35 mm
high and extended 28 to 33 mm beyond
the surface ofthe chips in deep dishes.
By contrast, the aerial spines of G.fron-
dosa remained relatively flat although
they were elongated (20 to 28 mm).
Pleurotus ostreatus produced flat and
shorter aerial spines (8 to 15 mm) and
abnormal fruiting bodies (20 to 50 mm
by 5 to 25 mm) with many small hyphal
proliferations.
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Table 1. — Removal of wood extractives from southern yellow pine chips by extrac-
tive-degrading fungi.

Treatment Remaining extractives Removed extractives
----------------- () R

No treatment (control) 9.02 +0.04 0
Aureobasidium pullulans MDX-18 2.73 69.7
Ceratocystis coerulescens C-256 2.69 70.2
C. piliferum RWD9427B 0.05 94.5
Ophiostoma piliferum (colorless isolate)

1 x inoculation (2 x 108 per dish) 0.009 99.9

2 x inoculation (4 x 108 per dish) 0.009 99.9

ae b
_ @
Figure 2. — Abnormal fruiting bodies and aerial spines: (a) Grifola fondosa, (b)
Hericium erinaceus, and (c) Pleurotus ostreatus.
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Figure 3. — Filamentouday-old mycelial growth ofOphiostoma piliferum on SYP
chips.
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(a) M (b) x1000

Figure 4. — Sporulation of O. piliferum: (a) 6-day-old spores on SYP chips; (b)
10-day-oldspores on ponderosa pine chips.
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Aerial spines and abnormal fruiting
bodies were produced on treated SYP
chips in storage dishes without special
treatment, e.g., light/dark cycles, added
humidity, or decreased temperature.
They may have been caused by the accu-
mulation of carbon dioxide, which can
occur in deep dishes. Aerial spines and
abnormal fruiting bodies were initially
very pale yellow to white; as the cultures
aged, spines and fruiting bodies became
yellowish brown.

The lyophilized colorless isolate of
Ophiostoma pilferum (Cartapip 97) was
selected for large-scale treatment of co-
nifer chips because it can be easily ob-
tained in large quantities and is simpleto
use. Wood extractivesare primarily low
molecular weight compounds that are
easily extracted by solvents such as ace-
tone, alcohol, diethylether, dichloro-
methane, benzene, or water. The per-
centage of extractivesvaries, depending
upon the solvents used for extraction,
the batch of wood chips received, the
season, and the amount of rainfall when
they were harvested (Terry Conners,
Muississippi Forest Products Laboratory,
personal communication).

In our study, extractives content was
3.05 to 9.02 percent, depending on the
particular batch of chips. Treatment
with Cartapip 97 (8 x 10%sporesper4kg
chips) removed 30 to 90 percent of ex-
tractives within 4 to 5 days, which in-
duced excellent mycelial growth and
mushroom production. SEM examina-
tion revealed that O. pilferum had colo-
nized the entire surfaces of chips within
2 days, producing heavy filamentous
mycelial growth (Fig. 3) with sporu-
lation (Fig. 4). The treatment removed
25.9 percent of extractives within 2
days. The mycelium of O. piliferum
passed from one cell to the next through
bordered pits and tracheids (Fig. 5).
Heavy mycelial growth was observed in
radial tracheid cells (Fig. 6) and ray
parachyma cells (Fig. 7) within 5 to 10
days.

All Pleurotus species showed dense
and heavy filamentous mycelial growth
on the entire surfaces of treated conifer
chips. After 6 days, the fungi grew faster
on treated conifer chips than on hard-
wood sawdust (red oak, Quercus spp.)
(Fig. 8). In addition, various Lentinula
edodes species showed the same fila-
mentous mycelial growth on entire sur-
faces of treated conifer chips and grew
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Figure 5. —Mycelial growth of O. piliferumin bordered pitsandtracheidcells of SYP
chips.

Figure 6. — Mycelial growth of O. piliferum in five tracheid cells of ponderosa pine
chips, radial section.
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Figure 7. —Mycelial growth of O. piliferumin rayparenchyma cells of (a) ponderosa
pine chips, and (b) SYP chips.

Figure 8. — Mycelial growth (6 days old) of Pleurotus pulmonarius on (a) treated
loblolly pine chips, and (b) red oak sawdust.
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faster on treated chips than on red or
white oak sawdust (unpublished data).

Pleurotus mushrooms were produced
ontreated conifers. The species fell into
three groups, according to the length of
timerequired for fruiting (Table 2). The
caps of the mushrooms were generally
oyster- to fan-shaped, and their color
ranged from creamy white, tan, or yel-
low to grayish-blue, brown, and almost
black (Table 3). The white stems were
usually positioned at the cap margin
(100 to 50 mm).

In addition to mushrooms, P. cysti-
diosus (SC 19) produced numerous ster-
ile cells on black caps. On treated pine
chips supplemented with 20 percent
bran, P. cystidiosus also produced co-
nidiophores bearing conidia at the apex
(called synnemata or coremia by Miller
[1969]) (Table 3, Fig. 9). TheSC 19
strain of P. cystidiosus did not produce
synnemata on MEA plates. Another
strain, SC 18, produced numerous syn-
nemata around the colony and agar plug
of the inoculated area on MEA plates.
However, this fungus grew very poorly
on treated wood chips and did not form
synnemata or fruiting bodies. The cap
clusters of P. eryngii, the king oyster
mushroom (SC 54), were divided into
two types: large and small fruiting bod-
ies(Table3, Fig.11).

The biological efficiency of the
mushroomsproducedbyP. pulmonarius
(SC 36) was 155 and 159 percent forred
oak sawdust and SYP chips, respec-
tively, supplemented with 20 percent
bran. Mushroom production by P.
pulmonarius was about the same for the
red oak sawdust and treated conifer
chips (Table 4, Fig. 14). The
basidiomata were harvested three times.
The first harvest was typically the larg-
est one, but the second harvest was
sometimes larger than the first. The
thirdharvestwas always small (Fig. 14).
In general, the mushroom caps were rel-
atively flat with wavy margins. The
stems of mushrooms on treated chips
were relatively shorter compared to
those on chips supplemented with 20
percent bran. Thus, the biological
efficiency of the mushrooms on the
treated chips supplemented with 20 per-
cent bran was higher than that on un-
supplementedtreated chips (Table4).

In 1977, about 6.16 million tons of
mushrooms was produced worldwide
(Chang 1999). Production increased
more than 12 percent annually between
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Table 2. — Time required for fruiting of mushrooms for various Pleurotus spp.

Group

Species

Time to fruiting

1

P. citrinopileatus

. cornucopiae

. ostreatus (SC 21, 23)
. populinus (SC 24)

. pulmonarius (SC 36)
. eryngii

. sapidus (SC 28, 55)

. sajor-caju (SC 29)

. cystidiosus

. pulmonarius (SC 25, 26)
. sapidus (SC 27)

W U U U U U U U U ©

5 days to 1 week

1 to 2 weeks

2 to 4 weeks

Figure 9. — Fruiting bodies (a) and min-
ute black synnemata (b) of P. cystidio-
sus (SC 19) on SYP chips supplemen-
ted with 20 percent wheatbran.

1981 and 1997. Every ton of fresh
mushrooms produces 1 to 2 tons of dry
spent substrates (Rinker 2002). After
mushrooms are harvested, millions of
tons of spent substrates with their
remaining fungi are available for other
uses. Various uses for spent substrates
are currentlybeing investigated and eva-
luated in many countries. Our study
constitutes one component of an ongo-
ing, multifaceted international research
effort.
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Figure 10. — Golden mushroom (P.
citrinopileatus, SC17)onSYP chips(a)
trumpet oyster mushroom (P. cornu-
copiae, SC 52) on loblolly pine chips,
(b). Treatmentwas supplemented with
20percent wheatbran.

Inour study, treated conifer chip sub-
strates were supplemented with addi-
tional glucose to protect holocelluloses
in the treated chips. When additional
glucose (35% glucose of dry pulp) was
addedto Phanerochaete chrysosporium
stationary cultures on thermomechani-
cal pulp, the utilization of cellulose and
hemicellulose in lignocellulosic sub-
strates was suppressed and only the lig-
nin fraction was degraded (Yang et al.
1980). SYP chips were foundto consist
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Figure 11. — King oyster mushrooms
(P. eryngii, SC 54) on loblolly pine
chips supplemented with 20 percent
wheat bran (a) and blue oyster mush-
rooms (P. ostreatus, SC 23) on SYP
chips (b).

of 31.1 percent Klason lignin and 1.0
percentacid-solublelignin.

After fruiting bodies of P. ostreatus
(SC 23) were harvested for a third time,
analysis showedthatthe spentsubstrates
consistedof12.1 to 16.1 percent Klason
lignin and 0.54 to 0.72 percent acid-
soluble lignin. Therefore, 51.9t0 61.1
percent Klason lignin was removed
(Table 5). In addition, the chips in the
spent substrates appeared to be brittle,
suggesting that the remaining lignin
might be partially degraded, selectively
removed, or modified. Because rumi-
nants may digest the spent substrates
with fungi, the spent substrate may be
used for animal feed (Moyson and
Verachtert 1991, Zhang et al. 1995,
Bisariaetal. 1997), animal bedding, soil
conditioner (Stewartetal. 1998), or fer-
tilizer (Stewart et al. 1998, Chiu et al.
2000). In addition, because the ligno-
Iytic enzyme systems of spent wood
substrates with fungi can remove or
modify lignin, the spent substrates may
serve as a biopulping agent (Breen and
Singleton 1999) and for bioremediation
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Table 3. —Characteristics of Pleurotus mushrooms.

Species SC number Common name Cap size Description Fig.
(mm)
P. cystidiosus 19 Abalone or Miller’s oyster 30 to 150 Caps convex to hollow with dark grayish 9
mushroom brown center and yellowish brown smooth
margins; long white stems
P. citrinopileatus 17 Golden oyster mushroom 20 to 70 Caps convex to plane; yellow and white stems 10
centrally attached to caps
P. cornucopiae 52 Trumpet oyster mushroom 20 to 60 Caps trumpet-shaped, brillant yellow, smooth 10
margins; centrally attached stems
P. eryngii 54 King oyster mushroom 20 to 40 Caps small, tan to light brown, thick; thick, 11
long, and stout stems
P. ostreatus 2321 Blue oyster mushroom 50 to 160 Caps grayish-dark blue in center, with light 11
(SC 23), oyster mushroom grayish-blue smooth margins (SC 23);
(SC 21) lighter or pale (SC 21)
P. euosmus 20 Tarragon oyster mushroom 50to 110 Caps broad and depressed in center, light 12
bluish dark brown with tan smooth margins;
very short stems
P. pulmonarius 25,26,36 Phoenix or Indian oyster 50 to 160 Caps grayish dark brown with curved inner 12
mushroom surface and curved margins; long (70 to 150
mm) white stems
P. sapidus 55,28 Oyster mushroom 80to 120 Caps light tan to creamy dark gray with 13
smooth margins; short (20 to 50 mm) stems;
lavender spore print.
P. sajor-caju 29 Oyster mushroom 80 to 180 Caps dark grayish—bluishblack, convex to 13

hollow; short stems

Figure 12. — Phoenix or Indian oyster
mushrooms (P. pulmonarius, SC 36) (a)
and tarragon oyster mushrooms (P.
euosmus, SC 20) (b).

(Kirk et al. 1992, Lamar et al. 1994,

Eggen and Majherczyk 1998, Semple et

al. 1998, Eggen 1999, Eggen and Sveum

1999, Chiu et al. 2000, Marquez—Rocha
et al. 2000).

Conclusions

Mushroom-producing  basidiomy-
cetes grow rapidly, degrading a variety
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Figure 13. - Fruiting bodies of 1?
sajor-caju (SC 29) on SYP (a), I?
sapidus (SC 28) on SYP supplemented
with 20 percentbran (b), and 1? sapidus
(SC 55) on loblolly pine supplemented
with 20 percent bran (c).

of lignin as well as hemicelluloses and
cellulose in treated conifer lignocellu-
losic substrates. Mushroom-producing
lignolytic white-rot fungi can convert
conifers into a valuable resource, pro-
ducing nutritious edible mushrooms,
which are in great demand. Unused

woodwaste may pose a danger to the
ecosystem. In conclusion, conifer wood
substrates treated with extractive-de-
grading fungi, lyophilized Ophiostoma
piliferum, can be recycled to produce
valuable gourmet and medicinal mush-
rooms. The many potential uses ofspent
substrates canachieve total utilization of
unused conifer residues, woodwaste,
andunderutilized forest resources.
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