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Abstract

A cellulase production process was developed by growing the fungi Tri-
choderma reesei and Aspergillus phoenicis on dairy manure. T. reesei produced
a high total cellulase titer (1.7 filter paper units [FPU]/mL, filter paper
activity) in medium containing 10 g/L of manure (dry basis [w/w]),2 g/L
KH,PO,, 2 mL/L of Tween-80, and 2mg/L of CoCl,. However, B-glucosi-
dase activity in the T. reesei—enzyme system was very low. T. reesei was then
cocultured with A. phoenicis to enhance the B-glucosidase level. The mixed
culture resulted in a relatively high level of total cellulase (1.54 FPU/mL)
and B-glucosidase (0.64 IU/mL). The ratio of B-glucosidase activity to filter
paper activity was 0.41, suitable for hydrolyzing manure cellulose. The crude
enzyme broth from the mixed culture was used for hydrolyzing the manure
cellulose, and the produced glucose was significantly (p < 0.01) higher than
levels obtained by using the commercial enzyme or the enzyme broth of the
pure culture T. reesei.

Index Entries: Dairy manure; cellulase; 3-glucosidase; Trichoderma reesei;
Aspergillus phoenicis.

Introduction

During the past decade, the US animal industry has undergone a sub-
stantial structural change that has led to a rapid reduction in the number of
animal operations and an increase in herd size on the remaining farms.
These large, concentrated animal operations are a cause of great concern
regarding the environmentally acceptable disposal and effective utiliza-
tion of animal manure produced at these facilities. In particular, the current
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manure management practice of direct land application is coming under
increased environmental and regulatory scrutiny, because the limited
amount of land available for manure disposal may result in surface and
groundwater contamination and air quality issues.

Animal manure contains a variety of nutrients including undigested
crude fiber; protein; nitrogen; phosphorus; and minerals such as K, Ca,
Mg, Fe, Cu, Mn, and Zn (1,2). These nutrients represent a large potential
bioresource for producing bio-based chemicals, materials, and energy. To
date, however, limited efforts have been focused on utilizing the lignocel-
lulosic components (the fiber) within the manure. Manure lignocellulosics
can be hydrolyzed into saccharides, which can be further fermented into
ethanol and other value-added products (3). An enzyme-based process
converting dairy manure cellulose into glucose has been developed pre-
viously. However, the process was considered economically infeasible
because of the high cost of the commercial enzymes used (4,5).

As a potentially less expensive alternative, cellulolytic enzymes could
be produced by a number of bacteria and fungi that can use cellulose as a
primary carbon source. Many cellulosic materials suchas wood (6,7), waste-
paper (8),bagasse (9,10), wheat straw (11,12), corncob (13), wheatbran (14),
and fruit pomace (15,16) have been studied as potential substrates for mi-
crobial production of cellulase. Thereis, however, alack of investigation on
the cellulase production from manure cellulosics.

The aim of the present work was to study the potential of using dairy
manure for cellulolytic enzyme production. The information would be
useful for the development of a cost-effective process for cellulase produc-
tion and subsequent enzymatic hydrolysis of manure cellulose.

Materials and Method
Collection and Characterization of Manure

Dairy manure was collected from the Dairy Center at Washington
State University in Pullman, WA, and stored for later use in a freezer. The
manure was mixed with water (2:1 [w/w]) and homogenized by an
Osterizer®blender. The homogenized samples were analyzed for total car-
bon, total nitrogen, ammonium, phosphorus, potassium, calcium, magne-
sium, sodium, sulfur, and trace elements (iron, manganese, zinc, cobalt,
copper) content. Dry matter (DM) and lignocellulosic content including
neutral-detergent fiber (NDF), acid-detergent fiber (ADF), and acid-deter-
gent lignin (ADL) were also analyzed.

Microorganism, Medium, and Culture Conditions

Trichoderma reesei RUT-C30 (ATCC 56765) and Aspergillus phoenicis
QM 329 (ATCC 52007) were maintained (at 4°C) in potato dextrose agar
slant and malt extract agar slant, respectively. The spores in the slant were
suspended in 2 mL of medium (10°-10” spores/mL) and transferred into a
250-mL Erlenmeyer flask containing 50 mL of medium. The subculture
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medium was Mandel salts solution (17) supplemented with 2 mL/L of
Tween-80, 1 g/L of peptone, and 10 g/L of glucose. Fungal cells were
subcultured in an orbital shaker (175 rpm) at30°C for one to two generations
with the mycelium used for inoculum.

For cellulase production experiments, the composition of the medium
was manure (10 g/L, unless specified) with 2 g/L of KH,PO,, 2 mL/L of
Tween-80, and 2.0 mg/L of CoCl2. Homogenized manure was dispensed
into 250-mL flasks containing 50 mL of medium. The pH of the medium
was adjusted to 5.5 before autoclaving the medium at 121°C for 15 min. For
pure culture, either T. reesei or A. phoenicis subculture (at 10% inoculum
ratio [v/v]) was inoculated into each flask. For mixed culture, 10% (v/v)
T. reesei and 10% (v /v) A. phoenicis inoculum was inoculated into each flask
simultaneously. The flasks were incubated in an orbital shaker (175 rpm)
at 27°C.

Enzymatic Hydrolysis of Manure Cellulose

The commercial enzyme Celluclast-1.5L (Sigma, St. Louis, MO), the
crude enzyme broth from the pure culture of T. reesei, and the mixed
culture of T. reesei and A. phoenicis were used for hydrolyzing the manure
cellulose. Before enzymatic hydrolysis, manure samples were pretreated
with dilute sulfuric acid to remove the protective hemicellulose-lignin
layer. The pretreatment procedures were the same as those described
previously (5).

Hydrolysis was performed in 125-mL Erlenmeyer flasks containing
50 mL of enzyme solution and 5% (w/v) substrate (pretreated manure
solid). The pH and temperature were adjusted to 4.8 and 50°C, respectively.
For the three types of enzyme used, the enzyme loading was adjusted to the
same filter paper activity (500 filter paper units [FPU]/L). At this FPU level,
B-glucosidase activities of the commercial enzyme (Celluclast-1.5L) and
crude enzyme broth of T. reesei were <25 IU /L, whereas the acivity of the
mixed culture broth was about 250 IU/L. The flasks were incubated in an
orbital shaker (175 rpm), and glucose concentration in the hydrolysate was
determined to evaluate the efficiency of hydrolysis.

Analysis

Manure DM was determined by drying the samples at 105°C until the
weightbecame constant. The content of cellulose, hemicellulose, and lignin
can be determined by the analysis of NDF, ADF, and ADL, (18). NDF is
used to estimate the total lignocellulosic materials (including cellulose,
hemicellulose, and lignin), ADFis used to estimate the content of lignin and
cellulose, and lignin can be directly estimated from the ADL value (18).
Total carbon and total nitrogen were measured using automatic combus-
tion (LECO CNS-2000). Ammonium was determined by the titrimetric
method (19). EPA method 3050/6010 was used to analyze other elements
(potassium, phosphorus, calcium, magnesium, sodium, sulfur, iron, man-
ganese, zinc, cobalt, copper). Here, the 3050 method is a nitric/hydrochlo-
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ric acid digest, and 6010 indicates metal analysis by inductively coupled
argon plasma spectroscopy.

Filter paper activity and B-glucosidase activity were determined
according to standard IUPAC procedures (20). One unit of filter paper
activity was defined as the amount of enzyme that releases 1 pmol of glu-
cose equivalents from Whatman no. 1 filter paper in 1 min. One unit of
B-glucosidase activity was defined as the amount of enzyme converting
1 pmol of cellubiose to produce 2 pmol of glucose in 1 min. The glu-
cose concentration in the cellubiose hydrolysate was measured using
an enzyme assay kit (GAGO-20, Sigma). The saccharides produced in the
enzymatic hydrolysate were analyzed by a Dionex ion chromatograph as
described previously (5).

Results and Discussion
Manure Characterization

Table 1 gives the chemical characteristics of dairy manure. Raw manure
contained 14.6% DM, half of which was lignocellulosics (hemicellulose,
cellulose, and lignin). In terms of elemental composition, carbon was
the most abundant, followed by nitrogen, calcium, and potassium. The
manure also contained ideal nutrients for fungal culture; phosphorus,
magnesium, sodium, sulfur, iron, manganese, zinc, cobalt and copper,
each with less than 1% of dry weight. The diet of the cows consisted of
(DM/[animal-day]): 17 1b of alfalfa hay, 16 1b of alfalfa haylage, 7 Ib of
cottonseed, 7 Ib of wheatmill run, and 20 Ib of grain, with the high ligno-
cellulosic content derived from the high content of alfalfa in the diet.

Cellulase Production by the Fungus T. reesei

T. reesei was grown in medium containing different manure concen-
trations with full Mandel salts (17) and 2 mL/L of Tween-80. Filter paper
activity increased with manure concentration from 3.35 to 10 g/L (dry
basis) and was maintained ata highlevel forarange of 10-15g/L of manure
(Fig. 1). Specific studies have reported that high cellulose concentration
could resultina higher cellulase activity. These studies include Chaetomium
globosum on fruit fiber (21) and Neurospora crassa on wheat straw (11).
Additionally, Reczey et al. (7) reported that the cellulase yield increased
with cellulose level in the medium when using wood as a substrate. The
results obtained in our work are consistent with those reports. However,
the effects of manure concentration on cellulase production did not solely
depend on the amount of cellulose but also perhaps depended on other
nutrients or ions. Ultimately, though, because 10 g/L (dry basis) was the
optimal level for filter paper activity, this manure level was used as the
optimal manure level for T. reesei culture.

Although the full Mandel salts solution was used in the aforemen-
tioned experiments, some of the salts may not be necessary as the corre-
sponding nutrients contained in the manure may be sufficient for growth
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Table 1

Major Composition of Freshly Collected Dairy Manure *

97

DM 14.60 + 0.25 % (w/w)
Component (% of DM)
Lignocellulosics ~ NDF 49.10 £ 1.300
ADF? 37.83 +£1.010
ADL ¢ 11.24 +1.020
Hemicellulose (NDF-ADF) 11.27 £0.900
Cellulose (ADF-ADL) 26.59 + (0.280
Lignin (ADL) 11.24 +1.020
Elements Carbon 50.51 +1.220
Total nitrogen 3.03 £ 0.580
NH,-N 0.44 +0.029
Potassium 1.24 +0.017
Phosphorus 0.81 £ 0.054
Calcium 2.41+0.184
Magnesium 0.966 = 0.061
Sodium 0.243 +0.019
Sulfur 0.496 + 0.021
Iron 0.134 +0.012
Manganese 0.015 £ 0.001
Zinc 0.013 £ 0.001
Cobalt 0.0002 £ 0.000
Copper 0.0046 + 0.000

“ Data are expressed as the mean + SD of three replicates.
b¢ Acid-detergent nitrogen (1.57% of DM) was formed via the nonenzymatic browning
reaction when nitrogen-enriched manure was heated above 50°C (18). The true values of
ADF and ADL of acid-pretreated manure were obtained by subtracting acid-detergent

nitrogen from the apparent values (18).

Filter paper activity (FPU/ml)

1.6

1.2

10

Manure concentration (g DM/L)

Fig. 1. Effects of manure concentration on cellulase production by the fungus T. reesei.

Data are the means of three replicates and error bars show the standard deviation.
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Table 2
The Distribution of Nutrients in Manure and Salts Solution”

Total Nutrient ratio
From From concentration of manure

Nutrient manure salts solution in medium to salts solution
Calcium 0.241g/L 0.110g/L 0.350 g/L 2.19:1
Magnesium 0.097 g/L 0.029 g/L 0.126 g/L 3.34:1
Iron 13.400 mg/L  1.000 mg/L 14.400 mg/L 13.4:1
Manganese 1.500 mg/L  0.521 mg/L 2.021 mg/L 2.88:1
Zinc 1.300 mg/L  0.317 mg/L 1.617 mg/L 4.10:1
Cobalt 0.020 mg/L  0.908 mg/L 0.928 mg/L 0.02:1
Nitrogen 0.303 g/L 0.436 g/L 0.739 g/L 0.69:1
Potassium 0.124 g/L 0.573 g/L 0.697 g/L 0.22:1
Phosphorus 0.081 g/L 0.456 g/L 0.537 g/L 0.18:1

“The calculation was based on 10 g/L (DM) of manure and the composition of Mandel
salts solution (17).

Table 3
Experimental Design for Eliminating Various Nutrients
From Mandel Salts Solution (17) and Corresponding Cellulase Activity*

Nutrient .

Filter paper

(NH,),SO, Trace activity

Run KH,PO, CaCl, MgSO, and urea elements (IU/mL)
1 - + + + + 0.797 £ 0.085
2 + - + + + 1.74 £ 0.037
3 + + - + + 1.71 £ 0.057
4 + + + - + 1.61 £0.123
5 + + + + - 1.58 £0.109
6 + + + + + 1.59 £ 0.066

“—, The corresponding nutrient is eliminated from the salts solution; +, the correspond-
ing nutrient is included in Mandel salts solution.

of the fungus. Thus, if identified, such nutrients could be eliminated from
the medium recipe, without negative influence on the fungal cellulase pro-
duction. To test this hypothesis, the nutrients distribution in manure (at 10
g/L) and in Mandel salts was analyzed (Table 2). It was found that the
amounts of calcium, magnesium, iron, manganese, and zinc contained in
the manure were much higher than those in the salt solution and that the
nitrogen level from manure was lower but comparable (70% of) with that
from the salts solution. However, the contributions of potassium and phos-
phorus from the manure were much lower (<23%) than those from the salt
solution (Table 2).

The possibility of elimination of nutrients from the Mandel salts so-
lution was further tested experimentally. As shown in Table 3, the elimi-
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nation of nitrogen, calcium, magnesium, and trace elements from the salts
solution had no negative influence on the cellulase production; cellulase
production was almost the same (runs 4 and 5) or even better (runs 2
and 3) than that of the control. Additionally, even though nitrogen from
manure was lower than that from the salts solution, it proved to be suffi-
cient for the culture of fungus, and, therefore, elimination of a nitrogen
source had no negative influence (Table 3). For KH,PO,-eliminated
medium (run 1), however, it was found that T. reesei produced much lower
cellulase than the control (Table 3). This is probably due to the insuffi-
ciency of potassium and phosphorus within the manure to support
the growth of fungus (Table 2). Another reason may be that most of the
manure phosphorus is in the form of organic phosphate and polyphos-
phates, which makes the utilization more difficult (1,2,22).

Based on the experimental data in Table 3, a further experiment was
conducted by growing the fungi in medium containing manure (10 g/L)
with KH,PO, (2 g/L), CoCl, (2 mg/L), and Tween-80 (2 mL/L) added.
Although elimination of cobalt-containing trace elements solution
appeared to have no negative influence on cellulase production (Table 3),
cobaltwas still included in the medium to avoid the possible negative effect
of cobalt deficiency on fungal growth, because the manure contained very
little of this element. The inclusion of cobalt at this level was considered an
insignificant cost factor for the medium. Nitrogen, calcium, magnesium,
and trace elements (except cobalt) were simultaneously eliminated from
the salt solution. The medium containing manure with full Mandel nutri-
ents added was used as a control. To give a detailed cellulase profile of
the fungi under this condition, the time course of filter paper activity and
B-glucosidase activity was monitored. As shown in Fig. 2, the three
enzymes were in a similar pattern and increased in parallel with incubation
time. Filter paper activity and B-glucosidase activity reached their highest
levels at d 6. It was also found that the enzyme activities were at the same
level as the control, suggesting that medium with reduced nutrients could
sufficiently support a high cellulase production by T. reesei (Fig. 2).

The highest filter paper activity and B-glucosidase activity produced
by T. reesei was 1.7 FPU/mL and 0.08 IU/mL, respectively, corresponding
to a ratio of B-glucosidase to total cellulase of 0.047 (Fig. 2). It has been
reported that an ideal ratio of B-glucosidase activity to filter paper activity
is 0.12-1.5, depending on the source of enzyme and types of substrate (6).
For hydrolysis of manure cellulose, though, the optimal ratio of 3-glucosi-
dase activity to filter paper activity was about 0.38 (5). This suggested that
the B-glucosidase contained in T. reesei-derived cellulase was very low and,
thus, insufficient to hydrolyze cellubiose to glucose.

The deficiency of B-glucosidase is common to most strains of Tricho-
derma.Several approaches havebeen attempted to overcome this deficiency.
For example, a temperature and pH cycling strategy was applied to the
culture of T. reesei RUT-C30 to increase B-glucosidase production (23). In
another study, the mutant Trichoderma E12 was grown on microcrystalline
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Fig. 2. Time course of filter paper activity (®) and B-glucosidase activity (M) in
medium containing manure with KH,PO,, CoCl,, and Tween-80 added. Data are the
means of three replicates and error bars show the standard deviation.

cellulose with peanut cake used as a nitrogen source for a high C/N ratio.
Results for that study showed a well-balanced ratio of B-glucosidase activ-
ity tofilter paper activity (24). Trichoderma could also be cocultured with the
fungi Aspergillus, which is a good producer of -glucosidase (25-29). Such
a mixed culture technique was therefore employed in the present work by
growing T. reesei and A. phoenicis on dairy manure to achieve a high level
of B-glucosidase.

Cellulase Production by Mixed Culture T. reesei and A. phoenicis

The trends of filter paper activity and -glucosidase activity were in
a similar pattern and increased in parallel with incubation time although
T. reesei and A. phoenicis demonstrated different abilities for producing
total cellulase and B-glucosidase (Fig. 3). T. reesei produced a high level of
total cellulase (Fig. 3A) with very low B-glucosidase (Fig. 3B). On the other
hand, the total cellulase produced by A. phoenicis was very low (Fig. 3A)
whereas B-glucosidase activity was much higher (Fig. 3B). The mixed cul-
ture resulted in a relatively high filter paper activity and B-glucosidase
activity simultaneously, although its filter paper activity was 15% lower
than the pure culture of T. reesei (Fig. 3A) and B-glucosidase activity was
18% lower than the pure culture of A. phoenicis (Fig. 3A).

The mixed culture of the fungi Trichoderma and Aspergillus has been
studied on various substrates. Compared with the corresponding pure
cultures, the enzyme levels produced by the mixed culture are dependent
on the fungi species and substrates used. For example, when T. reesei
LM-UC4 and A. phoenicis QM 329 were grown on bagasse, the filter paper
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Fig. 3. Time course of (A) total cellulase (filter paper activity, FPU) and (B) total
B-glucosidase production by pure culture of T. reesei and A. phoenicis, and mixed
culture of the two fungi. Data are the means of three replicates and error bars show
the standard deviation.

activity and B-glucosidase activity from the mixed culture were much
higher than those of the corresponding pure cultures (26). However,
B-glucosidase produced by Aspergillus niger was higher than the mixed
cultures of T. reesei LM-UC4 and A. niger when soymeal was added to the
sugarcane bagasse (29). Similar results were also observed in the mixed
culture of T. reesei and Aspergillus terreus on bagasse (30). When T. reesei
RUT C30 and A. phoenicis were grown on starch substrate, both filter paper
activity and B-glucosidase activity were lower than those of each pure
culture (25).

All of these findings suggest that the cellulase and B-glucosidase pro-
duction from mixed fungi culture are species specificand dependent on the
different substrates used. In the present work, the reduced filter paper
activity and B-glucosidase activity of the mixed culture may be owing to the
lack of synergism of the enzymes produced from the two species of fungi.
Although the cellulase level was a little lower than that of the pure culture
of T. reesei, the cellulolytic potential of the mixed culture could be markedly
enhanced owing to the increased B-glucosidase.
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Fig. 4. Glucose concentration in hydrolysate during enzymatic hydrolysis of manure
cellulose by using different enzyme sources. Data are the means of three replicates and
error bars show the standard deviation.

Hydrolysis of Manure Cellulose by Different Enzyme Sources

To test the effectiveness of the enzymes produced from the mixed
fungi culture, hydrolysis of manure cellulose was performed by using
enzyme broth from the mixed culture, the pure culture of T. reesei, and
commercial cellulase (Celluclast-1.5L), respectively. The concentration of
glucose produced during hydrolysis was compared for different hydroly-
sis systems (Fig. 4). For each enzyme source used, the produced glucose
followed a similar pattern; that is, glucose increased sharply for the first 12
h, and reached the highest levels at 96-132 h (Fig. 4). The produced glucose
from mixed culture enzymes was significantly (p < 0.01; tested using the
software SAS 8.0) higher than the levels obtained from the other two en-
zyme sources. The high glucose level was probably due to the high -
glucosidase contained in the mixed culture broth, with the ratio of
B-glucosidase activity to filter paper activity being 0.41. Inaddition, it might
be caused by other glycanase activities produced by A. phoenicis. The result
suggests that the mixed fungi culture developed in the present work was
an efficient method to produce cellulolytic enzymes in an effort toward
utilization of manure cellulose.

Conclusion

The present work showed that dairy manure was a suitable substrate
for cellulase production by both the fungi T. reesei and A. phoenicis. Manure
ataconcentrationof 10g/L (dry basis) could sufficiently support the growth
of fungi by supplying not only cellulose (as carbon source), but also other
nutrients including calcium, magnesium, iron, manganese, zinc and nitro-
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gen. The mixed culture of T. reesei and A. phoenicis could produce cellulase
containing a high level of B-glucosidase from dairy manure. -Glucosidase
activity and filter paper activity from the mixed culture system could reach
0.64IU/mL and 1.54 FPU/mL, respectively, with a corresponding ratio of
0.41. The hydrolysis efficiency (in terms of glucose produced) by the mixed
enzymes was higher than efficiencies by commercial enzyme and enzyme
from the single culture of T. reesei. Our work demonstrated a possible way
to develop an efficient cellulolytic system for the treatment of animal ma-
nure.

In the future, a technoeconomic analysis of the present cellulase pro-
duction process using manure as a source of carbon and other nutrients
should be performed, and its economic viability should be compared to the
enzyme production on standard production medium in terms of both en-
zyme level and cost of the medium. Indeed, recent efforts by Genencor and
Novozymes have reduced the enzyme cost significantly. Much of this re-
duction was achieved by improving production economics, in contrast to
improving enzyme performance.
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