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Cellulases production and applications

Cellulases, the enzymes capable of hydrolyzing cellulosic compounds, find extensive use in
extraction of green-tea components, modification of food tissues, removaJ of soybean seed
coat, improving canle feed quality, recovering juice as weil as other products from plant
tissues and as component of digestive aid (Toyama, 1969; Lonsane and GhildyaJ.l 991).
Cellulases can be produced by submerged or solid state fermentations.

The laner technique is generaJly preferred as it offers many advantages such as two-three
times higher enzyme production as weIl as protein rate, higher concentration of the product
in the medium, direct use of air-dried fermented solids as source of enzyme which lead to
eJimination of expenses on downstream processing, employment of natural celJuJosic wastes
as substrate in contrast to the necessity of using pure cellulose in submerged fermentation
(SmF) and the posibility of carrying out fermentation in nonaseptic conditions (Chahal 1983:
Toyama and Ogawa, 1978; Pamment el al., 1978; Deschamps el al., 1985; Allen, 1983:
Sternberg, 1976). The biosynthesis of cellulases in SmF process is strongly affected by
catabolic and end product repressions (Gallo el al., 1978; Ryu and Mandels, 1980) and the
recent reports on the overcoming of these repressions to significant extent in solid state
fermentation (SSF) system (Ramesh and Lonsane, 1991 a, b), therefore, are of economic
importance.

The amenability of SSF technique to use upto 20-30% substrate, in contrast to the maximum

of 5% in SmF process, has been documented (Pamment el a/~ 1978). Il is. therefore, not

surprising that cellulases to the extent of 45 IOnnes/annum and worth about 170 xl 06 yen
were produced by SSF in Japan as early as in 1975-76 (Yamada,1977). About 7.2 tonnes of
cellulases were exported to West Germany and Australia from Japan in 1967-68
(Toyama,1969), thereby indicating its leading status in cellulase production by SSF system.

An important potential application of cellulases is in the production of glucose. ethanol. high
fructose syrup and other feedstocks From agro-industrial cellulosic residues and wastes
(Emerts and Katzen, 1980; Lonsane and Ramakrishna, 1989). Extensive R&D efforts have
been put up in last 20 years to produce the enzymes by microbial fermentations and
thousands of publications as weil as patents are avaiJable on the production and application
of the cellulases (Ryu and Mandels, 1980; Mandels, 1982; Frost and Moss, 1987). However.

no commercial exploitation has emanated from these efforts because of high cost of cellulases
even when these are produced by SSF system. For example, the cost of the enzyme was
shown to comprise nearly 50% of the outlay required to produce sugar from corn SlOver
(Perez el al. 1980).
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Lignocellulosic residues/wastes solid substrat

The agro-industriallignocellulosic residues/wastes form a most important renewable reservoir
of carbon for a variety of vitally important chemica1 feedstocks and fuel in the O\'erall
economy of any country. Their unlimited availability and environmental pollution potential. if

not disposed-off properly, dictate renewed efforts for their efficient and economic uti lization.
It is well known that the selection of appropria te and highly potent microorganism. use of
cheaper and efficient substrate, selection of bioreactor, employment of standardized process
parameters, characteristics of the enzyme produced, extent of downstream processing as weil
as waste treatment, inocuJum development technique, degree of colonization of the substrate.
and efficiency of each unit operations of the process are of vital importance in determining the
economics of the process (Kumar and Lonsane, 1989; Ramesh and Lonsane. 1990; Mitchell
and Lonsane, 1991; Roussos el_al. 1991 a,b,c; Lonsane and Krishnaiah, 1991).

Criteria for celluJolytic microorganisms selection

Efforts were, therefore, initiated for screening of potent and most appropriate microorganisms
for cellulase production in SSF system. A large number of cultures from various fungal genera
and species were screened and Trichoderma harzianum CCM F-470 was selected based on
four different criteria, i.e., rapid apical growth which leads to higher degree of colonization of
the substrate, good sporulation capability which is vital for uniform distribution of the culture
in the moist solid medium during inoculation, rapid groWlh of the culture which facilitates

fermentation in non-aseptic conditions and higher enzyme production ability (Roussos and
Raimbault, 1982). The kinetics and the ratios of two different cellulosic enzyme activities on
various solid substrates in colurnn fermenter were investigated in the continuation of these
renewed efforts. These results are reported in the present communication due to their
importance in effecting economy in the enzyme production cost. The data also allow the
production of tailor-made activities of different celluJosic enzymes which may prove useful
in efficient hydrolysis of different lignocellulosic materials.

Natural MicroOora of sugarcane bagasse

The microbial loads on fresh bagasse and after storage for 15 days in the normal conditions of
storage in the sugar mill yard are presented in table 1. The data indicate tremendous increase in

the microbial population in the bagasse stored for 15 days. For example, the total bacterial,
total fungal and cellulolytic fungal counts were about 715, 917 and 2218 times over those of
the fresh bagasse. Such high microbial counts will be disastrous in the fermentation process
without sterilization. lt is, therefore, essential to sterilize the substrate before use in the
fermentation process.

The pretreatment of the substrate also leads to many advantages. For example, it is found to
be efficient in killing a Jarger microflora present naturally on the substrate. No contamination
of the medium by bacteria, yeasts and other fungi was observed during the entire course of
fermentation in the cases when the medium is based on pretreated substrate. in spite of the
use of non-aseptic conditions beyond the moist medium autoclaving stage. The contamination

control was probably aided by the use of large inoculum (3 x 107 spores / g SOM) which
probably allowed preferrential groWlh of T. harzianum and imparted it the status of
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dominance. Other beneficiaJ changes due to pretreatment of the substrate are: 1) reduction in

crvstallinitv of the cellulose due to formation of amorphous celluloses. 2) gelatinization of

s~ch pres~nt in the substrate, 3) swelling of the substrate, 4) hydration of the substrate. 5)

homogeneous distribution of mineral-salt media and a horde of other benefits (Tanaka and

Matsuno, 1985).

Table 1. Natural microflora of sugarcane bagasse.

Sarnple Moisture Microbial load 1 g material

% Total Total Cellulolytic

bacteria fungi fungi

Immêdlately as It eXit
44.4 2.63 X 106 \.08 X Hf 2.66 X 10>l'rom sugar uùll

After 15 days storage
59.6 1.88 x 109 9.90 x 1<J6 5.90 x 106

in sugar uùll yard

Untreated and pretreated substrates

The necessity for pretreating the lignocellulosic residues and wastes to improve the

accessibility of ceIJulose ta microbial attack has been weil established (Tanaka and Matsuno,
1985). A number of different physical and cheuùcal pretreatments. either individually or in

combination, have been developed and include bail uùlling, compression uùlling, grinding,

cryomiling, gamma ray dosage, microwave irradiation, steam explosion. rapid depressurization

and autahydrolysis by vanous chemicals such as acids, alkalies. solvents, gaseous ozone etc ..

(Tanaka and Matsuno, 1985). Most of these pretreatment methods are impractical at larger

scaJe and highJy cost-intensive due to various reasons such as longer pretreatment lime. high
energy requirement. need for using specific equipments or machinery and occurance of

undesirable side reactions.
The possibility of combining sterilization of the substrate and its pretreatment was, therefore,

conceived in the present studies. The moiSI solids with 50% moisture were transferred in 100

g moist weight quantity in beaker for autoclaving at J21°C for 20 min.

The results of the comparative enzyme production on untreated and pretreated substrates in

column fermenters are depicted in table 2. The CMCase and FPA fractions were present right

From 0-21 h in the medium without any pretreatment probably due to their presence in the

substrate used for fermentation. These might have been formed during the storage of sugarcane

bagasse in the sugar mill and institute premises before employing it for fermentation it the
present studies. These enzymes. in contrast, were totally absent upto 21 h in the medium

based on pretreated substrate. Obviously. the enzymes initially present on the substrate were
destroyed during autaclaving of the moist medium. The enzyme production beyond 21 h was,

however, at l'aster rate in both the media. The peaks in enzyme production were achieved at

30 h in untreated medium as compared to lhose al 48 h in the pretreated medium. However,
the peak values of the enzymes in case of pretreated substrate were higher by about 2.7 and
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Table 2. Comparative production of ceDulases in column fermenter
by T. hanianum on treated and untreated substrates

Fermentation Medium pH CMCase production FPA production

time,h A B A B A B

0 6.2 5.4 1.1 0 1.1 0

6 6.2 5.4 0.7 0 1.1 0

21 4.8 53 0.1 0 2.8 0

30 5.9 4.2 45.9 31.6 7.1 3.4

44 7.4 5.1 35.4 124.6 5.4 10.9

48 7.7 5.1 14.1 125.8 3.5 12.8

67 83 5.5 7.6 12.4 2.8 11.2

A: Untreated substrate, B : treated substrate.
The enzyme titres are expressed as IU 1 g SDM.

Table 3. A typical fermentation data on the production of ceUnJases by T. harzianum
at laboratory scale in colnmn fermenter under standardized parameters

Attribute Unit Value

Peak: value in CMCase IU/gSDM 204.4

Peak: value in FPA IU/gSDM 16.1

CMCase : FPA at peak: level Ratio 1: 0.08

Peak: enzyme production time h 48

Range of moisture content of the
% 68.3-73.9medium during fermentation

Lowest pH in growth phase (at 28 h) 4.5

Highest pH during enzyme synthe-
6.3sis and Iiberation (at 48 h)

Contamination during fermentation Absent
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\.8 times as compared to those on the untreated substrate. These values at 48 h fermentation

were higher by about 8.9 and 3.7 times in case of the pretreated substrate.
The microscopic examination of the sampies From both the fermentations. involving untreated
and pretreated substrates, revealed extensive contamination by bacteria and yeast in the
former case right From the begining of the fermentation. The groWlh rate of sorne of these
contaminants, especiaJly the bacterial cultures, was much faster than that of T harzianum as
the sampIes from laner phases of fermentation showed many bacterial cells and very few
fungal mycelia or spores. Moreover, the mycelial cells of Tharzianum were noticed to be
lysed probably by the contamÎnants or their products. The contamination of the order of

10 \\ cells of bacteria and yeast was a1so recorded by Pepe (1984) when sugar beet cosset
was used without any autoclaving in large fermenter for prote in upgradation.
The changes in the pH of the media, based on the use of untreated and pretreated substrates,
showed interesting panem (Table 2). The pH dropped to 5.9 by 30 h and then increased to
8.3 by 67 h fermentation in case of untreated substrate. The general trend in pH drop and rise
was similar in the medium based on pretreated substrate but the values were 4.2 and 5.5 at 30
and 67 h, respectively. It is interesting to note that the initial pH was much higher in case of
the medium involving untreated substrate as compared to that of the medium based on

pretreated substrate.
Many times higher production of the enzymes by the culture in the medium based on
pretreated substrate indicates that the heat treatment of the substrate in moist condition
modifies it physically for imparting bener accessibility of the cellulose to microbial allack.
Consequently, the substrate becomes more amenable to microbial growth and leads to
improved production of the enzymes. The particle size reduction due to chopping of the
bagasse might also have resulted in exposing larger surface area of the substrate to heat action
and thus is partially responsible in making the substrate more accessible to the microorganism.

Sugarcane bagasse alone as subslrale for T.harZ;anum growlh

The manufacture of sucrose From cane sugar in the tropical countries results in the generation
of large quantity of bagasse which are generally used as fuel in the sugar mil!. In another usage.
the bagasses are depithed are the fibres thus obtained are used in the manufacture of paper.
The sugarcane bagasse forms an excellent substrate in SSf processes.
The results of the groWlh and metabolism of Tharzianum on bagasse in colmnn fermenter for
64 h under SSf system revealed that the conidiospores started germinating at about 10 h and
the spore germination was \00 % by 20 h. The mycelial cells enveloped the substrate
particles more or less fully by about 30 h. The moisture content of the medium during the
course of fermentation was quite stable and ranged between 70.5 - 72.9 % (Fig. 3). Similar was
the case for the kinetics of pH changes which were in the range of 5.9 - 6.3 during [mt 52 h
fermentation. This is the fermentation period which led to maximum enzyme titres. Further
continuation of fermentation beyond 52 h resulted in increasing the pH of the medium to 6.9
at 58 and 64 h fermentation.
The data on the production of CMCase and FPA fractions indicated that no CMCase was
produced upto 24 h, in contrast to the production of FPA at slower rate right from the start
of fermentation (fig. 4). The rates of production of these enzymes were, however, faster
between 24 to 44 h and about 80 % of the total enzyme was formed during this period. The
peaks in enzyme titres were achieved ar 52 h for both the enzyme and their levels decreased if
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Table 4. Large scale production of ceUuJases by T.harzUmum in Zymotis
and laboratory scale colnmn fermenter run in paraDel

Fermentation Moisture content of pH of the medium CMCase production FPA productim

time, h the medium, %

A B A B A B A B

0 71.0 713 5.5 5.6 0 0 0 0

10 72.6 70.5 5.6 5.5 0 0 0 0

22 71.5 70.4 4.8 53 0 0 0 0

26 71.4 71.5 4.2 4.7 0 0 0 0

30 72.4 71.6 4.5 4.4 93 3.1 1.2 0.8

34 72.6 72.1 5.0 4.7 29.9 15.1 3.4 3.2

46 733 73.1 5.7 5.6 74.1 62.2 5.6 4.4

48 72.7 76.6 5.8 5.8 74.2 71.8 8.1 5.5

A : Zymotis, B : laboratory scale column fermenter. The enzyme titres are expressed as IU/g SDM

100

Time d~~urs)GO4020
O~~:::::::~:=:::::::==~==:=;::===::;:::==:::::==~O

o

Figure 4. CMCase and FPA cellulase production by T. harzianum
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the fennentation was continued further (Fig. 4). The ratios of CMCase and FPA ranged
between 8.3-10.0 during 44-52 h fennentation.

Combination of bagasse and wbeat bran as substrate

The use of sugarcane bagasse and wheat bran at the ratio of 80 : 20 in the column fennenter
and under the fennentation parameters such as 20 g mediwn in the column, 72 % initial
moisture content, 28 ± 1°C incubation temperature and aeration at 5 1air 1 h 1column in the
production of cellulolytic enzymes by T harzianum showed entirely different pal1erns in the
enzyme synthesis during initial period of fennentation. The CMCase and FPA fractions were
not fonned upto 20 h fennentation. Subsequently, the rate of production of these enzyme
activities was at faster rate between 28-48 h (Fig. 6). The peak in enzyme titres was allained
at 48 h in both the cases. The ratios of the se activities were about 6 upto 28 h but these
changed to 11.0-12.3 in the subsequent period.
The kinetics of moisture content of the medium showed that it increased graduaJly during the
entire course of fennentation and was 4-5 % higher at the end of fennentation as compared to
the initia! value at 0 h (Fig. 7 ). The kinetics of the pH changes are interesting. The pH
decreased sharply from 5.8 to 4.8 between 12-28 h, the period which involves active groW'lh
of the culture. The bagasse appears to have strong buffering action as the pH was not reduced
to a value less than 4.8. Subsequently, the pH increased to 6.3 between 28-65 h fennentation,
the period which corresponds to enzyme biosynthesis and its release in the medium. In
contrast, the pH was nearly stable at the initial value of 5.8 during 0-12 h, the period which
involves the gennination of the conidiospores. The data indicate that there is no need for pH
control during the fermentation as the above kinetic changes in the pH seems to be helpful.

Typical fermentation data at laboratory scale

The production of cellulases by T harzianum in pretreated moist medium in laboratory scale
column fennenter of 18 g working capacity under standardized parameters indicated that the
maximum enzyme production was achieved at 48 h (Table 3). The peak values of enzymes
were 204.4 and 16.1 lUI g SOM of CMCase and FPA fractions, respectively, thereby leading
to the ratio of 1 : 0.08 at 48 h. These values are much higher than those in the pretreated moist
medium under non-standardized parameters (Table 2), thereby indicating the efficacy of
parameter standardization performed in this process (Roussos, 1987). The continuation of the
fennentation under standardized parameters beyond 48 h. however, resulted in reduction in
the titres of the enzymes, which was more drastic in case of FPA fraction. The moisture
content of the mediwn during the course of fennentation ranged between 68.3 - 73.9% (Table
3). The pH of the medium decreased gradually in the initial 28 h fennentation from the initial
value of 5.8 to 4.5. In the subsequent tennentation period, it started increasing and reached the
value of 6.3 at 48 h. This confinns the trend of pH changes during groWlh and enzyme
production phases and its utility in monitoring the fennentation as stressed earJier (Roussos el

al., 1991 a). The microscopic examination of the fennenting solids at different intervals during
the entire fermentation period has not revealed any contamination by bacteria, yeast and
fungi other than T harzianum. The groWlh of the culture was found to be uniform
throughout the solid mass in the fennenter.
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The higher production of the enzymes at 48 h without the need for mainlaining aseptic

conditions during fermentation, the ratio ofCMCase : FPA fractions ar 1 : 0.08, an absence of
any contamination during the fermentation due to combinalion of substrate pretreatment \Vith
autoclaving of the medium, the cheapness of the substrate and the homogeneous growth of the
culture in the medium probably due to uniform distribution of the spore inoculum during
inoculation collectively indicate the high potenliaJ of the system for economic exploitation at

industrial scale. Hence, the scale-up trials were undertaken.

Scale-up in Zymotis

The data on the production of cellulases in Zymotis charged with 41.4 kg moist medium and
in laboratory scale column fermenter run in parai leI, aJong with the changes in pH as weil as %
moisture of the media are presented in Table 4. The titres ofCMCase and FPA fractions were
at peak values at 48 h in both the fermenters except for that of CMCase in Zymotis at 46 h.
The production of both these components of the cellulolytic enzyme were initiated ar 30 h
and their accumulation increased steadily till the peak values were attained. The ratios of
CMCase and FPA fractions at peak levels were 1 : 0.075 and 1 : 0.077 in Zymotis and
parallel column fermenter, respectively. The ratio increased to 1 : 0.11 at48 h in Zymotis due
to increase in FPA production between 46-48 h but no change in CMCase titre. The
production of both of these enzymic fractions was higher and also at a faster rate in Zymotis
as compared to those in the parallel column fermenter (Table 4), thereby indicating that the
conditions were more favorable at the large scaJe than those at smaller scaJe fermentation.
Sirnilar results were also reported earlier for other products in SSF system (Lonsane el al.,

1991 ; Saucedo-Castaneda el al., 1991).
The moisture content of the medium during entire period of fermentation was similar in both
the fermenters and ranged between 71.0 - 73.3 and 70.4 - 73.] % in Zymotis and parallel
column fermenter, respectively (Table 4). The pH of the medium at the start and also at the
end of fermentation was same in both these fermenters. However, the drop in pH during the
initial growth phase and the increase in pH during the subsequent enzyme production phase
were faster in Zymotis (Table 4). This probably explains the faster rate of enzyme
production as weil as its accumulation in Zymotis as compared to those in parallel column
fermenter.

Comparison of enzyme production at laboratory and large scares

The production of CMCase and FPA fractions atlarger scale in Zymotis was 36.28 and 50.03
% of those produced by the culture in column fermenter at laboratory scale under
standardized parameters (Tables 3 and 4). The production of such low enzyme at larger seale
in Zymotis indicates sorne lacunae or deficiency at larger scale fermemation.

The close similarity in the profiles of fermentation parameters, such as moisture content and
pH of the medium, in the laboratory scale column fermentation under standardized parameter
and Zymotis rules out the possibility of any role played by fermentation paramelers in
giving lower yields atlarger scale. The temperature, medium compositions, inoculum quality,
inoculum ratio are also similar in both the cases. The deficiency in the performance of
Zymotis or its design features in obtaining lower enzymes at Jarger scale is also ruled out as
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the production of the enzyme in Zymotis and column fennenter, which was run in parallel to
Zymotis, were also 35.15 and 34.27 % as compared to those in the laboratory scale column
fennentation under standardized parameters (Table 3 and 4). In addition, the enzyme titres in
Zymotis and the parallel column fennenter were also simiJar (Table 4).
The analysis of the whole process and process methodology indicate that the only difference
between laboratory scale column fennentation in Zymotis and the parallel fennentation in
coJumn is the change in the substrate pretreatment method. The substrate pretreatment was
carried out by charging the moist medium in 100 g quantity in a beaker for autoclaving at
121°C for 20 min in case of laboratory scale column fennentation under standardized
parameters, in contrast to the use of 6 kg moist solid medium in cylindricaJ alum.i.n.ium vessel
at 121°C for 60 min. The depth of the medium in the aluminium vessel during autoclaving was
much higher (60 cm) as compared to that in the beaker (10 cm) with the use of 100 g moist
medium in the laboratory scale process. In fact, it is for this reason that the autoc1aving time
was extended from 20 to 60 min in the larger scale process for giving more time for heat
transfer.
The results, however, indicate that the heat transfer during autoclaving al larger scale is less
than that achived at 1aboratory scale. Probably the temperature achieved al the centre of the
moist medium held in the cloth sac during autoclaving at large scaJe was Jess than 121°C or the
heating of each particle of the medium was not for 20 min at 121°C. The autoclaving of the
medium has also been specified as problematic unit operation during scale-up of submerged
fennentation processes (Bank., 1984).
It is feh that the same productivity would be possible to achieve at larger scale either by
increasing the autoclaving temperature or time. Both ofthese approaches are, however. energy
and cost intensive. Use of perforated aluminium trays for substrate pretreatment-cum­
autoc1aving and the bed depth of about 10 cm, as generally employed in tray fennentation
processes (Lonsane el al., 1985; Ghildyal el al., 1981), may provide a simple and economic
approach 10 overcome the problem.

Bibliography

ACEBAL, c., M.P. CASTILLON, P. ESTRADA. 1. MATA, E. COSTA. J. AGUAOO, O.
RaMERa and F. JIMENEZ, 1986. Enhanced cellulase production from Trichodermo reesei QM
9414 on physically treated wheat slraw. Appl. Microbiol. Biotechnol. 24 : 218-223.
ACEBAL, c., M.P. CASTILLON, P. ESTRADA, 1. MATA, J. AGUAOO and O. RaMERa,
1988. Production of cellulases by Trichodermo reesei QM 9414 in batch and fed-batch cultures on
wheat straw. Acta Biotechnol. 6: 48i-494.
ALLEN, AL. 1983. Enzymic hydrolysis of cellulose to fermentable sugars. In: Wise. O.L. (Ed).
Liquid fuel developments. pp. 49-64. CRC Press, Boca Raton, Florida.
BANK, G.T., 1984. Scale-up of fermentation processes. In A. Wiseman (Ed.). Topics in
Enzyme and Fermentation Biolechnology. Vol. 3, pp. 1iO-266, Ellis HOI'wood Ltd. Chichester.
CASTANaN, M. and C.R. WILKE. 1980. Adsorption and recovery of cellulases during
hydrolysis of newspaper. Biotechnol. Bioeng. 22 : I03i-I053.
CHAHAL, O.S., 1983. Growlh characteristics of microorganisms in solid state fermentation for
upgrading of protein value of lignocelluloses and cellulase production. In Blanch. H.W .. E.T.
Poputsakis and G. Stephanopoulos (Eds.). Foundation of biochemical engineering kinetics and
thermodynamics in biological systems, ACS Symp. Series No. 20i. pp. pp. 421-442. American
Chemical Sociery, Washigton, O.c.

147



DESCHAMPS, F., C. GIULlANO, M. ASTIŒR, M.C. HUET, and S. ROUSSOS. 1985. Cellulase
production by Trichoderma harzianum in static and mixed solid state fermentation reactors under
non-aseptic conditions. Biotechnol. Bioeng. 27 : 1385-1388.
EMERT, G.H. and R. KATZEN, 1980. Gulfs cellulose-to-ethanol process. Chemtech 10 (Octo) :
610-615.
ENARl, T.M. and P. MARK.KANEN, 1977. Production of cellulolytic enzymes by fungi. Adv.
Biochem. Eng. 5 : 1-24.
ESTRADA, P., C. ACEBAL, M.P. CASTILLON, l. MATA and D. ROMERO, 1988. Adsorption
of cellulase from Trichoderma reesei on wheat straw. Biotechnol. Appl. Biochem. 10: 49-58.
FAN, L.T., Y.H. LEE and D.H. BEARDMORE, 1981. The influence of major structural features
of cellulose on rate of enzymatic hydrolysis. Biotechnol. Bioeng. 23 : 419-442.
FROST. G.M. and D.A. MOSS, 1987. Production of enzymes by fermentation. In : Kennedy. J.F.
(Ed.), Biotechnology, Vol. 7a, Enzyme technology, pp. 65-211. VCH. Weinheim.
GALLO, B.1., R. ANDREOTTI, C. ROCHE, D. RYU, and M. MANDELS, 1978. Cellulase
production by a new mutant strain of Trichoderma reesei MCG 77. Biolechnol. Bioeng. Symp. 8 :
89-101
GHILDY AL, N.P., S.V. RAMAK.RJSHNA, P.N. DEVI, B.K. LONSANE and H.N. ASTHANA,
1981. Large scale production of pectolytic enzyme by solid state fermentation. J. Food Sci.
Technol. 18 : 248-251.
GHOSE , T.K., 1977. Cellulase biosynthesis and hydrolysis of cellulosic substances. Adv.
Biochem. Eng. 6 : 39-76.
GONG, C.S. and G.T. TSAO, 1979. Cellulase and biosynthesis regulation. In : G.T. TSAO (Ed.),
Annual reports on fermentation processes. Vol. 3, pp. 111-140, Academic Press. New York.
GONZALEZ-BLANCO, P., G. SAUCEDO-CASTANEDA and G. VINJEGRA-GONZALEZ, 1990.
Protein enrichment of sugarcane by-products using solid-state cultures of Aspergillus lerreus. J.
Ferment. Bioeng. 70 : 351-354.
GRAJEK, W., 1987. Comparative studies on the production of cellulases by thermophilic fungi in
submerged and solid-state fermentation. Appl. Microbiol. Biotechnol. 26 : 126-129.
HOFFMAN, R.M. and T.M. WOOD, 1985. Isolation and partial characterization of a mutant of
Penicillium funiculosum for the saccharification of straw. Biotechnol. Bioeng. 27 : 81-85.
KUMAR, P.K.R. and B.K. LONSANE, 1989. Microbial production of gibberellins: state of the
art. In : Neidleman, S.A. (Ed.), Advances in applied microbiology, Vol. 34, pp. 29-139, Academic
Press, Inc. New York
LONSANE, B.K., N.P. GHILDYAL, S. BUDIATMAN and S.V. RAMAKRISHNA, 1985.
Engineering aspects of solid state fermentation. Enzyme Microb. Technol. 7 : 258-265.
LONSANE, B.K., A. DURAND, R. RENAUD, S. ALMANZA, J. MARATRAY, C.
DESGRANGES,P.S.CROOKE, K. HONG. C.W. MALONY and R.D. TANNER (1991). Reactor
design. ln : H.W. Doelle, D.A. Mitchell and C. Rolz (Eds), Solid substrate cultivation, Elsevier
Science Publishers, Essex, UK, pp;
LONSANE, B.K. and N.P. GHILDYAL, 1991. Exoenzymes. ln: Doelle, H.W., D.A. Mitchell and
C.E. Rolz (Eds.), Solid substrate cultivation, Elsevier Science Publishers, Essex, UK, ln : H. W.
Doelle, D.A. Mitchell and C. Rolz (Eds). Solid substrate cultivation, Elsevier Science Publishers,
Essex, UK, pp.
LONSANE, B.K. AND M.M. KRISHNAIAH, 1991. Leaching of the product and further
downstream processing. In Doelle, H.W., D.A. Mitchell and C.E. Rolz (Eds.). Solid substrate
cultivation, Elsevier Science Publishers. Essex, U.K., pp.
LONSANE, B.K. and M. RAMAKRISHNA, 1989. Microbial enzymes in food processing industr)'
: present status and future prospects in India. Indian Fd. Indus!ry 8: 15-31.
LONSANE. B.K. and M.V. RAMESH, 1990. Production of bacterial thermostable a-amylase by
solid state fermentation: A potential tool for achieving economy in enzyme production and
starch hydrolysis. In : Neidleman, S.A. (Ed.), Advances in Applied Microbiology, Vol. 35, pp. 1­
56, Academic Press, Inc. , New York.
MANDEL, M. 1982. Cellulases. In : G.T. Tsao (Ed.), Annual reports on fermentation processes.
Vol. 5, pp. 35-38, Academic Press, New York.
MANDEL, M. and J. WEBER, 1969. The production ofcellulases. Adv. Chem. Ser. 95 : 391-414.
MANDELS, M., R. ANDREOTTI and C. ROCHE, 1976. Measurement of saccharifying cellulase.
Biotechnol. Bioeng. Symp. 6 : 21-33.

148



MITCHELL, D.A. and B.K. LONSANE, 1991. Definition, characteristics and potential. ln :
Doelle, H.W., D.A. Mitchell and C.E. Rolz (Eds.), Solid substrate cultivation. Elsevier Science
Publishers, Essex., UK, pp.
MONTENECOURT, B.S. and D.E. EVELEIGH, 1977. Semiquantitative plate assay for
detennination of cellulase production by Trichoderma viride. Appl. Environ. Microbiol. 33 : 178­
183.
OOSHlMA, H., M. SAKATA and Y. HARANO, 1983. Adsorption of cellulase from Trichoderma
viride on cellulose. Biotechnol. Bioeng. 25 : 3103-3114.
PAMMENT, N., C. ROBINSON, J. HILTON and M. MOO-YOUNG. 1978. Solid state cultivation
of Chaetomium cel/ulolyticum on alkali pretreated sawdust. Biotechnol. Bioeng. 20 : 1735-1744.
PEPE, P.A., 1984. Enrichissement protéique de la pulpe de benerave par culture de Trichoderma
album en milieu solid. Evolution des populations microbiennes au cours du procédé. Mémoire
ingénieur ENSBANA, Université de Dijon, 33 p.
PEREZ, J., C.R. WILKE and H.W. BLANCH, 1980. Economics of sugar production with

Trichoderma reesei, Rutgers C 30, Lawrence Berkeley Report Il. 489. Paper presented at the 2nd

Chem ical Congress of the North American Continent, Las Vegas, Nev. August 1980.
RAIMBAULT, M. and D. ALAZARD, 1980. Culture method to study fungal growth in solid
fennentation. Eur. J. Appl. Microbiol. Biotechnol. 9: 199-209.
RAMESH, M.V., and B.K. LONSANE, 1991 a. Regulation of a-amylase production in Bacil/us
Iicheniformis M27 by enzyme end-products in submerged fennentation and its overcoming ln
solid state fennentation system. Biotechnol. Len. 13 355-360.
RAMESH, M.V., and B.K. LONSANE, 1991b. Ability of solid state fermentation technique to
significantly minimize catabolic repression of alpha-amylase production by Baeil/us Iicheniformis
M27. Appl. Microbiol. Biotechnol. in press.
RAO, M.N.A., B.M. MITHAL, R.N. THAKUR and K.S.M. SASTRY, 1982. Solid state
fennentation for cellulase production by Pestalotiopsis versicolor. Biotechnol. Bioeng. 25 : 869­
872.
REESE, ET, R.G.H. sru and H.S. LEVINSON, ]950. The bio]ogical degradation of soluble
cellulose derivatives and its relationship to the mechanism of ce]lulose hydrolysis. 1. Bacteriol. 59

485-497.
ROUAU, X. and E. ODIER. 1986. Production of extracellular enzyme by the white rot fungus
Dichomitus squalens in cellulose containing liquid culture. Enzyme Microb. Technol. 8 : 22-26.
ROUSSOS. S. 1987. Croissance de Trichoderma harzianum par fennentation en milieu solide
Physiologie, sporulation et production de cellulases. Etudes et Thèses. Université de Provence,
France, ORSTOM édition n° 857-3. 193 p.
ROUSSOS, S. and M. RAIMBAULT, 1982. Hydrolyse de la cellulose par les moisissures. l.
Screening des souches cellulolytiques. Ann. Microbiol. 133B : 455-464.
ROUSSOS, S., M. RAIMBAULT, G. SAUCEDO-CASTANEDA, G. VINIEGRA-GONZALEZ and
B.K. LONSANE, 1991 a. Kinetics and ratios of carboxy-methyl cellulase and filter paper
activities of the cellulolytic enzymes produced by Trichoderma harzianum on different substrates
in sol id state fennentation. Micol. Neotrop. Apl. 4: 19-40.
ROUSSOS, S., M. RAIMBAULT, G. SAUCEDO-CASTANEDA and B.K. LONSANE, ]991 b,
Efficient leaching of Cellulases produced by Trichoderma harzianllm in solid state fermentation.
Biotechnol. Techniques, 6: 429-432.
ROUSSOS, S, M. RAIMBAULT, G. SAUCEDO-CASTANEDA and B.K. LONSANE, ]99] c.
Potential of ensiling for efficient management of spent residue from solid state fermentation
system. Biotechnol. Techniques 6: 87-90.
ROUSSOS, S., A. OLMOS. M. RAIMBAULT, G. SAUCEDO-CASTANEDA, and B.K. LONSANE,
1991 d. Strategies for large scale inoculum development for solid state fermentation system
Conidiospores of Trichoderma harzianum. Biotechnol. Techniques. 5: 415-420.
RYU, D.D.Y. and M. MANDELS, 1980. Cellulases Biosynthesis and applications. Enzyme.
Microb. Technol. 2 91-102.
SAUCEDO-CASTANEDA, G., B.K. LONSANE, M.M. KRlSHNAIAH, lM NAVARRO, S.
ROUSSOS and M. RAIMBAULT, 1991. Maintenance of heat and water balances as a scale-up
criterion for the production of ethanol by Schwanniomyces castel/ii in a solid state fermentation
system. Process Biochem. 27: 97-107.
STERNBERG, D., 1976. Production of cellulases by Trichoderma. Biotechnol. Bioeng. Symp. 6
35-53.

149



TANAKA, M. and R. MATSUMO, 1985. Conversion of lignocellulosic materials to single·cell
prote in (SCP) : Recent developments and problems. Enzyme Microb. Technol. 7 : 196-206.
TOYAMA, N., 1969. Application of cellulases in Japan. [n : Gould, R.E. (Ed.), Cellulases and
their applications. Advances in Chemical Series, Vol. 95, pp. 259·390. American Chemical
Society Publications, Washington, D.C.
TOYAMA, N., 1976. Feasibility of sugar production from agricultural and urban cellulosic wastes
with Trichoderma viride cellulase. Biotechnol. Bioeng. Symp. 6 : 207·219.
TOYAMA, N. and K. OGAWA, 1978. Cellulase production of Trichoderma viride in solid and
submerged culture methods. ln : Ghose, T.K. (Ed.), Bioconversions of cellulosic substrates for
energy, chemicals and microbial prote in • Symp. Proc. (1 st), )977, Indian Institute of
Technology, New Delhi.
VIDAUD, c., S. ROUSSOS, M. RAIMBAULT and F. DESCHAMPS. 1982. Effet de divers
prétraitements sur l'accessibilité de la cellulose de la paille de blé aux cellulases de Trichoderllla
harzianum. Cah. ORSTOM sér. Biol. 45: 17·23.
YAMADA, K., 1977. Bioengineering repon . Recent advances in industrial fermentations in
Japan. Biotechnol. Bioeng. 19 : 1563·1621

150




