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The presence of endo-1,4-3-D-glucanase, cellobiohydrolase, and -glucosidase activities in a multi-
enzymatic complex system from Penicillium funiculosum was investigated. The interesting feature of
these enzymes is their synergistic action for the hydrolysis of the native cellulose into glucose units.
Both endo-1,4-3-D-glucanase and cellobiohydrolase showed broader pH activity profiles, with pH
optima of 4.0 and 4.0—5.0, respectively. However, $-glucosidase activity showed a narrow pH-activity
profile, with an optimum pH of 4.5. The different cellulolytic activities were stable in the acidic pH
range of 2.5—6.0 and showed a similar optimal temperature of 60 °C. Although S-glucosidase has
shown a close catalytic efficiency as that of endo-1,4-5-b-glucanase, its thermal stability was lower.
However, the thermal stability profile of cellobiohydrolase was close to that of endo-1,4-3-D-glucanase.
The results also revealed the presence of high levels of endo-1,3-1,4-3-D-glucanase, endo-1,3-3-D-
glucanase, and pectinase activities in the multi-enzymatic cellulolytic complex system. Moreover,
the investigated multi-enzymatic complex system was effective in degrading the nonstarch polysac-
charides of soybean meal.
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INTRODUCTION

There has been an increasing interest in the complete
degradation of plant cell-wall polysaccharides, because of their
high-energy content in food and feedstuffs (/, 2). Because of
the complexity and diversity of structural plant cell-wall
polysaccharides, their complete degradation requires a set of
synergistically acting enzymes (/). Bacteria and filamentous
fungi were found to be capable of degrading the cell-wall
polysaccharides by producing a mixture of functionally distinct
glycosyl hydrolases (3, 4). However, only a few fungi, including
Penicillium, Aspergillus, and Trichoderma species, are able to
produce high levels of complex sets of glycosyl hydrolases (2, 5).

Much of the research interest has been directed toward the
development of a biocatalytic process, whereby the cellulose
could be hydrolyzed into glucose units by a microbial multi-
cellulolytic complex system, involving many cellulases, such as
endo-1,4-f-D-glucanases, cellobiohydrolases, and f-gluco-
sidases (6, 7). The efficiency of the synergistic action of cellulases
in a multi-enzymatic complex system was reported (8, 9) to be
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higher than that of their individual action. Indeed, endo-1,4-3-D-
glucanases randomly hydrolyze the internal 5-1,4-glycosidic linkage
in the cellulose polymer, whereas cellobiohydrolases are involved
in the hydrolysis of either nonreducing or reducing terminals of
cellulose and cleave off the cellobiose (/0, 11). Because cellobio-
hydrolases attack only the ends of the glycosidic chains, their
activities are generally dependent upon those of endo-1,4-3-D-
glucanases. On the other hand, $-glucosidases hydrolyze the
cello-oligosaccharides and cellobiose into glucose units. More-
over, some of cellulolytic microorganisms have shown the ability
to produce other glycosyl hydrolases, including pectinases,
xylanases, and endo-1,3-1,4-3-D-glucanases, which could fa-
cilitate the access of cellulases to their substrates by hydrolyzing
the associated plant polysaccharides (72, 13).

Most reported fungi secreting the multi-enzymatic cellulolytic
complex system are Trichoderma viride, Trichoderma reesei,
Aspergillus niger, and Penicillium funiculosum (4, 14, 15).
However, the efficiency of the multi-enzymatic complex systems,
produced by T. viride and T. reesei, was limited by their relatively
low cellulolytic activity and thermostability (/5). Moreover, the
low S-glucosidase activity, obtained from 7. reesei, has led to a
strong enzyme inhibition, as a result of the accumulation of
cellobiose (16). P. funiculosum is recognized as a potential and
important source of highly active multicellulolytic complex system
capable of degrading cellulose (6, 14, 17).
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The overall objective of the present study was the charac-
terization, in terms of pH, temperature, thermal stability, and
other kinetic properties, of selected endo-1,4-3-D-glucanase,
cellobiohydrolase, and f-glucosidase activities, present in the
multi-enzymatic cellulolytic complex system produced by P.
funiculosum. The levels of other selected endoglucanase and
pectinase activities in the multi-enzymatic complex system were
also investigated. In addition, the capacity of this multi-
enzymatic complex system of degrading the nonstarch polysac-
charides of the soybean meal was evaluated.

MATERIALS AND METHODS

Materials. Substrates, including p-nitrophenyl-$-D-glucoside, p-ni-
trophenyl-$-D-lactoside, laminarin, citrus pectin, glucose, and 3,5-
dinitrosalicylate, as well as amylase from Bacillus licheniformis and
amyloglucosidase from A. niger were purchased from Sigma Chemical
Co. (St. Louis, MO). Carboxymethyl cellulose and barley -glucan were
obtained from Megazyme (Wicklow, Ireland). Chemical reagents,
including KCl, H,SO4, NaOH, potassium sodium tartrate, p-nitrophenol,
sodium carbonate, sodium acetate, sodium citrate, monopotassium
phosphate, dipotassium phosphate, and Tris, were purchased from Fisher
Scientific (Fair Lawn, NJ). Nylon bags (F57, pore size 50 um) were
obtained from Ankom Technology Co. (Fairport, NY).

Production and Preparation of the Multi-enzymatic Complex
Extract. The P. funiculosum strain (IMI 378536), used to produce the
multi-enzymatic complex system, was obtained from the International
Mycological Institute (Bakeham Lane, Englefield Green, Egham,
Surrey, U.K.). The fungus was grown in batch culture at 30 °C on a
modified medium of Steiner et al. (/8), containing cellulose and corn
steep liquor as the main carbon and nitrogen sources, respectively. The
pH of the medium was adjusted, within the range of 3.0—6.0, by the
addition of H,SO, and NaOH. After 7 days of culture, the liquid
medium was recovered by vacuum filtration of the mycelia and
concentrated by tangential flow ultrafiltration through a membrane with
a cutoff of 10 kDa. The multi-enzymatic complex extract was stabilized
by the addition of sorbitol (5%, w/v) and potassium sorbate (3%, w/v)
as an antimicrobial agent.

Enzymatic Assays. Endo-1,4-3-D-glucanase, endo-1,3-3-D-gluca-
nase, endo-1,3-1,4-(-D-glucanase, and pectinase activities were assayed,
according to a modification of the method of Wood and Bhat (/9),
using carboxymethyl cellulose (0.5%, w/v), laminarin (1%, w/v), barley
p-glucan (1%, w/v), and citrus pectin (0.5%, w/v) as substrates,
respectively. The enzymatic reaction was initiated by the addition of
0.25 mL (0.2—20 mg of protein) of the multi-enzymatic complex system
extract suspension to 0.75 mL of the polysaccharide substrate solution,
prepared in the sodium acetate buffer (0.2 M, pH 4.0). The reaction
mixture was incubated in a water bath shaker at 50 °C with continuous
agitation of 150 rpm. After 20 min, the enzymatic reaction was halted
(20) by the addition of 1.5 mL of 1% (w/v) dinitrosalicylate reagent,
prepared in 1.6% (w/v) NaOH. The reaction mixture was then placed
in a boiling water bath for 5 min, for the development of reducing
sugar color. Prior to cooling at room temperature, 0.5 mL of potassium
sodium tartrate solution (50%, w/v) was added to the mixture. The
absorbance of the resulting mixture was measured spectrophotometri-
cally at 540 nm, against reagent blank, using DU-65 spectrophotometer
(Beckman Instruments, Inc., San Ramon, CA). Two blank assays,
without substrate or without enzyme, were conducted in tandem of the
trials. The amount of the released reducing sugar was determined from
the standard curve, constructed with the standard solutions of glucose
and galacturonic acid. One unit of enzyme-specific activity was defined
as the amount of enzymatic protein required to release 1 umol of
reducing sugar per min of reaction under the assay conditions.

[-Glucosidase and cellobiohydrolase activities were assayed, ac-
cording to a modification of the method described previously by
Deshpande et al. (21), using p-nitrophenyl-3-D-glucoside and p-nitro-
phenyl-S-D-lactoside as substrates, respectively. For 5-D-glucosidase
activity, the assay was performed by mixing 0.2 mL of 4 mM
p-nitrophenyl-3-p-glucoside and 0.2 mL (0.1—5 mg of protein) of the
multi-enzymatic complex system extract suspension, prepared in the
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sodium acetate buffer (0.2 M, pH 4.5). For cellobiohydrolase activity,
the reaction mixture consisted of 0.2 mL of 4 mM p-nitrophenyl-f3-D-
lactoside, 0.02 mL of 0.2 M gluconolactone, and 0.18 mL (1—10 mg
of protein) of the multi-enzymatic complex system extract suspension.
After 20 min of incubation at 40 °C, the enzymatic reaction was halted
by the addition of 1.2 mL of 1 M sodium carbonate. The absorbance
of the reaction mixture was measured at 400 nm, using the Beckman
spectrophotometer. Two blank assays, without enzyme or without
substrate, were prepared in tandem of the trials. Both enzymatic
reactions and blanks were run in triplicate. One unit of enzyme specific
activity was defined as the amount of enzymatic protein that liberates
1 umol of p-nitrophenol per min of reaction, under the assay conditions.
The molar extinction coefficient of p-nitrophenol was estimated at 21.6
mM ™! cm™!, using the standard solution of p-nitrophenol.

Determination of Optimum pH and pH Stability. To determine
the optimum pH of the selected cellulolytic activities, including endo-
1,4--D-glucanase, cellobiohydrolase, and $-glucosidase, the enzymatic
assays were carried out at pH values ranging from 2.0 to 9.0, using
different buffer systems (0.2 M), including KCI—HCI buffer (pH
2.0-2.5), sodium citrate buffer (pH 3.0-3.5), sodium acetate buffer (pH
4.0-5.5), potassium phosphate buffer (pH 6.0-7.0), and Tris-HCI buffer
(pH 7.5-9.0). The pH stability of the selected cellulases was determined
by a preincubation of the multi-enzymatic complex system extract in
various pH buffer solutions for 2 h at 25 °C. After readjustment to the
optimal pH, the residual cellulolytic activities were assayed as described
above.

Determination of Optimum Temperature and Thermal Stability.
To determine the optimum temperature, the selected cellulolytic
activities were assayed at a wide range of temperatures (25—85 °C) in
0.2 M sodium acetate buffer at the optimum pH. The thermal stability
was investigated by incubating the multi-enzymatic complex system
extract in sodium acetate buffer (0.2 M, at its optimum pH stability) at
selected temperatures (25—70 °C) for 2 h. After cooling to room
temperature, the residual cellulolytic activities were measured, using
the standard assay conditions as described above.

Determination of Kinetic Parameters. The kinetic parameters
(Kmapp and Vinaxapp) Of the selected cellulases were investigated at the
optimized conditions. The specific activities were measured, using
various substrate concentrations. Kmapp and Viaxapp values were esti-
mated, mathematically from the Lineweaver—Burk plot, using the Sigma
Plot program (Jandel Scientific, Germany).

Determination of Nonstarch Polysaccharide Degradability. Prior
to the enzymatic degradation, the soybean meal was defatted with the
mixture of chloroform/methanol (2:1, v/v) at a ratio of 1:4 (w/v, meal
per solvent) using the Soxhlet extractor system. The defatted soybean
meal (~1 g/bag) was introduced into the nylon bags (ANKOM
Technology, pore size of 25 um) to eliminate the filtration step and to
allow the analysis of the residue rather than the filtrate. Six sealed bags
were placed in 1 L glass bottle containing 400 mL of sodium acetate
buffer (0.2 M, pH 4.5). The bottle was placed horizontally in a shaker
water bath (40 °C, 1 h). A total of 80 mL of the multi-enzymatic
complex system extract (50—433 mg of protein) was introduced into
the bottle. A blank assay, without the enzymatic treatment, was run in
tandem of the trials. After 4 or 24 h incubation, the buffer solution
was decanted off and the bags were rinsed 6 times with deionized
distilled water and dried in the oven at 50-55 °C for 48 h. The dried
residual solid materials were subjected to nonstarch polysaccharide
(NSP) analysis, according to a modification of the Uppsala total dietary
fiber method (22). To remove the starch component, along with
monosaccharides and oligosaccharides, the sample was sequentially
digested with commercial amylase from Bacillus licheniformis and
amyloglucosidase from A. niger. A defined amount of sample (0.4 g)
was suspended in 5.0 mL of sodium phosphate buffer (0.2 M, pH 6.0)
and incubated with 50 uL of amylase suspension at 95 °C for 1 h.
After cooling to 60 °C, the pH of the digested mixture was adjusted to
4.1-4.8 with 0.3 N HCI, before the addition of 100 uL of amyloglu-
cosidase suspension. After incubation (1 h, 60 °C), 20 mL of ethanol
(95%) were added to yield a final concentration of 800 mL of ethanol
per 1 L of digested solution and the resulted mixture was stored
overnight at 4 °C. The precipitated pellets were recovered by
centrifugation (3000g, 20 min) and hydrolyzed by a two-stage H,SO4
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Figure 1. Effect of pH on selected cellulolytic specific activities of the

multi-enzymatic complex system from P. funiculosum: (A) endo-1,4-/3-D-
glucanase, (B) $-glucosidase, and (C) cellobiohydrolase.

treatment; the precipitated pellets were first suspended in 4.0 mL of
12 N H,SOy, and settled at room temperature for 1 h, before its dilution
to 2 N H,SO,. The suspension was incubated at 60 °C for an additional
1 h; the supernatant was then recovered by centrifugation (6000g, 10
min). The pH of the recovered supernatant was adjusted to 4.5-4.7
with 6 N NaOH and analyzed for its reducing sugar content, using
dinitrosalicylate assay (20).

RESULTS AND DISCUSSION

Effect of pH on Selected Cellulolytic Activities. The effect
of pH on the selected cellulolytic activities is shown in Figure
1. The results indicate that the multi-enzymatic complex system,
produced by P. funiculosum, displayed endo-1,4-3-D-glucanase,
cellobiohydrolase, and f3-glucosidase activities over a broad pH
range (2.0—8.0) but remained highly active in the acidic region.
Dependent upon the type of cellulase, different pH-activity
profiles were obtained. Endo-1,4-3-D-glucanase exhibited its
maximal specific activity at pH 4.0 and retained more than 50%
of its maximum activity in the pH range of 3.0—6.0 (Figure
1A), whereas f3-glucosidase was most active at pH 4.5 and
maintained more than 50% of its maximum specific activity in
a narrow pH spectrum of 3.5—5.5 (Figure 1B). With regard to
the cellobiohydrolase activity, its optimum pH was in the range
of 4.0—5.0 and retained more than 60% of its maximum specific
activity at a wide pH range of 2.5—6.0 (Figure 1C).
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Figure 2. pH stability of selected cellulolytic specific activities of the multi-

enzymatic complex system from P. funiculosum: (A) endo-1,4-5-D-
glucanase, (B) S-glucosidase, and (C) cellobiohydrolase.

Figure 2 shows the patterns of the pH stability of selected
cellulolytic activities, present in a multi-enzymatic complex
system from P. funiculosum. Endo-1,4-3-D-glucanase (Figure
2A) and cellobiohydrolase (Figure 2C) specific activities were
found to be stable in the pH range of 2.5—7.5, where they
maintained more than 80% of their maximum specific activity
after 2 h of incubation at 25 °C; at pH 2.0 and 9.0, these
enzymes still showed 75 and 62% of their maximum specific
activity, respectively. Although S-glucosidase (Figure 2B) was
stable in the pH range of 2.5—6.0, retaining more than 82% of
its maximum specific activity after 2 h of incubation at 25 °C,
only 68 and 41% of its maximum specific activity were
maintained at pH 2.0 and 9.0, respectively. The overall
experimental findings indicate that, in the alkaline pH range
(7.5-9.0), the endo-1,4-3-D-glucanase and cellobiohydrolase
activities showed a higher pH stability than that of 3-glucosidase.
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Figure 3. Effect of temperature on selected cellulolytic activities of the
multi-enzymatic complex system from P. funiculosum: (A) endo-1,4-/3-D-
glucanase, (B) f-glucosidase, and (C) cellobiohydrolase.

Similarly, Deshpande et al. (21) reported that endo-1,4-3-D-
glucanase, from P. funiculosum, displayed a higher pH stability
than that of 5-glucosidase, which lost 40% of its initial activity
at pH above 6.0.

Overall, the pH activity and stability profiles of the selected
cellulases, present in the multi-enzymatic complex system from
P. funiculosum, showed common features as those reported for
other cellulolytic fungal species (6, 15, 21, 23). Indeed,
Penicillium sp. cellulase (/5) has found to exhibit an optimal
enzyme activity at pH 4.5. On the other hand, -glucosidase
from Thermoascus aurantiacus (23) has showed an optimal
enzyme activity at pH 4.5, whereas (-glucosidase from Peni-
cillium purpurogenum (24) was optimally active at pH 3.5.
Cellobiohydrolase from P. funiculosum has been reported (6)
to display relatively a high activity in the pH range of 4.0—5.5,
whereas that of Clostridium thermocellum (25) was optimally
active in the pH range of 6.0—8.4. With regard to the endo-
1,4-3-D-glucanase, its optimal pH of 4.0 (Figure 1A) is similar
to that reported (26) for the purified enzyme from 7. aurantiacus.
Moreover, close pH optima have been reported for the endo-
1,4-5-p-glucanases from Penicillium pinophilum (27), Fusarium
oxysporum (8), and T. viride (28), which were optimally active
at pH 4.5—5.0 and stable at those below 6.0.

Effect of Temperature on Selected Cellulolytic Activities.
Figure 3 illustrates the effect of temperature on the selected
cellulolytic activities, present in the multi-enzymatic complex
system produced by P. funiculosum. The results (Figure 3A)
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show that the specific activity of endo-1,4-3-D-glucanase
increased by a factor of 3.7 at temperatures ranging from 25 to
60 °C and then decreased dramatically at higher temperatures;
at 75 °C, the residual specific activity was only 38% of the
maximum value. The specific activity of 3-glucosidase increased
by a factor of 7.2 by increasing the temperature from 25 to 60
°C and then remained unchanged at 65 °C; however, above this
temperature, the specific activity decreased dramatically, where
the enzyme lost up to 78% of its maximum activity at 75 °C
(Figure 3B). The results (Figure 3C) also indicate an increase
in the specific activity of cellobiohydrolase by a factor of 4.4
by increasing the temperature from 25 to 60 °C, which was
followed by a slight decrease at higher temperatures; at 75 °C,
cellobiohydrolase still exhibited 62% of its maximum specific
activity. The overall results indicate that the specific activity of
[-glucosidase was more sensitive to the changes in the reaction
temperatures than those of endo-1,4-3-D-glucanase and cello-
biohydrolase. However, the three cellulolytic activities showed
a similar optimal temperature of 60 °C. This optimal temperature
falls within the range of 50—60 °C, as reported for cellulases
from other fungi (8, 24, 28-31). Nevertheless, higher optimum
temperatures of 70—80 and 50—70 °C have been reported for
the endo-1,4-f-D-glucanases from 7. aurantiacus (26) and P.
pinophilum (27), respectively. Similarly, S-glucosidase from 7.
aurantiacus (23) was optimally active at a higher temperature
of 80 °C.

With regard to the thermal stability, the results (parts A and
C of Figure 4) show that there was no significant loss in the
endo-1,4--D-glucanase and cellobiohydrolase specific activities
at temperatures up to 55 °C; however, above this temperature,
these two enzymes were less stable and retained only 20 and
34% of their initial specific activity, respectively, after their
incubation at 70 °C. The experimental findings (Figure 4B) also
show that the -glucosidase specific activity remained stable
after incubation at temperatures of 25—40 °C; however, an
increase in the incubation temperature resulted by a drastic loss
of its specific activity, where the enzyme retained only 51 and
6% of its initial specific activity at 60 and 65 °C, respectively.
The overall results indicate that endo-1,4-3-D-glucanase and
cellobiohydrolase specific activities exhibited a higher thermal
stability than that of 8-glucosidase. As a whole, the cellulolytic
activities, present in the multi-enzymatic complex system from
P. funiculosum, showed a thermal stability, quite similar to that
of the majority of fungal cellulases described in literature (8, 15, 25),
except for S-glucosidase (23) and endo-1,4-3-D-glucanase (26)
from T. aurantiacus, which were mostly stable up to 70 °C.
Furthermore, Van Wyk (32) showed that the endo-1,4-3-D-
glucanase from P. funiculosum has higher thermal stability than
that from 7. reesei.

Kinetic Parameters. Although the multi-enzymatic complex
system is present in a crude enzymatic extract, it was important
to determine the kinetic parameters of the selected cellulolytic
enzymes. The kinetic behaviors of endo-1,4-3-D-glucanase,
B-glucosidase, and cellobiohydrolase, present in the cellulolytic
complex system from P. funiculosum, were found to follow the
Michaelis-Menten model (data not shown). The apparent
Michaelis—-Menten constants, Knapp and Viaxapp, €stimated by
nonlinear regression are given in Table 1. The Ky of
cellobiohydrolase was about 7.4 times higher that that of
B-glucosidase, whereas the Viaapp Of S-glucosidase was 5.0
times higher. As a result, the catalytic efficiency, Vimaxapp/Kmapp
of fB-glucosidase was substantially greater than that of cello-
biohydrolase. The results also indicate that the catalytic ef-
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Figure 4. Thermal stability of selected cellulolytic activities of the multi-
enzymatic complex system from P. funiculosum: (A) endo-1,4-5-D-
glucanase, (B) f-glucosidase, and (C) cellobiohydrolase.

Table 1. Kinetic Parameters of Cellulases Present in the Multi-enzymatic
Complex System Produced by P. funiculosum

kinetic parameters

enzymes Kinapp® Vinaxapp” catalytic efficiency®
endo-1,4-5-p-glucanase 3.55 29239.8 2059 140.8
p-glucosidase 0.35 2692.5 7692.9
cellobiohydrolase 2.59 533.2 205.9

@ Michaeglis constant was defined as mg mL~" of carboxymethyl cellulose for
endo-1,4-5-p-glucanase as well as mM of p-nitrophenyl-/3-D-glucoside and
p-nitrophenyl-$3-b-lactoside for 3-glucosidase and cellobiohydrolase, respectively.
b Maximum velocity was defined as umol of released reduced sugar per mg protein
per min of reaction for endo-1,4-5-D-glucanase and as umol of released
p-nitrophenol per mg of protein per min of reaction for S-glucosidase and
cellobiohydrolase. ¢ Catalytic efficiency was defined as the ratio of Vinaxapp/Kiapps
which was expressed in mL mg~" min—".

ficiency of endo-1,4-3-D-glucanase was higher than those of
p-glucosidase and cellobiohydrolase.

In addition to the complexity of the multi-enzymatic system,
the variability of the enzymatic assays reported in literature made
it difficult to compare the Kpapp values of cellulases from
different sources. Nevertheless, the Kiqpp (Table 1) of the endo-
1,4-B-D-glucanase (3.55 mg mL~") was lower than that reported
(33) for the same enzyme from another P. funiculosum strain
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Table 2. Specific Activities and Kinetic Parameters of Selected
Endoglucanases and Pectinase Present in the Multi-enzymatic Cellulolytic
Complex System from P. funiculosum

enzymes specific activity® Knaps”  Vimaxepp”
endo-1,3-5-D-glucanase® 1450.2 (+98.2)¢ 0.18 1927.3
endo-1,3-1,4-5-D-glucanase® 40 247.7 (+£1227.7) 2.31 49751.2
pectinase’ 1013.9 (4108.7) 16.7 24639.6

4 Specific activity is expressed in micromoles of released reduced sugar per
milligram of protein per minute of hydrolysis.  Michaelis constant, Kmapp, was defined
as mg mL~" of polysaccharide, and maximum velocity, Vimaxapp, Was defined as
micromoles of released reduced sugar per milligram of protein per minute of
hydrolysis. ¢ Endo-1,3-5-D-glucanase activity was assayed at pH 4.5 and 50 °C,
using 1% laminarin as the substrate. Data are average of more than three
determinations, and standard deviations are given. © Endo-1,3-1,4-5-p-glucanase
activity was assayed at pH 4.5 and 50 °C, using 1% barley -glucan as the
substrate.  Pectinase activity was assayed at pH 4.5 and 50 °C, using 0.5% citrus
pectin as the substrate.

(20 mg mL™"); however, close Kiapp values (2.0—4.8 mg mL™")
have been reported (27) for two isoenzymes of endo-1,4-3-D-
glucanase from P. pinophilum. On the other hand, the Ky of
cellobiohydrolase (2.59 mM) was higher than that reported for
the same enzyme from another P. funiculosum strain (0.85 mM),
using cello-oligosaccharide as substrate (6). However, the Kiapp
values (1.23—4.30 mM) of cellobiohydrolases from Sporotri-
chum pulverulentum (10) and T. reesei (11), using p-nitrophenyl-
p-D-lactoside as substrate, were close to that obtained (2.59 mM)
in the present study. The results (Table 1) also indicate that
the Kiapp of S-glucosidase for p-nitrophenyl-S-D-glucoside was
0.35 mM; however, Kantham and Jagannathan (/7) reported
Kmapp values of 0.23 and 1.08 mM for two isoenzymes of
pB-glucosidase from another P. funiculosum strain. Lower
Kmappvalues of 0.085 and 0.11 mM have been reported for
p-glucosidase from P. purpurogenum (24) and T. aurantiacus
(23), respectively.

Investigation of Selected Endoglucanase and Pectinase
Activities. To facilitate the access of cellulases to their
substrates, cellulolytic microorganisms may produce other
glycosyl hydrolases, which hydrolyze the associated polymeric
cellulosic substrates (12, 13). Table 2 shows that the multi-
enzymatic cellulolytic complex system secreted by P. funicu-
losum, exhibited different levels of endo-1,3-1,4-5-D-glucanase,
endo-1,3--D-glucanase, and pectinase activities. The level of
endo-1,3-5-D-glucanase was lower than those of endo-1,3-1,4-
pB-D-glucanase and endo-1,4-3-D-glucanase. The experimental
findings (Table 2) suggest that the multi-enzymatic cellulolytic
complex system has a higher specificity for the hydrolysis of
[-1,4 linkages in polysaccharides than that for -1,3 linkages.
The results also indicate that the multi-enzymatic complex
system exhibited a high level of pectinase activity. The Kmapp
of the endo-1,3-B-D-glucanase (0.18 mg mL™") was lower that
those of endo-1,4-B-D-glucanase (3.55 mg mL™") and endo-
1,3-1,4-3-p-glucanase (2.31 mg mL_'), but it was in the same
range as those reported (34) for other yeast and fungal endo-
1,3-B-D-glucanases (0.11—0.33 mg mL ™ "). As far as the authors
are aware, there is limited information on pectinase from P.
funiculosum. Nevertheless, the apparent value of Kiyapp (16.7
mg mL™") was higher than those reported for pectinases from
Penicillium expansum (35) and A. niger (36), with 9.0 and 12.8
mg mL™!, respectively; however, lower Ky, values of 2.28
and 3.30 mg mL ™' were obtained for other pectinases from A.
niger (36) and Pichia pinus (37), respectively.

The literature (35, 38, 39) indicated that all Penicillium spp.
have shown either cellulolytic or pectinolytic activities, with
the exception of one Penicillium spp. from Japanese mandarin
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Table 3. Degradability of Nonstarch Polysaccharides (NSPs) of Soybean
Meal Supplemented with the Multi-enzymatic Cellulolytic Complex System
from P. funiculosum

NSP degradability (%)?
4 h of incubation 24 h of incubation

proportion of multi-enzymatic
product (%)°

7.22 16.1 (£0.3)° 21.0 (£0.1)
3.33 9.7 (£0.5) 15.6 (+1.2)
167 4.0 (+0.5) 10.0 (£0.5)
0.83 13(£02) 6.8 (+£0.5)

#NSP degradability is defined as NSPs in the control minus NSPs remaining
in the residue after the enzymatic incubation divided by NSPs in the control,
multiplied by 100. ® Proportion of the multi-enzymatic complex supplement in the
soybean meal is expressed in the percentage of (w/w) grams of protein of the
enzymatic product per gram of soybean meal. ¢ Data are average of more than
three determinations, and standard deviations are given.

orange that showed both enzyme activities (40). On the other
hand, endo-1,4-3-D-glucanase, endo-1,3-5-D-glucanase, and
pectinase are widely distributed in bacteria, fungi, and plants,
whereas endo-1,3-1,4-3-D-glucanases are known to be produced
only by plants and bacteria (47), with the exception of anaerobic
fungus Orpinomyces strain (42); considering these two facts
together, the multi-enzymatic cellulolytic complex system,
produced by P. funiculosum, could be considered as an
appropriate biocatalyst for the degradation of various associated
plant cellulosic polysaccharides.

In Vitro Nonstarch Polysaccharide Degradation. The
efficiency of the multi-enzymatic cellulolytic complex system
from P. funiculosum in the degradation of NSPs of soybean
meal was evaluated. In comparison to the majority of protein
meal sources, soybean meal contains a higher NSP propor-
tion (20—29%), which refers to the total polysaccharide fraction
associated to the cell wall that are resistant to amylases and
proteases (43). The degree of soybean meal NSP degradability
was indirectly assessed by measuring the residual NSPs content
after the enzymatic treatment.

Table 3 shows that the incubation of soybean meal with the
multi-enzymatic cellulolytic complex system resulted in an
increase of its NSP degradability by 1.3—21%, depending upon
the incubation time and the proportion of enzyme supplement.
Indeed, increasing the proportion of the multi-enzymatic
complex supplement in the soybean meal from 0.8 to 7.2% (w/
w) resulted in an increase of its NSP degradability from 1.3 to
16.1% after 4 h of incubation and from 6.8 to 21% after 24 h
of incubation. The experimental findings show that the multi-
enzymatic cellulolytic complex, from P. funiculosum, was
effective as enzyme supplement in the degradation of NSPs of
soybean meal; this degradation could make the endogenous
digestive enzymes to interact with their substrates more easily
and act on more efficiently (44).

The overall characteristics of the cellulolytic complex system
from P. funiculosum could make it an appropriate biocatalyst
for its application in the degradation of the cell-wall polysac-
charides in food and feedstuffs. Parameters of optimum pH,
reaction temperature, and kinetic parameters indicated that the
endo-1,4-f-D-glucanase, cellobiohydrolase, and $-glucosidase
activities share many similarities of those obtained from other
sources.
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