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Abstract The degradation and utilization of solid

waste (SW) from anaerobic digestion of poultry litter

by Agrocybe aegerita was evaluated through mush-

room production, loss of organic matter (LOM),

lignocellulolytic enzymes activity, lignocellulose

degradation and mushroom nutrients content. Among

the substrate combinations (SCs) tested, substrates

composed of 10–20% SW, 70–80% wheat straw and

10% millet was found to produce the highest

mushroom yield (770.5 and 642.9 g per 1.5 kg of

substrate). LOM in all SCs tested varied between 8.8

and 48.2%. A. aegerita appears to degrade macro-

molecule components (0.6–21.8% lignin, 33.1–55.2%

cellulose and 14–53.9% hemicellulose) during culti-

vation on the different SCs. Among the seven

extracellular enzymes monitored, laccase, peroxidase

and CMCase activities were higher before fruiting;

while xylanase showed higher activities after fruiting.

A source of carbohydrates (e.g., millet) in the

substrate is needed in order to obtain yield and

biological efficiency comparable to other commer-

cially cultivated exotic mushrooms.

Keywords Agrocybe aegerita � Anaerobic digester

solids � Lignocellulolytic enzymes �
Lignocellulose degradation � Poultry litter

Introduction

Agro-industrial residues are generally considered the

best substrates for the cultivation of many edible

white rot fungi because such fungi can utilize a

variety of lignocellulosic residues as substrate to

produce mushrooms that can serve as human food

(Madan et al. 1987). However, in the cultivation of

saprophytic fungi to produce mushrooms, nutrient

supplements, usually high in organic nitrogen,

phosphorus, calcium, etc., are added to lignocellu-

losic materials like sawdust and cereals straw, in

order to increase substrate degradation and mush-

room yield (Royse and Sanchez-Vazquez 2003;

Royse et al. 2004; Royse and Sanchez 2007).

Animal beddings and residues, which are naturally

high in nutrients, have been used for mushroom

cultivation (Rangaswami et al. 1975; Noble et al.

2002). Poultry litter is naturally high in nutrients and

has been used as supplements in the cultivation of

different mushroom. Banik and Nandi (2004)
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reported that supplementation of rice substrate with

poultry litter is effective in increasing oyster mush-

rooms yield. However, very low amounts of poultry

litter can be added to substrate for mushroom

cultivation (Savoie and Libmond 1994; Isikhuemhen

and Ivey 2005) and its application to agricultural

fields is also limited (Sharpley and Smith 1993;

Sharpley 1997). Therefore alternative uses for poul-

try litter are needed for the recycling of this

abundant waste from the poultry industry.

Anaerobic digestion has been used for many

decades to recover energy from organic matter (Erick-

son 2000). Broiler litter, resulting from commercial

production of broiler chickens on wood chips bedding,

when subjected to anaerobic digestion, produces a

liquid effluent as well as a nutrient rich lignocellulosics

solid waste (SW) (Stafford et al. 1980). Chung Po and

Wong (1975) reported on such digester effluents use

for crops and fruit production in Taiwan. Although not

much reports exists in research for the use of anaerobic

digester effluent in crop production, Liedl et al. (2006)

have successfully utilized such liquid effluent in

hydroponic cultivation of tomatoes and lettuce. How-

ever, the lingocellulose rich solid waste from anaerobic

digester has limited use in crop production as fertilizers

and transportation cost from point of production to

point of application to fields.

Agrocybe aegerita mushrooms have a unique

flavor, are highly nutritious food and are of medicinal

value (Zhao et al. 2003). Fruit bodies have been

produced on several lignocellulosic based substrates

consisting of barley, maize and wheat straw, cotton

seed shells and sawdust, orange peel, grape stalk,

reed, sunflower, cotton waste, peanut shells (Nicolini

et al. 1987; Wang et al. 2000; Zervakis et al. 2001;

Philippoussis et al. 2001). However, mushroom

yields in A. aegerita are generally lower than yields

reported for many other cultivated mushrooms; hence

its large scale or commercial cultivation is not

widespread (Wang et al. 2000).

Agrocybe aegerita is relatively understudied for its

cultivation and biotechnological applications when

compared to other mushrooms species of similar

organoleptic properties. Ullrich and Hofrichter (2005)

reported that during vegetative growth, A. aegerita

produces a peroxidase which catalyzes the oxidation

of 2,6-dimethoxyphenol or 2,20-azinobis-(3-ethyl-

benzothiazoline-6-sulfonate). Laccase, peroxidase

and carboxylmethyl cellulase enzymes were also

detected at different stages of fruit body develop-

ment, during cultivation on cotton seed and sawdust

substrate (Wang et al. 2000). Various authors have

tried to establish correlations between mushrooms

production, lignocellulolytic enzyme synthesis and

lignocellulose degradation (Eriksson et al. 1990;

Valmaseda et al. 1991).

There is no clear understanding how different

substrates content affects lignocellulose utilization

vis-a-vis enzyme production and mushrooms yield in

A. aegerita. Preliminary studies (Isikhuemhen and

Shulga, unpublished) indicated that although 100%

SW could support mycelia colonization by A. aege-

rita, the growth was significantly lower than in wheat

straw supplemented with SW. However, there is little

known about the yield potential, lignocellulolytic

enzyme production and substrate utilization when A.

aegerita is cultivated on wheat straw substrate

amended with SW. The aim of this study was to

investigate the utilization of SW from poultry litter

either as a complete substrate, or as a supplement of

wheat straw and millet based substrates. We were

also interested in determining the relationships

between fruit body production and ligninolytic

enzyme activities.

Materials and methods

Organism and inoculum preparation

Agrocybe aegerita 156 from the Mushroom Biology

and Fungal Biotechnology Laboratory (MBFBL)

culture collection at North Carolina A&T University

was used in this study. Stock culture of this fungus is

maintained on potato-dextrose agar at 4�C until used

for experiment.

To make grain spawn, we soaked wheat grains in

water for 6 h, drained the water, and mixed with

3 g kg-1 CaCO3. The resulting substrate contained

about 70% H2O by weight. We loaded 300 g of grain

into 47 9 17 cm polyethylene bags (Unicorn bag

Type 4), which were autoclaved for 3 h at 121�C, and

allowed to cool for 4 h under a laminar flow hood.

Each bag was inoculated with agar blocks (120 g) of

actively growing mycelia, sealed and incubated at

25�C. The grain spawn was colonized within 14 days

of incubation, and was then used to inoculate the

different substrate combinations (SCs) tested.
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Preparation of substrates and experimental design

Solid waste from digester effluent was collected from a

thermophilic (56.6�C) anaerobic biodigester located

on the campus of West Virginia State University. The

feedstock for the anaerobic digester was broiler litter

from wood chip based bedding (Liedl et al. 2006). Prior

to use, the solid waste was air dried, during which time

excess ammonia was volatilized (as indicated by

smell). Wheat straw was obtained from the North

Carolina A&T State University farm, and millet was

obtained from a local grain supply store. The wheat

straw was chopped to 5 cm pieces before use.

The different combinations of solid waste, wheat

straw and millet used as cultivation substrates are

shown in Table 1. The experimental design for this

study was a single factor randomized design, with ten

levels of the factor Substrate Combinations (SCs).

The ten factor levels were stratified into two groups:

substrates without millet (SC1–SC6, with SC1: wheat

straw 100% serving as the control for group 1) and

substrates with millet (SC7–SC10, with SC7: Wheat

straw 80%, millet 20% serving as control for group

2). Substrates within each group had an increasing

proportion of solid waste (SW) from 0 to 100% for

group 1, whereas, group 2 had SW increments of 0–

20%. Each substrate combination was replicated in

four bags and a random sample was taken from each

bag for a total of 40 experimental units. Cultivation

bags 93 9 36 cm (Unicorn bag Type 422-l A)

containing 1.5 kg each (dry weight) of the SCs were

prepared. Each substrate combination was mixed and

moisture content adjusted to 70% before use. Sub-

strate bags were autoclaved at 121�C for 3 h and

allowed to cool. Each bag was inoculated with

approximately 5% (w/w) grain spawn described

above. Inoculated bags were incubated at 25 ± 2�C.

Upon full colonization, holes (15 mm) were punched

into the bags and they were transferred to a fruiting

room (80–85% relative humidity and 22–25�C).

Mushroom fruit bodies in each bag were manually

harvested from the substrate and weighed. After two

flushes, the total mushroom yield was calculated.

Collected mushrooms were dried at 50�C and used

for elemental content analyses. Biological efficiency

was calculated as percent of fresh weight of mush-

rooms harvested/dry weight of substrate. A repeat

experiment using one of the best performing substrate

combinations (SC9) was conducted to determine

extended fruit body yield during five flushes.

Samples of substrate (50 g each) were taken from

the cultivation bags before and after fruiting. Each

sample was soaked in 300 ml sodium acetate buffer

(50 mM, pH 5.0) and extracted for 2 h at 4�C, and

filtered through Whatman paper to obtain an extract

used for enzyme activity determination. The solid

Table 1 Agrocybe aegerita, strain 156 mushroom yield, biological efficiency, loss of organic matter and C/N ratio in different

anaerobic digester solid waste supplemented substrates

Substrate

combinations (%)

Total fruit body

yield (g per 1.5 kg)

Biological

efficiency (%)

LOM before

fruiting (% d.w.)

LOM after

fruiting (% d.w.)

C/N

ratio (%)

Group 1

SC1 WS 100 149.4 ± 36.1 10.1 ± 2.4 33.82 ± 0.75 48.24 ± 1.04a 96/1

SC2 WS 90; SW 10 155.0 ± 32.3 10.3 ± 2.4 34.87 ± 0.45 47.96 ± 0.41 88/1

SC3 WS 75; SW 25 197.8 ± 48.1 13.2 ± 3.6 31.78 ± 1.10 37.87 ± 0.83* 75/1

SC4 WS 50; SW 50 232.2 ± 46.4 15.5 ± 3.5 15.76 ± 2.20 39.29 ± 2.67* 56/1

SC5 WS 25; SW 75 131.5 ± 70.2 9.4 ± 4.1 9.16 ± 1.13 18.96 ± 3.98* 30/1

SC6 SW 100 95.0 ± 32.3 6.3 ± 2.4 4.60 ± 1.09 8.80 ± 1.04* 13/1

Group2

SC 7 WS 80; Mil 20 159.1 ± 58.2b 10.6 ± 4.3 32.96 ± 0.85 46.98 ± 0.72b 81/1

SC 8 WS 70; SW 10; Mil 20 372.0 ± 106.1* 24.8 ± 7.7 39.20 ± 4.20 35.82 ± 2.15* 73/1

SC 9 WS 70; SW 20; Mil 10 770.5 ± 118.4* 51.4 ± 8.7 23.82 ± 1.15 39.22 ± 1.01* 72/1

SC10 WS 80; SW10; Mil 10 642.9 ± 120.4* 42.9 ± 8.8 27.20 ± 1.73 36.76 ± 1.27* 81/1

WS wheat straw; SW solid waste; Mil millet

Means followed by the letter (a, b) are controls, those denoted by ‘*’ are significantly different (P = 0.05) from their respective

controls
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biomass (spent mushroom substrate) that remained

after filtration was dried at 50�C until a constant mass

was achieved, and then weighed and analyzed for

protein and macromolecular contents (lignin, cellu-

lose and hemicellulose).

Dry mushrooms were analyzed for water soluble

carbohydrate and crude fat content. The crude protein

and fat were detected by official methods of analysis

(AOAC 1990). The conversion factor of total nitrogen

to protein in the mushroom samples was 4.38 (Bernas

et al. 2006). The C/N ratio in SCs was analyzed with

Perkin Elmer 2400 Elemental Analyzer. Lignin, cel-

lulose and hemicellulose components were analyzed

by the Van Soest et al. (1991) method for dietary fiber.

Determination of water soluble carbohydrates

involved reacting extracts from test samples with 1 N

Sulfuric acid for 20 min in a boiling water bath,

followed by cooling and neutralizing (Derias 1961).

The amount of reducing sugars was determined

spectrophotometrically with potassium ferricyanide.

LOM was calculated as the percent difference in

weight between the test substrate and the control

(uninoculated substrate). Analysis for lignocellulose,

protein, fat and water soluble carbohydrates described

above was conducted at the Rumen Fermentation

Profiling Lab, West Virginia University, WV, USA.

Enzyme activities assay

Laccase activity was determined following the oxi-

dation of 2,2-azino-bis-ethylbenthiazoline (ABTS) as

a substrate at 420 nm in 100 mM sodium acetate

buffer (pH 5.0) (Isikhuemhen and Nerud 1999).

Peroxidase activity was assayed by the oxidation of

Phenol Red in sodium lactate-succinate buffer (pH

4.5) (Glenn and Gold 1985). Absorbance was read at

610 nm. One unit of enzyme activity is defined as the

amount of enzyme required to oxidize 1 lmol of

substrates at 24–25�C.

Carboxylmethylcellulase (CMCase) activity was

assayed with 1% solution of carboxymethyl cellulose

as an enzyme substrate in 0.05 M citrate buffer (pH

5.0) according to IUPAC recommendations (Ghose

1987). The reaction mixture was incubated for

10 min in a buffer at a temperature of 50�C. Xylanase

activity was assayed using a 1% solution of xylan

from birch wood (Roth 7500) as a substrate in 0.05 M

citrate buffer (pH 5.0). The release of glucose and

xylose, respectively, in 10 min at 50�C were

measured using the dinitrosalicylic acid method

(Bailey et al. 1992). One unit of enzyme activity is

defined as 1 lmol of glucose or xylose equivalents

released per minute under the given conditions.

The activities of exo-1, 4-b-glucanase (EC 3.2.1.4),

1,4-b-glucosidase (EC 3.2.1.2), and 1,4-b-xylosidase

(EC 3.2.1.37) were determined by measuring the rate

of hydrolysis of p-nitrophenyl-b-D-cellobioside, p-

nitrophenyl-b-D-glucopyranoside and p-nitrophenyl-

b-D-xylopyranoside as described by Poutanen and

Puls (1988). The reaction mixture containing 1.8 ml

of 2.5 mM substrate and 0.2 ml of the culture extract

filtrate was incubated at 50�C for 10 min. The

reaction was stopped by the addition of 1 ml of 1 M

Na2CO3 into the reaction mixture. The enzyme

quantity catalyzing the release of 1 lmol of p-

nitrophenol per min under these conditions was

considered to be a unit of enzymes activities.

Statistical analysis of experimental data

The following variables were measured in the

cultivation of the A. aegerita 156 strain, under the

10 treatment conditions (Substrate Combinations of

wheat straw, SW, and millet): total mushroom yield,

loss of organic matter and enzymes activity in the

substrates before and after fruiting.

Statistical analyses of data were conducted using

SPSS (v14). The general linear models procedure was

used to perform a one-way analysis of variance to test

the equality of treatment means in each group (with

and without millet) under the 10 fixed factor treatment

conditions. The overall F-ratio was found to be

statistically significant (a = 0.05, P \ 0.05) for both

groups, only then were multiple comparison t-tests

(Fisher’s Protected LSD) conducted within each

group to compare each treatment mean with the

control for that respective group. The best (high

mushroom yields) substrates in both groups were

compared to identify the overall better performing

substrate combination (Neter et al. 1996; Dallal 2001).

Results and discussion

Mushroom production, biological efficiency, loss

of organic matter and C/N ratio

The content of different SCs tested, mushroom yield,

biological efficiency, loss of organic matter and C/N
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are presented in Table 1. Mycelial colonization on all

SCs was 42 ± 1 days, except SC5 and SC6 which

were 46 ± 2 days. During 78 days of cultivation, the

combined results of two flushes showed that in Group

1, where substrate combinations of wheat straw and

solid waste (SW) were compared, on the average,

mushroom yield increased as the proportion of SW

increased until the wheat straw:SW ratio reached

50:50 where yield was highest for group 1 (SC4;

232.2 g per 1.5 kg). After that, increasing the

proportion of SW resulted in inhibition of mycelium

growth and reduced mushroom yield, with the lowest

yield observed for SC6 (100% SW; 95.0 g per

1.5 kg). Banik and Nandi (2004) also reported that

high dosages of biogas residual slurry manure in

cultivation substrates of Pleurotus sajor-caju resulted

in low mushroom production. Yield for Group 2 SCs

(wheat straw, SW, and millet combinations) were

consistently higher than most of the Group 1 SCs,

suggesting that inclusion of millet is clearly advan-

tageous for production of A. aegerita. Among Group

2 SCs the lowest yield was observed in the control,

(wheat straw and millet without SW; 159.1 g per

1.5 kg), and subsequently, even a 10% addition of

SW seemed to double the yield (SC8; 372.0 g per

1.5 kg). Substrate combination 9 with a 20% propor-

tion of SW increased mushroom production by

almost five times (SC9; 770.5 g per 1.5 kg;

P \ 0.05) that of the control (SC7); and SC10 gave

similar high yield (642.9 g; P \ 0.05), although

lower than SC9. As can be seen from Table 1,

addition of SW in proportions ranging 10–50%

increased mushroom yield, especially in 10% millet

combinations, with SC9 and SC10 clearly being the

best of all the 10 SCs tested.

Philippoussis et al. (2001) reported that A. aegerita

produced equally high yield of mushrooms in wheat

straw and cotton waste (150.5 and 136.6 g per 1.2 kg,

respectively). However, according to our results, A.

aegerita 156 produced significantly higher mushroom

yield in two flushes for the best performing SCs.

Biological efficiency obtained in two flushes was

observed to be much higher for most of Group 2 SCs,

than those observed for Group 1 SCs. Again biolog-

ical efficiency was highest for SC9 (51.4%), followed

by that for SC10 (42.9%). Loss of organic matter

before fruiting varied from 4.6 to 34.8% and after

fruiting from 8.8 to 48.2% for Group 1 compared to

uninoculated substrate (Table 1). A higher LOM was

observed for Group 2, before fruiting ranging from

23.8 to 39.2% and after fruiting from 35.8 to 46.9%.

The maximum after fruiting loss was observed in

SC1, followed by SC2. Substrate combinations 9 and

10, which supported the two highest mushroom

yields, had 36.8 and 39.2% values of LOM. The

matter degradation in our results is higher than

reported by Zadražil (1977) who found 20% degra-

dation of wheat straw by A. aegerita, and concluded

that 20% LOM was not satisfactory for conversion of

plant residues (wheat straw) to feed.

Adequate C/N ratio is critical to the rate of

lignocellulose degradation and mushroom production

(Madelin 1956). Solid Waste consists of 3.1%

nitrogen, and its combinations with other substrate

materials maintained between 13/1 and 96/1 C/N

ratio in the 10 SCs tested. All Group 2 SCs had higher

C/N ratios than most of those in Group 1. Substrate

combinations 1 and 2 had the highest at 96/1 and 88/

1, respectively. The SCs that produced the highest

mushroom yields had C/N ratio of 72/1 and 81/1,

respectively (Table 1). Whereas, Philippoussis et al.

(2001) observed best C/N values, 59/1, for fruiting A.

aegerita.

Degradation of lignin, cellulose and hemicellulose

Degradation of macromolecules composition in

uninoculated and inoculated (before and after fruit-

ing) substrates combinations is shown in Table 2. In

the uninoculated SCs, increasing SW supplementa-

tion resulted in increasing lignin content among all

SCs tested. However, our results indicated negative

correlation between increasing SW and lignin deg-

radation in treated SCs (r2 = 0.86). Considering the

dry weight loss of the SCs, lignin degradation varied

widely among the SCs tested, and results indicated

values ranging from 0.6 to 21.8% as shown in

Fig. 1. Group 1 SCs showed higher lignin degrada-

tion rates (from 16.7 to 21.8%) with control (SC1)

showing highest value. Increasing SW percent

decreases lignin utilization. Substrate Combinations

5 and 6 with 75–100% SW did not degrade lignin

component (0.6–0.7%). Supplementation of sub-

strates with millet (Group 2) showed even lower

lignin degradation compared to SCs containing SW

and wheat straw only. Substrate Combinations 8–10,

showed half the lignin degradation (8.1–9.8%) than

control substrate (SC7). Nicolini et al. (1987) also
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observed that A. aegerita decomposed lignin in

orange peel and grape stalks substrates only to a

small (20–30%) extent for producing fruit body.

Cellulose and hemicellulose degradation varied

from 27.7 to 55.2% and from 14.0 to 53.9%,

respectively, in Group 1 (Fig. 1), the highest deg-

radation rate was for SC2. Group 2 SCs showed

cellulose degradation rates from 39.2 to 48.6% and

hemicellulose degradation from 33.8 to 46.4%,

however, control substrate degradation values were

superior for both groups. Similar to lignin, least

cellulose and hemicellulose degradation was

observed in SC6 (27.7 and 14%, respectively).

Correlation between percent of SW and loss of

cellulose and hemicellulose were negative

(r2 = 0.63 and r2 = 0.81, respectively). Cellulose

appears to be easily utilized by A. aegerita

compared to hemicellulose. Kempken (2002)

reported that A. aegerita decompose cellulose and

hemicellulose selectively. Nicolini et al. (1987)

reported 20–55% loss of cellulose during degrada-

tion of wheat straw, orange peel and grape stalk

substrates by A. aegerita. This species has been

reported to utilized preferably other sugar polymers

before cellulose, with minimal degradation of lignin

(Wang et al. 2000).

Table 2 Lignin, cellulose and hemicellulose content in the different substrate combinations incubated with Agrocybe aegerita

SCs Lignin Cellulose Hemicellulose

Control Before fruiting After fruiting Control Before fruiting After fruiting Control Before fruiting After fruiting

SC1 4.7 7.8 7.1 40.6 44.7 40.4 33.4 34.1 33.1

SC2 5.5 9.2 8.3 41.9 39.4 36.1 33.4 31.5 29.6

SC3 6.8 13.7 9.4 37.5 36.7 33.8 27.8 28.9 26.8

SC4 8.6 13.3 11.8 34.8 34.6 29.8 23.7 26.4 21.3

SC5 11.1 17.4 13.6 26.9 23.7 22.2 17.3 15.0 14.4

SC6 13.4 17.0 14.6 22.1 17.5 17.5 10.5 11.9 9.9

SC7 4.1 7.2 6.3 36.9 39.4 35.8 29.7 33.7 30.0

SC8 5.1 7.8 7.3 37.1 38.5 36.3 28.9 32.1 29.8

SC9 6.6 10.9 9.8 36.4 36.8 34.4 27.7 30.5 28.7

SC10 5.9 9.0 8.5 38.9 35.2 37.4 29.4 32.9 29.6

Data is presented in percent dry mushroom weight

Control is substrate not colonized by the fungus
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Fig. 1 Loss of

macromolecules during

cultivation of Agrocybe
aegerita 156
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Extracellular enzyme activities

Low laccase activities were detected in both groups

SCs tested; they varied between 0.1 and 6.2 U g-1

reaching peak in SC6 before fruiting (Table 3).

Substrate Combination 8, SC9 and SC10 (Group 2)

showed significantly lower laccase activities as

compared to the control SC7 (P \ 0.05). In Group

1 (SCs containing wheat straw and SW only), SW

content was positively correlated to laccase activity

after fruiting (r2 = 0.91), and significantly higher

than the control but there was no significant differ-

ence in activities among SC2 through SC4.

Peroxidase enzyme activity was much lower in all

substrates (0.3–0.9 U g-1; Table 3). Maximum activ-

ity was observed in SC8 and SC9 (P \ 0.05). Beyond

78 days (after fruiting) laccase and peroxidases

activities decreased. Wang et al. (2000) observed

that three strains of A. aegerita presented different

levels of laccase activities during fructification; in

addition, this species produced very low amounts of

peroxidases.

CMCase activity is shown in Table 4. Increased

supplementations of SW (10–75%) resulted in higher

enzyme production in Group 1. CMCase activities

were highest in group 2 SCs (11.45–15.26 U g-1);

enzyme activity in SC8 and SC9 showed significantly

different result than control SC (P \ 0.05). CMCase

activities decreased after fruiting, showing values that

are 0.9–2.0 times lower than before fruiting in all SCs

tested. Wang et al. (2000) have also reported

decreased CMCase activities in three strains of A.

aegerita grown on cotton seed shell and sawdust.

In the case of exo-1, 4-b-glucanase (Table 4), high

enzyme activity before fruiting, was observed in

group 1; SC 2 had highest enzyme activity

(11.38 U g-1). However, the control (SC1) from

Group 1 demonstrated much higher enzyme activity

(8.76 U g-1) than control SC7 from Group 2

(2.52 U g-1). It seems that in the presence of millet

exo-1, 4-b-glucanase activity decreases. Enzyme

activities gradually increased after fruiting in Group

2 SCs and in Group 1 SC4-SC6 (Table 4). SC9 (20%

SW) presented the highest 1,4-b-glucosidase activi-

ties. Generally it appears that 1,4-b-Glucosidase

activities increased after fruiting (Table 5).

Xylanase activities in Group 1 increased from SC2

to SC6 and values ranged between 2.8 and

11.6 U ml-1 (Table 5). Furthermore, enzyme activ-

ities increased after fruiting in all SCs; especially in

Group 2 substrates (SC7-SC10), where 2.0–3.0 times

higher increases were observed. 1,4-b-Xylosidase

activity values ranged between 2.5 and 6.4 U g-1

before fruiting, and increased further by the end of

the second flush. Our results are similar to the

findings of Terashita et al. (1998), who showed that

xylanase activity increased significantly during fruit

body formation in Hypsizygus marmoreus. Changes

in xylanase and CMCase activities correlates with

SW content (r2 = 0.87, r2 = 0.61, respectively) but

Table 3 Ligninolytic enzymes activities of Agrocybe aegerita strain 156 before and after fruiting

SCs Laccase (U g-1) Peroxydase (U g-1)

Before fruiting After fruiting Before fruiting After fruiting

SC1 0.14 ± 0.02a 0.05 ± 0.03a 0.44 ± 0.04 0.10 ± 0.02

SC2 1.27 ± 0.05* 0.87 ± 0.11* 0.56 ± 0.05 0.12 ± 0.02

SC3 1.77 ± 0.24* 1.05 ± 0.29* 0.45 ± 0.09 0.11 ± 0.01

SC4 1.74 ± 0.11* 1.10 ± 0.15* 0.42 ± 0.04 0.11 ± 0.02

SC5 4.16 ± 0.50* 0.94 ± 0.18* 0.35 ± 0.10 0.12 ± 0.03

SC6 6.24 ± 0.41* 0.38 ± 0.08 0.63 ± 0.06 0.12 ± 0.01

SC7 2.91 ± 0.27b 0.10 ± 0.03b 0.34 ± 0.04b 0.10 ± 0.02b

SC8 2.05 ± 0.32 0.67 ± 0.18* 0.72 ± 0.26* 0.14 ± 0.03

SC9 1.79 ± 0.23* 0.73 ± 0.08y* 0.92 ± 0.14* 0.19 ± 0.03*

SC10 1.66 ± 0.10* 0.89 ± 0.14b* 0.61 ± 0.09* 0.14 ± 0.02

The enzyme values quoted above represent averages and standard deviations of three measurements

Means followed by the letter (a, b) are controls, those denoted by ‘*’ are significantly different (P = 0.05) from their respective

controls
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the results of statistical analysis in the different SCs

were not significantly different from control

(P = 0.05).

The chemical composition of fruit bodies

Results of crude protein, carbohydrates and total fat

analyses are presented in Table 6. The crude protein

in non-inoculated substrates correlate positively with

SW content, and it was highest in SC6 (13.63%;

Table 6). In addition, protein content in the SCs

tested increased after fruiting with values that ranged

from 1.04 to 1.51 times higher (except SC6)

compared to values obtained before fruiting. Simi-

larly, results from nutritional analyses of mushrooms

indicated that supplementation of SW increased the

crude protein content in mushrooms (Table 6). Crude

protein amounts in the mushrooms varied from 27.1

to 37.6% dry weight. Judging by mushroom produc-

tion, the best SCs (9 and 10) had 32.1 and 27.8%

protein, respectively. Wild A. aegerita mushrooms

collected in Turkey had 41.0–46.8% of protein

content (Yildiz et al. 2004).

Table 4 Cellulolytic enzymes activities of Arocybe aegerita strain 156 before and after fruiting

SC CMCase (U g-1) 1,4-b-Exoglucanase (U g-1) 1,4-b-Glucosidase (U g-1)

Before fruiting After fruiting Before fruiting After fruiting Before fruiting After fruiting

SC1 6.36 ± 2.54 3.53 ± 0.81 8.76 ± 1.06 7.90 ± 1.2a 13.05 ± 2.11a 19.29 ± 3.01a

SC2 7.21 ± 1.94 3.18 ± 1.06 11.38 ± 1.46 7.90 ± 0.7 21.33 ± 2.05* 20.89 ± 5.17

SC3 7.63 ± 1.27 3.36 ± 0.31 9.55 ± 0.64 8.48 ± 1.1 21.45 ± 1.59* 26.12 ± 3.52

SC4 7.84 ± 3.73 2.65 ± 1.06 5.65 ± 0.66 8.96 ± 0.6 15.67 ± 0.97 29.22 ± 5.55*

SC5 11.02 ± 3.20 2.83 ± 1.70 5.38 ± 0.70 14.72 ± 1.9* 18.64 ± 8.73* 19.43 ± 3.31

SC6 8.90 ± 4.41 2.47 ± 1.33 10.34 ± 5.71 17.14 ± 1.8* 8.41 ± 1.97 17.58 ± 1.10

SC7 11.45 ± 1.91b 5.48 ± 1.33 2.52 ± 0.28b 17.31 ± 3.5b 4.21 ± 0.38b 12.07 ± 1.86b

SC8 15.69 ± 1.12* 6.36 ± 1.59 3.03 ± 0.77 8.28 ± 0.9* 17.17 ± 2.88* 20.74 ± 3.38*

SC9 15.26 ± 1.28* 6.18 ± 1.70 5.62 ± 0.75* 8.72 ± 1.1* 22.93 ± 6.83* 23.64 ± 3.48*

SC10 11.87 ± 4.09 5.30 ± 2.80 5.26 ± 0.75* 9.52 ± 2.3* 19.83 ± 1.39* 19.26 ± 1.42*

The enzyme dates represent averages and standard deviations of three measurements

Means followed by the letter (a, b) are controls, those denoted by ‘*’ are significantly different (P = 0.05) from their respective

controls

Table 5 Hemicellulolytic enzymes activities of Agrocybe aegerita strain 156 before and after fruiting

SC Xylanase (U g-1) 1,4-b-Xylosidase (U g-1)

Before fruiting After fruiting Before fruiting After fruiting

SC1 5.11 ± 0.70 6.42 ± 1.78a 3.71 ± 0.43 7.52 ± 0.83

SC2 2.79 ± 0.55 5.58 ± 1.83 4.12 ± 0.84 6.76 ± 0.53

SC3 4.90 ± 1.02 8.62 ± 1.83 3.79 ± 0.40 8.24 ± 0.47

SC4 8.49 ± 1.59 13.69 ± 1.34* 4.76 ± 0.72 8.21 ± 0.59

SC5 11.49 ± 4.50 12.34 ± 3.87 4.57 ± 0.29 9.45 ± 0.4*

SC6 11.62 ± 8.13 12.84 ± 4.60 4.83 ± 1.45 8.90 ± 3.12

SC7 2.75 ± 1.09b 9.30 ± 2.55b 2.50 ± 0.49b 5.65 ± 1.47b

SC8 2.87 ± 1.03 8.62 ± 2.21 2.95 ± 1.38 6.79 ± 1.09

SC9 5.66 ± 1.18* 11.83 ± 1.63 6.38 ± 1.07* 7.38 ± 0.69

SC10 4.94 ± 1.84 14.87 ± 2.71* 5.02 ± 0.86* 8.00 ± 1.47*

The enzyme dates represent averages and standard deviations of three measurements

Means followed by the letter (a, b) are controls, those denoted by ‘*’ are significantly different (P = 0.05) from their respective

controls
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Water soluble carbohydrates content increased

with SW content; highest values were obtained for

SC6 (20.3%) and lowest for SC3 (9.3%). Solid waste

content did not affect significantly the lipid content of

mushrooms harvested from different SCs (Table 6).

Mushrooms from SC 9 showed highest value of lipid

(2.28%).

Results presented clearly indicate that solid waste

from anaerobic digestion of poultry litter was effec-

tive in increasing mushroom yield. Productivity of A.

aegerita was found to be highest in this experiment

when wheat straw (the basic component for most

mushroom production substrates) was supplemented

with 10–20% SW and millet. Solid waste content

above 50% affected mushroom yield negatively, and

this could be due to very high content of readily

available nutrients, and especially due to the low C/N

ratio (which is a result of the increased SW supple-

mentation). Furthermore, the high lignin content

introduced by SW may be difficult for A. aegerita

to degrade, since correlation analysis showed that

increase of SW concentration in the substrates

negatively affected fruit body production

(r2 = 0.08) and degradation of lignocellulose. It is

reported that A. aegerita is sensitive to high lignin

content in substrates consisting of peanut shells

(Philippoussis et al. 2001). The low lignin degrada-

tion could deprive access to the other

macromolecules (cellulose and hemicellulose)

needed as carbon source (Freer and Detroy 1982)

for growth, development and fructification. Under-

utilization of substrate as indicated in the lowest

degradation and mushroom yield results in SC6

(Table 1, Fig. 1), could be attributed among others to

the low C/N ratio (13/1).

Patra and Pani (1995) observed that substrates for

the cultivation of oyster mushroom could produce

biological efficiency values of at least 50%. Philip-

poussis et al. (2001) reported that wheat straw and

cotton waste supported satisfactory yields for A.

aegerita (49.8%). In this context, our best substrate

produced satisfactory yields, which in two flushes

gave biological efficiency of 51.4%. It is clear that

the addition of millet in the substrate is critical to

obtaining high yield in substrates formulated with

wheat straw and SW.

Our results suggest that SC9 was superior to other

substrate combinations in most of the studied param-

eters; therefore, further experiment with SC9 was

repeated over a 115 days fruiting cycle. A total yield

of 1593.5 g (per 1.5 kg substrate) was obtained in

five flushes. In addition, it is the first time that such a

high biological efficiency (106.2%) has been reported

for A. aegerita. Therefore, the combination of SW

with wheat straw could serve as a better substrate for

commercial cultivation of A. aegerita. Furthermore,

BE obtained in SCs containing wheat straw, SW, and

millet in two flushes (51.4%) is higher than 33.8%

reported for Volvariella volvacea (Salmones et al.

1996), but lower than the 86.4% reported for

Lentinula edodes and the 93% reported for Pleurotus

ostreatus (Hernández et al. 2003; Royse and San-

chez-Vazquez 2003). Therefore, major obstacle (low

BE) which limits commercial cultivation of A.

aegerita could be eliminated through the use of

suitable substrate materials like those we tested. A

Table 6 Nutrient contents

of substrate combinations

and dried mushrooms of

Agrocybe aegerita strain

156

SC Crude protein in SCs (% d.w.) Dried mushroom

Control Before

fruiting

After

fruiting

Crude protein

(%, d.w.)

Carbohydrates

(%, d.w.)

Crude fat

(%, d.w.)

SC1 3.67 2.7 3.0 27.1 9.3 1.31

SC2 4.37 4.5 4.6 30.6 12.2 1.29

SC3 6.16 5.6 6.4 32.3 15.2 1.25

SC4 8.65 5.5 8.3 33.2 18.7 1.24

SC5 11.14 10.4 10.8 36.1 19.0 1.09

SC6 13.63 15.5 15.2 35.9 20.3 1.17

SC7 5.23 7.5 9.5 33.9 – –

SC8 6.23 5.5 7.5 37.6 12.0 1.69

SC9 6.44 5.6 6.8 32.1 14.3 2.28

SC10 5.45 4.8 6.3 27.8 15.9 1.02
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new cultivated mushroom species, Oudemansiella

tanzanica, when grown on a 5% chicken manure

supplemented sawdust substrate produced 900 g of

fresh mushrooms per kg of substrate and BE of 140%

(Magingo et al. 2004). The 106.2% BE (as demon-

strated by our results) achieved through the use of

SW (a waste of limited value) in combination with

millet to produce A. aegerita mushrooms is an

interesting development that elevate A. aegerita to

the status of emerging exotic mushrooms for com-

mercial cultivation. Similarly, our findings open up

new avenues for the utilization of solid waste from

anaerobic digester solids to generate financial gains

in the overall economy of anaerobic digester plants.
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