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7 ABSTRACT

Neurospora sitophila was used to convert solid cellulosic substrates
(sugarcane bagasse, corn stover, wood cellulose) to protein-rich materials
for food and fodder. The optimal conversion occurred at 35-37 °C and pH
'5.5. The fungus was sensitive to excessive agitation; protein production and
cellulose utilization were lowered by agitation above 250 rpm in a 75 L
fermenter. The cellulolytic capability of N. sitophila was comparable to that
of Chaetomium cellulolyticum, a better known cellulolytic organism.

INTRODUCTION

Cellulosic residues (e.g., straw, corn stover, sugarcane bagasse) are under-utilized
by-products of the agricultural industry. Much of these residues originate from
plants used traditionally in food and feed production. Because they come from
acceptable food sources, the residues could potentially be upgraded to food by
improvements in digestibility, nutritive value and palatability. This paper describes
the fermentative conversion of cellulosic solid residues to protein-rich materials for
food and fodder. The conversion is an extension of the recently developed cereal-
bran-to-protein process (Moo-Young et al, 1990). The process is based on the
filamentous fungus Neurospora sitophila which has a long history of use as food in
oriental preparations such as ontjom (Hesseltine and Wang, 1967; Steinkraus, 1986;
Wood and Yong, 1975). Additionally, N. sitophila has a processing advantage as
being one of the faster growing microfungi.

Development of the fermentation process through shake flask and pilot scale
fermentations was done to answer questions regarding the optimum pH and
temperature for protein production and cellulose utilization. The rates and the
maximal levels of protein formation and cellulose consumption were determined,
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and utilization of cellulose way compared with bigmass production on the more
readily utilized molasses. The susceptibility of the fungus 10 mechunical and other
damage in fermenteTs wus investigated. Finally, the cell)olytic performance of M.
situphila was comparcd with that of Chaetomium celldolyficum, another cellulose-
geprading organism previously studicd by us {Chisti and Moo-Young, 1988; Mao-
Young, 1977).

MATERIALS AND METTIODS

Cubures and imacela, The fllameninns fungl Newrespora sitophila (ATCC 36935) and Chagromiin
celfulolifcum [ATCC 32319) wore maintained separately at 4 7€ in submerged coliores on glocose
(10 kg™ supplemented with yeasl cxtract {[riffoa) (2 kgra™) and (he follawing nutricni sulls (per
litre: (NH, )50, 0.47 & urea, OFf gy KHAPO, 0074 g1 M5S0 7Ho0, 02 g Cachs, 0.2 g Felly,
3.2 mg ZnSyTHO, 4.4 me HaBOs 0.114 mg; (NHa)MO702,44H0, D48 my; CuiO=5HO,
074 mg, MaCl@dHo0, G144 mp Tnucula wene growm at 26 *C un the specified carbon source (3
kpm'Y) supplemgnicd with U5 kgm A mylasses (Hulfman Peeds Lig, Heidelberg, Ontariu) and the
eatlier specitied salts.

The fermentation nmedia containud a carbon source {"Solka Flae wood cellulose, supartand
bagusse, COrn S1over, or molasses), The Solka Floc cellulose (a-cotuloss) was made from wood pulp
{James River Corperation, Berlin, New Hampshire ). The K§1016 and the BW300 prades uscil in s
work had avéraps particle (Gbre) tength of 230 pm and 22 wm, respectively. The BW3M grade had
a degree of crystailinity of 62-63 % crvolafling, whercas the KS1016 had 2 prester proportion of
crpstalline cellulose s 75-77 %%, Aparl from the Solka Fioc cellulose, all oilier residues woie
prodeaced whh sodiem hydroxide (015 kg'kp residue) at 121 " C for 30 minuics, Although the media
were supplemented with Lhe earlier specificd nutricnt salts, the entire complement of salis wax nil
necessary for the naturally oocurcing subsirates {¢.2., comn stover; Sifaw}, anly armmoniom sulfxte dnd
phosphales were essemtiak.

Fermentation conditions. Fermentations were conducied either in shake flasks ar ima 15 L (nominal)
stirred 1ank fermenter (MPR Sulzer, Switzerkand). The shake Nask runs were perfurmed in 250 mL
flasks containing 100 mL medium including an specified carhon source and 1hc nulrignt salts. The
Oasks were sicrilized at 121 °C for 30 mimetes, coaled @1 ambient, nocnkated and held at 1ke
specified \emperature on % gyratory shaker ut 250 rpro. Unless otherwise indicated, the pli L
inoculation was 0. At desited times, the UAsks were rapidly vooled and siored 21 4 °C if negessary.
The fasks were analyzed for tolal dry salids, crudic protein snd welluiose.

Orude proiein end allilose. Fer crade protein and vellulose dererminations, the fermentation broth
was filiered under suction through a 25 pm "Miex” nylon coth {Thomson Ce., Sarbrough, Ontarioy,
(he Tilter cake was washed with several brovh voiumes of delonized water and dried overmight at 90
=, The dry biomass was ground th 1 mm paricle sizw and a portion wes analyzed for total nilrogen
using u microKjeldahl wehaique {Lanp, 1958). The crude proiein conleal of 1he biomass wore
calculated a8 6.25 & oLl RilTOgen, ant porcent (w/w) Protcin a3 gram protein per 100 g woral dry
solids. The cellulose content wers delermined by the specirophowmetric #ndhrone-suliure aeil
method {Updegeaff, 1905} percent colltlose was calculated oo the same basis as crude protein.

Shear effeces, The influence of shear on protein production was investigated in fhe 35 L fermemer
(vessel dinmetef = 0318 m) with a fina] working volume {after inoculation) of 50 1. [Crinenlation
hroth. The tempurature and pH were controlled au 26 °C and pH 610, respectively. The disselved
uxypen level was not aflowed 0 drop below 20 4% of air safUfFaton. Aveation rate varied (014 - 0.8
wm) in response wr Lhe dissolved oxvgen level. A &-blade disc turbine was used for agialion
(dtameter of impelier/tank diameter = U.57; lacation above brtom of tank = {16 unpelier diameatcr,
wOrking aspect ratio of tank = 1.9) a1 250, 300 or 350 rpm cotrespoading respecively lip specds
of 2.35, 2.82 and 3.29 sl N sifophila was prown on KS10i6 grade Scika Fln: {5 kam
supplemented with meulasses (0.5 kgm ¥), (NH, 150 (0,25 yL1y: urea (052 g, KH, PO, (10 L1
apd other, previously listed, aolrisnt salts at habf ihe cunienirations sperificd earlier.
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RESULTS AND DISCUSSION

Temperature effects. The effect of fermentation temperature on cellulose utilization
and crude protein production is shown in Figure 1. Each data point in the figure
(Figure 1) corresponded to the maximum cellulose utilization and protein
production at the given temperature at 38 hours since inoculation of the flasks. The
fermentations peaked around 38 hours after initiation. A maximum cellulose
utilization of ~ 86 % of original cellulose and protein production of ~ 35 % of the
total dry weight was observed at 37 °C. The optimal fermentation temperature
range was found to be 35-37 °C; temperatures higher than ~ 38 °C caused sharp
decline in fungal biomass production.

Effect of pH. The influence of pH on N. sitophila fermentations of cellulose (Solka
Floc BW300) is shown in Figure 2. These fermentations were conducted in the 75
L‘fermenter at 37 °C . The concentration of cellulose and the supplements were
the same as used in the pervious set of experiments on temperature effects. The
ifoculum for these runs was grown on KS1016 grade of Solka Floc cellulose (10
kgm3) supplemented in the same way as the fermentation medium. All
fermentations were inoculated at pH 6.0, the pH was allowed to fall to one of the
set points shown in Figure 2, and was controlled at the set point. The protein
tproduction and cellulose utilization reported in Figure 2 were the maximum values
‘which occurred ~ 38 hours into the fermentation. A pH optimum of pH ~ 5.5 was
identified. At this pH ~ 80 % of the cellulose which was originally present had been
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used up by 38 hours, and ~ 2 kgm™ protein had been produced which represented
~ 33 % of dry weight of the product.

Apgitation conditions. Mechanical -agitation in stirred-fermenters-is known to.damage
mycelial biomass and atfect the yield of the product (Chisti and Moo-Young, 1989;
Moo-Young and Chisti, 1988; Ujcova et al., 1980). Characterization of the influence
of the impeller speed on N. sitophila protein production was required to identify the
suitable operational conditions, any scale-up limitations and the sensitivity of this
particular fermentation to impeller induced shear.

The protein production profiles at various agitation rates (tip speeds) are shown
in Figure 3. For otherwise identical conditions, increasing tip speed of the Rushton
disc turbine impeller lowered the rate of protein production (Figure 3), and the
maximum protein yield. Thus, as shown in Table 1, the maximum specific protein
production rate (p) decreased from a high of 0.09 h'l at 250 rpm to a low of 0.05
h'! at 350 rpm. In relative terms, the protein production rate (pg) at the highest
rpm was only’S5 % of that at the lowest agitation. Data on peak protein production
and cellulose utilization (at 38 hours into the fermentation) are shown in Table 1
in absolute and relative terms. At the highest tip speed used (3.29 ms1) a distinct
lag phase was noticed (Figure 3) in protein production compared to the results at
lower agitation intensities.

Table 1. Effcct of Agitation on Protein Production and Cellulose Utilization

Impeller Speed u (hh #r (9 Crude Protein Cellulose Uu’lizatién
(rpm) (%) (%)
250 0.09 1.0 311 Q1) 79.3 (1)"
300 0.07 0.78 27.7 (0.88) 69.0 (0.86)
350 0.05 0.55 212 (0.67) 55.6 (0.70)

* Values in parentheses are relative to the value at 250 rpm.

Clearly, the N. sitophila fermentations were quite sensitive to excessive agitation,
and low agitation rates, consistent with adequate mixing and oxygen supply were
indicated for the successful production process.
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O Figure 5. Protein production: N. sitophila vs. C.
cellulolyticum. The fungi were grown in shake flasks on
alkali pretreated corn stover (10 kgm-3) supplemented
with nutrient salts.

Substrate characteristics. The protein production performance of M. sitophila on
sugarcane bagasse and molasses was compared as shown in Figure 4. A specific
growth rate of 0.26 h"1 was obtained on bagasse, a less accessible solid substrate. On
the more readily accessible molasses, the specific growth rate (= 0.41.h'1) was ~ 1.6-
fold greater. The growth rate on molasses was comparable to the maximum value
of 0.40 h'! reported for N. sitophila growing on glucose at 30 °C (Anderson et al,
1975). These observations confirmed that the protein production process could
potentially be improved significantly by improving the accessibility of the substrate
to the fungus.

Substrate availability was limited either by restricted physical access of the
fungal cellulases to the solid particle and/or by inherent limitations in the rate of
hydrolysis of cellulose. The later could be due to either a limited rate of production
of cellulases or due to limitations in the kinetics of the hydrolytic reaction itself. The
possibility that secretion of N. sitophila cellulases and their inherent hydrolytic
capability combined, were less than those of other cellulolytic microfungi was
discounted in view of the results shown in Figure 5, where protein production by N.
sitophila was compared with that by C. cellulolyticum. The fungi were grown in
shake flasks on alkali pretreated corn stover (10 kgm) supplemented with the
nutrient salts. As shown in the figure, N. sitophila protein production was
comparable to that obtained with C. cellulolyticum, even though at 26 °C the
cultivation temperature for Neurospora was less than optimum. The maximum
specific growth rate of C. cellulolyticum was about 12 % greater than that of N.
sitophila. Both fungi had utilized ~ 93 % of the cellulose by 24 hours into
fermentation. Despite these tesults, we believe that cellulase secretion by N.
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sitophila can be enhanced to further improve its cellulolytic potential. This view is
supported by the observed two-fold increase in celiulase activity per unit biomass
upon disruption of N. sitophila (Baldwin and Moo-Young, 1991) which implies that
only about 50 % of the available cellulolytic activity is normally secreted. More
detailed work on the production of cellulases by N. sitophila, and on the
characteristics of those cellulases was reported by Oguntimein et al. (1992).

The product. The N. sitophila raw protein product had a pleasant almond smell.
Almond or minced-meat flavour occurs also in ontjom produced by fermentation of
peanut press cake by N. sitophila (Hesseltine and Wang, 1967). The mycoprotein
product has potential economical applications in feed and food preparations (Moo-
Young et al,, 1990).

) REFERENCES

¥
Anderson, C., Longton, J., Maddix, C., Scammell, G. W. and Solomons, G. L. (1975), The growth
of microfungi on carbohydrates. In Single-Cell Protein II, (Tannenbaum, S. R. and Wang, D. 1. Cis
editors), The MIT Press, Cambridge, MA, pp. 314-329.
Baldwin, C. V. and Moo-Young, M. (1991), Disruption of a filamentous fungal organism (N. sitophila)
using a bead‘:mill of novel design II. Increased recovery of cellulases. Biotechnol. Techniques, 5, 337-
342.
Chisti, Y. and Moo-Young, M. (1988), Gas holdup behaviour in fermentation broths and other non-
newtonian fluids in pneumatically agitated reactors. Chem. Eng. J., 39, B31-B36. ;
Chisti, Y. and Moo-Young, M. (1989), On the calculation of shear rate and apparent viscosity in
airlift and bubble column bioreactors. Biotechnol. Bioeng., 34, 1391-1392.
Hesseltine, C. W. and Wang, H. L. (1967), Traditional fermented foods. Biorechnol. Bioeng., 9, 275-
288.
Lang, C. A. (1958), Simple microdetermination of Kjeldahi nitrogen in biological materials. Anal.
Chem., 30, 16924.
Moo-Young, M. (1977), Economics of SCP production. Process Biochemistry, 12(4), 6-10.
Moo-Young, M., Burrell, R. E. and Michaelides, J. (1990), Process for upgrading cereal milling by-
products into protein-rich food products. US Patent 4,938,972.
Moo-Young, M. and Chisti, Y. (1988), Considerations for designing bioreactors for shear-sensitive
culture. Biotechnology, 6(11), 1291-1296.
Oguntimein, G., Vlach, D, and Moo-Young, M. (1992), Production of cellulolytic enzymes by
Neurospora sitophila grown on cellulosic materials. Bioresource Technology, 39, 277-283.
Steinkraus, K. H. (1986), Microbial biomass protein grown on edible substrates: The indigenous
fermented foods. In Microbial Biomass Proteins, (Moo-Young, M. and Gregory, K. F., editors),
Elsevier, London, pp. 33-45.
Ujcova, E., Fencl, Z., Musilkova, M. and Seichert, L. (1980), Dependence of release of nucleotides
from fungi on fermentor turbine speed. Biotechnol. Bioeng., 22, 237-241.
UpdegrafT, D. M. (1969), Semimicro determination of cellulose in biological materials. Anal. Chem.,
32, 4204.
Wood, J. B. and Yong, F. M. (1975), Oricntal food fermentations. In The Filamentous Fungi, vol. 1,
(Smith, J. E. and Berry, D. R,, editors), Edward Arnold, London, pp. 265-280.

868



