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Abstract

The effect of the composition of a mixture containing, oat straw (OS), oat bran (OB) and copra cake (CC), on the mycelial
growth of Pleurotus ostreatus was studied using mixture and response surface methodologies. The applied constraints to the
mixtures were: moisture content higher than 70%, C/N ratio less than 30 and total mixture cost less than 2% of the retail cost of
fruiting bodies of P. ostreatus. The maximum observed value of apical growth rate (0.50 +0.02 cm day — ') was obtained using
0.633, 0.284 and 0.083 (g g~ ! mixture, dry basis) for OS, CC and OB mass fractions, respectively. Under these conditions the C/N
ratio was 22.4-23.2. Loss of dry matter decreased from 16.9 to 8.5% as the OS fraction (lignin and cellulose source) was increased
from 0.55 to 0.80 (g g~ ! mixture, dry basis). The utilisation of mixture and response surface methodologies was an useful
approach to evaluate the relationship between substrate composition and mycelial development of P. ostreatus. © 1999 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Pleurotus ostreatus is an edible fungi with a nutri-
tional value similar to milk and meat [1]. Large scale
production of this fungi has been attempted in various
developing countries including India, Brazil and Mex-
ico [2]. Pleurotus world production has increased from
7.7 in 1986 to 24.2% in 1990 [3]. In the case of Mexico,
production was estimated at 1825 ton in 1997 [4].

Mushroom cultivation is a simple, low cost and
environmentally friendly technology for the utilisation
of rural and agro-industrial residues [5]. The cultivation
of edible fungi on agricultural by-products like sugar
cane bagasse, coffee pulp and straws could be consid-
ered as a valuable approach for the production of
protein enriched food [6]. Additionally, fermented
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residues could be used as animal feed after mushroom
cultivation [7,8]. The final product, fruiting bodies of P.
ostreatus, 1s obtained after solid substrate cultivation
(SSC) in two stages. In the first stage mycelia develop-
ment requires 2 weeks incubated at 28°C in the dark-
ness. Once the substrate has been totally invaded, the
second stage involves the production of fruiting bodies
taking a further 2—3 weeks. The second stage requires
humid saturated air and alternated periods (12 h) of
light and darkness [7].

The biological efficiency (fresh weight of fruiting
bodies per dry weight of the substrate) of the final
product depends on the development of mycelia in the
first culture stage. Contaminations can decrease biolog-
ical efficiency from 40 to 100% [9]. The risk of contam-
ination is maximal at the beginning of the process and
it could be inversely related to Pleurotus mycelia devel-
opment [10]. In this sense, as long as the duration of
mycelia development is reduced, the risk of substrate
contamination could also be reduced.
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In the mixture methodology, experiments are carried
out in order to find the component proportions giving
an optimal response for a selected variable [11], such as
the growth rate of Pleurotus. In contrast, response
surface methodology (RSM) is defined as a tool to
analyse the effect of a selected response of independent
variables and for modelling of complex systems [12,13].
RSM is an useful approach for analysing biological
processes and has been used widely in food science and
technology [14,15], microbiology [16] and enzyme appli-
cations [17]. Mixtures methodology and RSM could be
associated by studying the physical characteristics of
the measured response surface such as the shape, slope
or the highest point [11].

This study was designed to assess the effects of oat
straw (OS), oat bran (OB) and copra cake (CC) in
mixtures used as substrates during mycelial develop-
ment in SSC of the edible mushroom P. ostreatus. In
order to achieve this goal, the methodologies of mix-
tures and response surface were applied.

2. Materials and methods

2.1. Microorganism and raw materials

P. ostreatus strain 1E8 was obtained from the Insti-
tute of Ecology of Jalapa, Veracruz, México and grown
on malt extract agar (MEA) at 25°C. Mycelia was
developed on a mixture containing oat straw (OS),
copra cake (CC) and oat bran (OB) at different propor-
tions as indicated below. Carbon and nitrogen were
analysed in order to determine the carbon-nitrogen
ratio (C/N) of the mixture. The carbon content was
estimated from the ash content of the substrate and the
nitrogen content was determined by the Kjehldal
method [18].

Table 1

2.2. Inoculum preparation

Heat resistant bags with 500 g of sorghum seeds
(moisture 35%) were sterilised at 121°C for 60 min
(initial pH 6.5) and inoculated with two MEA plugs
containing mycelial mat (I cm diameter) and incubated
for 10 days at 28°C (primary inoculum). Secondary
inocula were prepared using 10% (w/w) of primary
inoculum, as starter culture, on sorghum seeds and
incubated as indicated Zadrazil and co-workers [7].

2.3. Experimental design

The effect of three components (OS, OB and CC) of
a mixture upon mycelial development in SSC was stud-
ied using the methodology of mixtures, described by
Cornell [11]. In the preparation of the mixtures the
following constraints were applied; the moisture con-
tent was maintained greater than 70%, the C/N ratio
was less than 30 and the mixture price was less than 2%
of the Pleurotus fruiting bodies price in the Mexico city
market. These constraints were applied and an experi-
mental region was defined. The experimental region
was delimited by the range values of each component as
follows (g g~' mixture, dry basis): 0.55<0S <0.8;
0.0<0OB<0.25; 0.2<CC<0.45. The justification is
given in Section 3.

The experimental composition of mixtures were cal-
culated by simplex centroid design [11,19]. The resulting
compositions and experimental region are shown in
Table 1 and Fig. 1 (shaded area), respectively. Ferment-
ing material for SSC was prepared as follows; a 10 g
sample of dry matter mixture was blended with enough
Na,CO; (0.12 g dm —?) solution in order to fix the
initial pH at 6.5 and the moisture content at 72%.
Material was packed at an apparent density from 0.33
to 0.38 g cm 3 in 125 cm?® glass bottles, 11 c¢cm length

Influence of the mixture composition on the apical growth rate (AGR, cm day ') of P. ostreatus and the loss of dry matter (LDM, g per 100

g) during solid cultivation of Pleurotus ostreatus

Substrate composition*®

AGR** (cm day~—!)

LDM** (g per 100 g initial dry matter)

Oat straw Copra cake Oat bran

0.800 0.200 0.000 0.464® 8.522
0.550 0.200 0.250 0.463° 18.32°
0.550 0.450 0.000 0.4312 17.43°
0.675 0.200 0.125 0.4724° 10.992°
0.550 0.325 0.125 0.446® 15.092®
0.675 0.325 0.000 0.455%° 15.812°
0.633 0.284 0.083 0.502° 14.9426
0.717 0.241 0.042 0.486%° 9.97ab
0.592 0.241 0.167 0.4612® 10.86*®
0.592 0.366 0.042 0.454%° 14,2730

* Expressed in dry matter fractions.

** Values with different letters are significantly different (P <0.05).
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Fig. 1. Experimental region (shaded area) and substrate compositions
(@) of the mixtures containing (g g~ ' mixture, dry basis): oat straw
(OS), oat bran (OB) and copra cake (CC) during mycelial cultivation
of P. ostreatus. Lower and upper limits for the mass fraction of each
component are shown.

and 4 cm diameter. They were cotton plugged, sterilised
at 121°C for 60 min and further inoculated with 3.45 g
of secondary inoculum (wet basis) on top of the sub-
strate (Fig. 2b). Cultures were prepared in triplicate.

The following response variables were measured: (i)
Apical growth rate (AGR) in terms of mycelia length in
cm day ~!. Four measurements from equidistant points
around the bottle circumference were taken every 24 h
as indicated in Fig. 2(a). Mycelial length was measured
by using a vernier (Fig. 2b) in each point and the mean
value was plotted against time and the slope calculated.
(i1) The loss of dry matter (LDM) of the substrate was
calculated taking into account the initial and final dry

(a)

Measurement
points

Mycelial
length

Middle time

Initial time Final time

Fig. 2. Schematic representation of the experimental system. Cross
view showing the four measurements points for mycelial length (a)
and lateral view showing the inoculation point (b).

matter of the substrate and expressed in terms of g per
100 g initial dry matter, as described by Sato and
co-workers [20].

2.4. Statistical analysis

Statistical analysis was performed using the program
Statistical Analysis System®, significant differences
(P <0.05) were confirmed by ANOVA analysis. The
general form of the Scheffé model [11,19]:

p P P
77=Zﬂ,-X,-+ZZ/)’UXfX;+Z Z ZﬁlijtX/X/‘
i=1

i<j i<j<k
(D
was applied to the response variables, for the case three
components the model (Eq. (1)) can be written for
apical growth rate as follows:

AGR:/))I Xl+/))2X2+/))3X3+/)712X1 X2+ﬁ13Xl X3
+ﬂ23X2X3+ﬁ123X] XZX’% (2)

and for loss dry matter as:

LDM =2, X+ L X+ 54+ 1, X, Xo+ 45 X X
A X s+ 23 X1 X5 XG 3)

X;, X, and X; correspond to the dry matter fractions
of OS, CC and OB, respectively. The coefficients ff; and
/; were calculated by multiple regression analysis by
using Stat Graphics®.

In the case of a mixture of three components the
addition of the mass fractions (g g—' mixture, dry
basis) of each component must be equal to 1, that is
100% of the mixture.

3. Results and discussion

Cornell [11] has pointed out: in the general mixture
problem, the response that is measured is a function
only of the proportions of the ingredients present in the
mixture and is not a function of the amount of the
mixture. Depending on the knowledge of the experi-
mental systems, some constraints can be applied to the
mixture components to reduce the experimental region
as indicated below.

According to Zadrazil and co-workers [7] the mois-
ture content of the substrate has to be greater than 70%
to guarantee the mycelial growth of Pleurotus. On the
other hand, the water retention capacity (g water per g
dry matter) of components was 4, 1.5 and 1.5 for OS,
OB and CC, respectively. As consequence the mass
fraction of OS must be at least 0.55 (Log=0.55, g g~ !
mixture, dry basis) to obtain a moisture content greater
than 70%. This was the first constraint.

Coffee pulp gives the best biological efficiency among
all single agro-industrial residues used in Mexico [21].
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Fig. 3. Effect of oat straw, copra cake and oat bran mass fractions (g g~ ! mixture, dry basis) on the apical growth rate (AGR, cm day ~!) during
solid substrate cultivation of Pleurotus ostreatus. Response surface (a) and contours (b).

Coffee pulp C/N ratio was measured and it was nearly
30. The C and N concentrations determined for OS, OB
and CC were (g per 100 g, dry basis): 45.54 £+ 0.03 and
0.87 +£0.01; 48.9540.13 and 1.87 +0.12; 45.96 + 0.01
and 3.69 +0.09, respectively. The C/N ratio of the
mixtures was maintained lower than 30 in order to
obtain nitrogen concentration higher than that supplied
by coffee pulp. According to this criterion the mass
fraction of CC should be greater than 0.05. However,
considering the third constraint (see below) the L
must be 0.2 (g g~ ' mixture, dry basis). This was the
second constraint.

The third constraint was defined taking into account
the cost of raw materials. That is, the mixture cost
should be less than 2% of the price of P. ostreatus
fruiting bodies in the retail market of Mexico City. This
constraint was satisfied working with a oat bran mass
fraction lower than 0.25 (g g~ ! mixture, dry basis),
given a Loy =0. The experimental region, showed in
Fig. 1 (shaded area), was delimited combining these
three constraints.

Cellulose and lignin are the main components of oat
straw, 44 and 16.5%, respectively [22]. According to
Kent [23] oat bran is 63% starch. The nitrogen content
of CC was twice and three times greater than the
nitrogen content of OS and OB, respectively. The com-
ponents of the mixture were considered to be sources of
cellulose and lignin (OS), starch (OB) and nitrogen
(CO).

Table 1 shows the compositions of the experimental
mixtures and the observed values of AGR and LDM
after mycelial growth of P. ostreatus. The sample coeffi-
cient of variation ([standard deviation/average] x 100)
of experimental results were less than 8.6%, in all cases.

The maximum AGR value was observed at the dry
matter fractions of 0.633 (OS), 0.284 (CC) and 0.083
(OB). The minimum AGR value was observed at the
dry matter fractions of 0.55 (OS), 0.45 (CC) and 0.0
(OB). These points correspond to the centre and the
upper point in the experimental shaded region indicated
in Fig. 1, respectively. ANOVA analysis indicated sig-
nificant differences (P < 0.05) between maximum and
minimum responses for AGR (Table 1), showing that
mixture composition has effect on AGR.

AGR data were fitted to the Scheffé model [19] and
coefficients estimated by multiple regression, given:

AGR =045 X, +0.11 X, + 7.11 X, + 0.55 X, X,

—11.88 X, X, — 3427 X, X5+ 61.9 X, X, X,
“)

where the correlation coefficient (R?) obtained was
0.999.

It is important to point out, that the calculated
values of the responses are valid only within the defined
experimental zone. The response surface and contours
of AGR were plotted using Eq. (4) and are shown in
the Fig. 3. It shows that the maximum value is located
at the base of the triangle. The fit to experimental data
was high, according to the results of multiple regression
analysis. The calculated maximum forAGR (0.49 cm
day —!) was located at the dry matter fractions of 0.65,
0.27 and 0.08 for OS, CC and OB, respectively, which
was close to the observed maximum (0.502 cm day — ).
In this sense, it was found that the mycelial growth rate
in SSC could be maximised by selecting appropriate
fractions of different materials in mixtures. These re-
sults of AGR are slightly lower to that reported for
different strains of P. ostreatus in Petri dishes cultures
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Oat straw fraction

Fig. 4. Effect of oat straw, copra cake and oat bran mass fractions (g
¢~ ! mixture, dry basis) on the C/N ratio of the mixtures used as
substrates for the cultivation of Pleurotus ostreatus mycelia.

using glucose (0.64 cm day—!) and starch (0.57 cm
day — ') as carbon sources. This can be explained by the
differences in the experimental systems used [24].

The maximum calculated value for AGR is located in
a region where the C/N ratio was close to 22.4-23.2
(Fig. 4). Using mixtures with nutritional value higher
than residues traditionally used, as substrate in SSC of
Pleurotus, it is possible to obtain greater biological
efficiencies [25,26].

The maximum observed value of LDM was obtained
by using the dry matter fractions of 0.55 (OS), 0.2 (CC)
and 0.25 (OB) and the minimum LDM value was
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obtained at dry matter fractions of 0.8 (OS), 0.2 (CC)
and 0.0 (OB) (Table 1). These points correspond to the
left lower and right lower points indicated in the trian-
gle of experimental shaded region (Fig. 1). ANOVA
analysis indicated significant differences (P < 0.05) be-
tween maximum and minimum responses for LDM
(Table 1). The sample coefficient of variation ([standard
deviation/mean] x 100) of experimental results were less
than 10.1%, for all the cases.

As indicated previously, LDM data were fitted to the
Scheffé model [18] and coefficients estimated by multi-
ple regression given:

LDM = — 14.65 X, —41.33 X, + 109.23 X,
+177.87 X, X, —21.12 X, X, +234.36 X, X,

—788.75 X, X, X, (5)

where the correlation coefficient (R?) obtained was
0.976.

Response surface and contours of LDM were plotted
using Eq. (5) and results are shown in Fig. 5. At the
bottom right side of the triangle (dry matter fractions
of 0.8, 0.2 for OS and CC, respectively) the lower
degradation level (LDM = 8.5%) of the mixture by P.
ostreatus was observed. The best results of substrate
utilisation, expressed as loss of dry matter, were found
at low mass fractions of OS (= 0.55) and higher frac-
tions of CC (~0.45) and OB (~0.25). This corre-
sponds to the upper and left lower points of the
experimental region (Fig. 5), where high proportions of
easily assimilable nutrients are provided by the CC or
OB. Similar results of LDM have been reported for
Pleurotus grown on wheat straw where lignocellulosic
substrates are less utilised than starchy materials [26].
These results are also supported by experimental evi-

(b)

Fig. 5. Effect of oat straw, copra cake and oat bran mass fractions (g g '
the mixture used as substrate during solid cultivation of Pleurotus ostreatus. Response surface (a) and contours (b).

QOat straw fraction

mixture, dry basis) on the loss of dry matter (LDM, g per 100 g) of
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Fig. 6. Effect of the oat straw mass fraction (g g~ ' mixture, dry

basis) on the loss of dry matter (LDM, g per 100 g) of the mixture
used as substrate during solid cultivation of Pleurotus ostreatus.

dence. Fig. 6 shows a linear decrease of LDM with
increasing amounts of oat straw. Pleurotus has a partic-
ular ability to degrade lignocellulosic substrates which
have a poor content of nitrogen as well as other nutri-
ents [27]. This deficiency can be overcome if lignocellu-
losic residues are mixed with other substrates such as
copra cake and oat bran. A better mycelial develop-
ment could be achieved by addition of easily assimilable
nutrients from OB or CC. Nevertheless, the dry matter
fraction of lignocellulosic residues must be kept high
enough in order to profit from agricultural residues. In
this sense, C/N ratio as well as carbon source origin
(lignin or starch) should be considered in mixture
design.

4. Conclusions

The use of mixture methodology allowed the devel-
opment of an experimental design to study the effects
of main characteristics (water retention capacity, C/N
ratio and cost) of the mixtures upon the mycelial
growth of P. ostreatus.

Once the upper and lower limits of each substrate
(OB, OS and CC) were established, the use of the
response surface methodology lead to a mixture com-
position where the maximum apical growth rate was
observed. The maximum value of AGR (0.50 + 0.02 cm
day —!) was found by using 0.633, 0.284 and 0.083 (g
¢~ ! mixture, dry basis) for OS, CC and OB fractions,
respectively. AGR was inversely related to the incuba-
tion time required to complete mycelial invasion of the
fermenting bulk.

Loss of dry matter decreased from 16.9 to 8.5% as
the OS fraction (lignin and cellulose source) was in-
creased from 0.55 to 0.80. This is related to the content
of the starchy substrate (OB). Its maximum value was

0. Soto-Cruz et al. / Process Biochemistry 35 (1999) 127-133

not observed within the experimental studied region.
Higher OB concentration will increase LDM with an
undesirable reduction on AGR and the increase of
mixture cost.

Mixture and response surface methodologies, in com-
plex biological systems, are useful approaches when
different process variables (LDM, AGR) are evaluated
while selecting the appropriate mixtures in cultivation
of edible mushrooms.
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