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ABSTRACT 

Studies wece undertakén to increase the praductivity and yi.ld of c.llula •• 

from fermentations wlth Trichoderma reesei Rut C30. Wh.n positlv,ly-

charged colloldal materlals were added to the growth medium, final .nzy •• 

tlters were improved by two fold ln cultures grown u.lng lactos. as the 
o 

principal carbon source. The collolds bound lactose. and subsequently 

~eleased lt to the organlsm. Reta~ded uptake of carbon source- is known ta 

lnduce cellulase production by Trlchoderma. In cellulose-basad 

fermentations, collold addition resulted ln a smaller relatlv, lmprov.m.nt 

in enzyme titer. The low sugar levels present ln these fermentations 

conflr~ed that a second mechanlsm was present by WhlCh the colloids 

lmproved enzyme yield. 

Trichoderma cellulas. is deficient ln beta-glucosld •• e actlvlty. In an • 

effort to overeome this deficlency, Trichod.rma was Fultur.d Mlth anoth~r 

fungus AspergIllus phoenicls, a known producer of beta-glucoslda... Th. 
r 

téllula.e produced by the mlx,d culture showed a greater hydrolytlc 

potential than cellulase produced ln pur. cult&r.s of Trlchpd,rma. Jh' 

lmproved hydrolytic potential was due mainly to the lncr •••• d r •• l.tanc. to 

end-pco~uct inhibitIon whlch was affalted by the Incre.,1d beta-glueo.lda •• 

activityof the ~ixtd~lture cellulase. 
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RESUME 

DI. :tude. ont e~. entreprises pou~ am:liorer le rendement de la production 
" 
'1 

en cellulase par Tricboderma ree',i' Rut C 30. Dans un milIeu contenant du 
, . 

. lactose comme source de carbone pri~cipale, une concentration finale en .. 
d f · " . 't' bt 1 d b t enzyme eux OIS superIeure a e e 0 enue orsque es su s ances 
.., 1 ' , , 

colloidales chargees positivement ont ete ajoutees au milIeu de culture • 
. . 

Le. colloides se sont lie~s au lactose et ont llbere ce dernier.au 

microorganIsme par la suite. Un retard dans l'asSImilation de la source de 

carbone induit la production de cellula,e par Trlcboderma. En ajoutant des 
. . \ 

colloide. a des fermentatIons a base de cellulose, l'augmentation du tItre 

en enzyme :talt relativement plus !falbIe. Les faibles quantlt':s de sucre 

presentes dans ces fermentatIons donflrment qu'Il y avaIt un deuxteme 

, . 
mecanlsme par lequel les augmentaient le rendement en enzy ... 

la cellulas~ de Tricbgd.rma 
,. 

peu de beta-glucosldase. Pour 

, \ " r.medier a cette deficience, 
, , , 

~~~:&r~m~a~ a ete cultIve avec un autre 

moisissure 
A ' 

producteur connu de beta-glucasidas •• 
, 

a montre un potentIel hydrolytiqu. La cellulase produite 

plus grand que celUI obtenu d.ns les culture. pures de Trlchod.rma. Cet 
, A , 

accrolsse .. nt dans le potent el hydrolytiqu. etait principalement du a 

" " l'augmentation de la resist ne. a l'inhibition par le produit final, et c. 

gr1c. ~ l'accraiss.ment de l'activit~b~ta-gluco.ida5ique de la cellulas. 

prov.nant de la culture m xte • 

Hi 
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CONTRIBUTIONS TO ORIGINAL KNOWlEDGE 

1. The use of lnorganlc colloldal materlals ln a blologlcal proce55 has 

not been prevlou.ly reported. The productlon of cellulase by Trlchodcrma • 

reesel Rut C30 was lInproved through the addl,~lon of slIall, potutively-

charged colloldal partlcles. The mechanlsm of the collold effect appears 

to be related to lts abll1ty tu b1nd, and subsequently reiease, soluble 

sugars. 

r 
J) 2. thxed cultivatlon of Tnchoderma reesel Rut C30 .tnd Aspera1llus 

phoenic15 was carrled out ln an effort to l~prove the beta-glucolldase 

actlvlty of the cellulase produced over that WhlCh could be prod~ed uSlng 
. 

Trlchoderma alone. The cellulase produced uSlng the mlxed culture had up 

to a four-fold lmprovement ln beta-glucosldase actlvlty. Thls resulted ln 

a much greater hydrolyt1c potentlal al compared to cellulase produced ln 

pure cultures of Trlchoderm@. 

~. A thorough study of the affect of a variety of surfactants on enzymatlc 

hydrolYS15 of cellulose WolS undertaken. ln this work. It had been , 
pravloully known that when Tween 80 wa. used ln enzymatlc hydrolys15 

r.actors, 1t was able ta lmprovc the efficiency of the cellulose 

. 

degradatlon. In this work, lt was found that the surfactant effect was a 

general one, and was lndependent of the characterlstics of the surfactant 
, 

u.ad. The' surfactants u.ad exert.d a two-fold affect: they improved the 

interaction of the enzyme linth the sohd substrate (cellulos.) as weIl .5 
reduclng the effects of interfacial dlfnaturatlon on the cellul •• e. 
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o used for fermenter pH control has not .been prevlousl y report.d. By uSlno 

this additlonal nltrooen source, an adequate nltrogen supply was maintaln.d 

through additIons of both aCld and base (NH40H) durlng automatlc pH 

adjustments. 
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1. INTRODUCTION 

1 

Oecl1ning re • .rves of fOSSll fuels have spurred interest ln the 

dev.lop~.nt of .ethods by which renewable re.ource., such as cellulo.e, may 

be utillzed. Cellulose lS an abundant resource, the develop .. nt of which 

is especially pertInent to Canada becau.e of this country'. large annual 

productIon of forest biomasse 

Cellulose IS a I1near, long chaIn polymer of beta-O glucose llnked together 

by 1,4' glYCOSldlC bond~. The dlmer celloblose 15 the repeahng Unlt of 

~he cellulose polymer. Indlvldual cellulose molecules are 11nked togeth~r 

in a parallel arrangement to form elementary fibrlls, aggregates of WhlCh 

form mlcroflbrlls, WhlCh are VISIble under a light microscope. 

Hemic~lluloses, polymers of 5ugars other than glucose, are closely 

associated wlth cellulose ln the plant cell wall. The remalnlng 2S X of 

the plant cell wall consists of 11gnln5. Lignlns are three dlmen.iona1 

network polymers WhlCh act as a physlcal barrier to the degradation of 

cellulose. 

. , 
There are a nu.ber of diffe~ent approaches by which cellulosic m~terials can 

-be degraded. Th ••• methods lnclude: 

cOlllbusbon 

pyrolysis 

aci d hydrol y.i • 

enzymaUc hY,drol.vsis 

EnzYMatic hydroly.t. ha. a nu.ber of advantage. including: 

1 

.... - 8' 
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1. The reaction conditIons used are ~lId (IoN t •• perature and 
pre •• ure) • 

2. Equipment costs are ION because there are no toxle or corrosIve by
products. 

3. The ~uQars produced are usable by vlrtually aIl mléroorganls.s and 
ean be converted to a van et y of useful product~. 

aefore lignoeelluloslc materlal can be attacked by c.llulo.e-degrad~ng 
, , 

(cel l'ulase) enzymes, 1 t i S necessary to perform a pretreatment on 1 t ln 

order ta lncrease the accesslblilty of the cellulose. Llgnln ACt! as a 

physical barrler to cellulose degradatlon. Because of thlS, pretreatments 

which remove llgnin are able to increase the accesslblilty of the 

11gnoceiluioSle materlal to enzymatle degradatlon. Regardless of WhlCh , 

pretreatment method IS chosen, the deslrable features of a such a pre-

treatment process are the same. These Include: 

1. Lignln should be removed In":,,a recoverable form thàt ciln b. used far 
other appl ications: .", 

2. The hamlcellulose portion of the RIant should pe 501ubllzed and 
recovered. Wood conslsts of approximately 30Y. -hemleebluloses, .~d 

the utllizahon of this eo!'ponent .is an essential part of an 
economlC enzymatlc hydrolysls seheme. 

3. The aèeesslbillty of the cellulose should be 1 nereased ta promoh 
enzymic attack. 

, ... ~,. . 
4~ The pretreatment should resul t ln minimal loss of the cellulo.le 

. ~; substrate. ": 

The main method~ of pretreatment are summarlZed in rabl e 1.1 • 

Although the structure 0+ cellulose 15 sl/ll'ple, the .ynergutlc achen of at 

least three enzymes 15 requlred to degrade It. The flrst, endo-l,4-b~a-D-

glueanase <E.C. 3.2.1,4>..,-athcks the lntact cel1ulose chain and produce. 

IInieks ll in the gluean pol yllier. Thes. si t.s ara then subject ta athek by • 

second enzyme exoglucAn •• e or 1.4-b.ta-D-glucaneellobiohydrola.e (E.C • 

2 • 
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3.2.1.91). thi. enzv .. succ ... iv.ly cl •• v •• c.llobi~ unit. fra. th. 

1:hain. A third enzy ... beta"1Jlucataid ... (E.C. 3.2.1.21). cl.av .. th. 

c.11abiau unit. inta tMO QlucOM 1tOna.r •• 

Althau;h it 1s pa.ible ta affect th. conver.ion af liQnac.Uulasic 

- .. trial ta fr..ntabl. su;.,.. uain; knOtCt technolo;y. thr. are bta 
-'-

prablH ar ••• Nhich rendM th. econa.ica af th. pr~_. unf.vOW"abl •• t 

prtlllltnt. Th. fir.t 1s the .pen .. of c.llul ... enzy_ production. Even 

with hyperc.llulolytic .ut.nt. of c.llulose-de;r.dino fun;i .uch •• 

Irichgd .... rnur. th. cast of praducin; ce1lul ... h •• r ... inad hiOh. 

This can b ... inly .ttributlld ta the IOM praductivity of the f .. MIlt.tian 

("-"dels and Andreotti, 1978). Th. nc:ond probl .. ar •• becOleS .pparent 
" il 

Mhen c:.Uul ... enzy ... are uHd ta hydroly .. c.l1ulaae. Th. end product.' 

of the hydroly.i. inhibi t th. c.llula .. enzy.... Cellabiase i. a .tron; 

inhibitor of endoolucan .... but th. product of beta-alucosid ... activtiy. 

glue ... , ia al ... pot.,.t inhibitar of endo;lucan .... ctivity. For thi. 
, 

rulIOI1. i t 1s d .. irabl. ta have an enzy_ cQllpl.x Mhich 1s hiQh in beta-

glucasidata .ctivity. 

Th. focu. of thi. wat"'k i, on two _in prabla ar.... Fir.Uy, eethod ....... 

ex .. ined by Mhich th. yi.ld of c.llul ... u.inQ ,Tricbpdtr .. could b. 

i."ovect. Thi. ar •• 1s _ .. lnad in Chapt.,. 4.1. Th.- oth.,. prabla ar •• 
addr .. uct is thtr law beta-glucasid ... activity of the c.nul.... In an 

.. 

Itffcrt to iner .... the bltaa'lucasid ... activity of th. Tricbod .... IInzy_. 

iii ... eultivatian of TricbpdlrM and AIg .. qilly. wa. undrt.ken. This Mark 

ta dIIIIc,iHel in Ouapter 4.3 and 4.4. 
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--------------------------~-----------------------~------------------~----
PRETREATMENT ADVANTAGE DISADVANTAGE 
---------------------------------------------------------------------------
Biological 

t1echanical 

Al kali IAci d 

Steam explosion 

-no corrosion 
-no disposai problems 

'i' 

-reduces crystal 
structure 

-can be very 
effective under 
caref ull"y controll ed 
condi tions 

-hemi cell ul ose 
recovered 

-increased 
accessibi 1 i ty 

-high yields 

-slow 
-signlflc.nt cellulo •• 
consumpti on ' 

-slow 
-sp.cles •• lectlve 

. 

-delignlficAtlon requlr8d 

-degradation (10 •• > of 
cellulose 

-expense of recoveryl 
neutraluAtlon 

-corrosi on 

-tOXIC by-products 

----------------------------~---------------------------~---------~------_&-
Table 1.1. Summary of pretreatment technologIes. 
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2. 8ACI(SAOlN) AND LITERATlIE REVIEW 

.~ ,41) 2.1. Introduction 

; . 
~. 

...... ' 

2.1~1. Cellul~ structure Vi 

~l1ulotMt ~. th. IIOSt abundant arganic ch .. ic.l on earth .. king up 

About a hundred billion tan. Ar. 
1><) 

produced each y •• r. The structure of c.llulose i. not co.pl.x. It is ~ 

long ch.in poly.., of b.ta-D-glucos. in the pyranase fara, linked tog.ther 

by 1,4' glycosidic bands to for. c.llobio •• re.idu •• , the r.peating unit of 

c.llulos.. a.c:.us. th. link.g. i. in th. b.t. form, .ltern.te gluco.e 
'I "-

unit • .ust b. rot.ted throu;h 1800
• As a r.sult, individu.l chains of . 

c.llulos. tend to for. arganisad crystallin. bundl.s h.ld tog.ther by 

hydrogttn banding (Figur. 2.1 ). Becaus. th. confor.ation of the pyranos. 1 1 

ring i. one of .ini.u. en.r;y, the cel luI o •• crystal is highlv stable. 

Cellulose is coapl.t.ly in.oluble in~ter. Tha hydrOQen banding d •• cribed 

above i. l'lat disrupted by watr. C.llulo .. can be swallttn, di.p ...... d, or 
, 

dissolved by .trong aCids, alkali •• , conèentrat~ •• lt solution. and 

variou. cOMpI.xing agents. Th. devra. of crystallinity of different kind~ 

of c.llulose vari •• ""ith th.ir origin and tr •• t.."t. Cotton i • 

IPproxi .. t.ly 70 X cry.t.lline, whil. regener.ted c.llulo •• i. about 40 X 

crystalline. 

Clouly a.soctated "tth c.llulo .. in plant cell wall • • r. h .. ic.llulo .. , 

anathr graup of .tructural polyuccharid_. Th ... .al.c:ul .. Ar. poly ..... s 

of SUO". athr than gluco_, bath hexo ... and pentos .. , and are branched, 

.ith deVr- of poly.eriz.ttan (OP) ranging froa 1 ... than 100, to about 
.l 

.. ,~, !...I r: 
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FiQur. 2.1. Proj.ctians of th. parall.l chain .ad.l far c.llula •• 1. 

-

Ca) Projection prp.ndicular ta th. AC plan •• (b) Projection 
p.rp.ndicular ta th. Ab pl.". laoking along th. fibr. axis. (c), 

Hydrog.n bonding n.twark. Fra. Black.-ll .t al., 1977. With 
parmi 55i an. 
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200 sugar units. They are insoluble in water, but can be dissolved in 

strOnQ alkali, thus providing a .echanism by which they CAn be removed ~ro. 

holocellulose, leaving pure crystailln. (alpha) cellulo .. behind. 

HeMicellulose exists ln only a few forme WhlCh are ~om.on to ail plants. 

The structure of he~icellulose is modlfled in different plant speCles and 

wlthln one speClel, ln different tIssues. Softwoods contain about 25% 
, 

hemicellulose comprised of mannose, galacto.e~ xylo,e, glucose and 

arablnose ln decrea5lng abundance. Hardwoods, WhlCh contaln about 30% 

hemlcelluloses, have as major hemicellulose sugars: xylose, galactose and 

mann05e, wlth mlnor amoùnts of rhamnose and arablnose. Both hardwood and 

softwood hemlcelluloses contaln 4-0-methylglucuronic aCld. aenerally 
, 

ann~al plants and hardwoo~s contaln more pentosans and softwoods contaln 

predominantly hexosans. The most predomInant hemicelluloses of hardwoods 
, 

are glucuronoxylans ln WhlCh a linear or Singly branched 1,4 -11nked beta-

D xylopyranose backbone has pyranose forms of 4-0-methyl-D glucuronic acid 

.ttached by an alpha link to the xylose. 

Arabinoglucuronoxylans, contalning both arablnose and uronic acide appear 

in softwoods, wheat straw and food crop.. Arabinogalactans, water soluble 

poly.accha~ides that are highly branched, have been lsôlated from a number 

of softwoods. 

~ 

In canifers, tha predominant hemicellulose 15 glucomannan of ION molecular 

~ight. The ratic of glucose to mannose varies fra. 1:1 to 1:4 and the 

structure lS e.sentially 1,4'-beta pyranos. in nature. 

lignin is the third .ajor co~onent of plant cali walls in woody plants, 

7 
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.. klng up the " ... lnlng 2S1. of the celi .. U ut .. tal. Ligntn' ... VItS ta 

c...nt adJointng MOOd fibr .. , stiffen individu.l fibr .. and .ct as • 

barri.r to enzy .. tic degradatian of the cell wall. 

Li oni n i s a thr.. di ..,..i onal nftNOrk pol Y"" cansi.U nljL 'If phinyl p,=opane 

units in a vari.ty of linkag •• (Sarkanen and ~Mig, 1971'. Although 

lianin. fra. divergent sourc .. (Qr ••••• , .oftwoad., hardwood.) differ in 

Mthoxyl sub.ti tution and dltQr .. of carbon-carbon 1 inkag. b.t...., phenyl 

group., their ca..on .turctur.l f •• tur •• preda.in.t.. Th •• ch ... tic 

.tructure of a conifer li;nin, .ho"" in FiQure 2.2, .howa the i.portant 

'Jr\featur~ fOI'" conver.ion ta ch .. ic.h. 

Lianin. are for.ad by an enzv-atic.lly initi.ted fr .. r.dical 

pol y..,.izatian of prKur ...... in th. fOI'". of parahydraxy-cinna.yl .lcohol. 

Pr.c:ur..,.. again vary b.tween hard and softMOOds and gr...... Hardwood 

lianin., by virtue of their .. aller d-Vr .. of cro •• -linking, ar • .are 
, ' 

.a.ily di.solved. 

The .,lKular MltiOht of, a Hgnin suple .. ill_ strangly d..,."d an th. Mthod 

by which it ~. isolatlld. Di.solv.d lignin fraction ... y b .... 11 1In000h , 

ta bah.v. as .i~l. ca.pound. 01'" larg. enough ta exhibit high poly.er 

bllhavior. In br.aking naUv. liQnin structur., frag-.nts of varyinQ sh. 

are praduced. 

2.1.2. Cell wall OI'"Qanizatian 

Cellulose occur. in th. cell .. ail in .icrofibrils that pa. .... a 
, 

cry.talHne cor. surrounded by an uorphou. rllQian. Evidttnce indicat.. ;:, 

that t~ .tructure of c.llulos. 1. an el..-ntary fibril 3.S n •• ide .. ith a 

-
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~ar cellulose D.P. 10000 the .ini.ua .icrofibril lenQth would b. 

-
!500 n. (0.5 .icra.eter.). "icrofibrU Nidtha vary frQII 10-30 n. 

, 
allDUftt of ..... phou. ut.,. i al ...tIi ch aurrounda th. crystal li n. cor •• 

.... ic.1l.ulo ... and li;n!n are .atrix poly..,.a that aurround th • 

• icr,fibrils aa ... 11 aa "th. constituent .htMntary fibrih. In addition, 

uarPhau. regions of the cellulose Illy also be penetratfii by .Atrix 

poly..,.a. Thua th. cell Mali is analOQou. to A fibre reinforced plAstic, ~ 

with cellulose fibr .. Hbeddltd in an uorphous .. trix of h .. ic.l1ulo ••• and 

Ugnin. 

The Above .tructure i. fiot uni for. aeros. th. cell w.ll. Regi ona IlUch a. 

the .iddle lAaellA have higher proportion. of lignin especially in th. -
cell corn.,. •• 

ln ~, th. pri~y wall and adjacent interc.llular sub.tance b.t..en 

cantiguDUs celh is referrecl to AS the cQIIPound .iddle la.lIA. In bath 

wood And cotton the secondary .. aIl uaual1 y con.i .t. ~ 3 layer. d.si gnatltd 

81 92, and 83. Th. SI and S3 layera .re qui t!L thin' the 92 layer i. of 

variable thickn ... but usu.11y fer .. the bulk of th. cell .. all sub.tance. 

ln the st and 83 lAyers, cellules. IIOlecul .. are depOtiited in A nat he1ix 

..'th respect ta the fibre AXis, ...,.,. ••• they .ar. par.Uel ta i t in the 92. 

Nithin uch layer of th. stteandary ... 11 thevJ.llulose fibr .. Are arrAngltd 

in atcroflbril. (Figure 2.3). ------, J 

" 
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2.1.3. Requlremenh for cellulose dlPoradation~ orQani~ • .1 IInzy~, substrat. 

relationshlps 

1'11croorgani sms that degrade matenal 401 lbre. Il ve lU ther on the .urface of 

the fi bre or ln the casê of ... ood, in the fl br" 1 WIll na. The organl". 

secrete extracellular enzymes ... hlCh, degrade the poly .. rlc constltuents of 

the fibre lnto metabollzable and soluble products. The enzyM •• th •••• lv •• 

can be cell bound or, as 15 more of tan the ca •• , they can be extreted lnto 

thelr envlronment, d1ffuse the requlred dIstance, and act upon the 

accesslble portlons of the m1croflbrll. Because dlre~t contact between 

enzyme and substrate 15 requlred before the hydrolytic reactlon can occur, 

any chemical or physlcal feature of the natural fIbre whlCh Ilmits the 

ability of an organlsm to sy~thesize the enzymes profoundly affects the 

degràdability ofOthe fIbre. A 51mllar Influence ... 111 b. exerted If the 

* fibre or It~~con5tltuents l~mit enzy.e acce.s Vla seme structural 

aberratIon. 

~.1.4. Physical and chem~cal constralnts on cellulose degradabillty 
i 

The physicd and chemical featur •• of celluloslC •• teruls that lnfluenc.--

their susceptablllty to enzymatic deQradahon, lnclude: 

a. T~e Moisture content of the fibrll. 

b. The si ze and di Husibi 1 ity of relQent .. ol.cules ln relatIon ta si z. 

and surface properti •• of the grosa caplilariei and other accesllbl. 

surfacl! area of the lIlaterial. 

c. The degree of crystallinity of a particular cellulos •• 

d. The unit cell di_niions af thit cenulos •• 
" 

e. The confer.ation and staric rigidity of the anhydroglucase unit~. 

10 
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Fi ...... e 2.2. AbbreviatMt skel_tal sch_tic structure of canif .... 119n1n. 
Fra. Salstein, 1981b. With p ... issian. 
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Figur. 2.3. Th. va('iau. lay.,.. of th. c.11 ... 11 of c.11ulou fib,.... The 

true intrc.11ular sub.tanc. cr aiddl. 1 .. 11. ,") and .... JacÎlnt 
prilllry ... 11. (P'" COIIp,.'u th. cœpaund aiddle 1 ... 11. of .... cell.. In cottan, no t,.u. int.,.e.Uul.,. .. teri.l i. prHlnt 
but a l.yer of eutin coat. th • .xterter .... fac .. of th. p,.i..-y 
... 11. The ucandary' .. 11. Ar. eo.pOMd of outer aSl), .iddle 
(82) J and inn.,. (83) layer •• F,.a. HaQolund, 1949. Ni th 
prai •• ian. . 
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f. The degr .. of poly..rizatian of cellula.e. 
( 
f 

!I 

Q. The nature of substanc ... dth .... ich c.llula.e is associatlld. 

h. The nature, conc.ntration and distribution ef substituents. 
l 

a) ~isture content of the fibril 
1\., 

Cellulose .aterials are protected frOll detrieration if their misture 

level is held belOM a certain critical valu. that is characteristic of th • 

.. terial and organi .. invol vlld. For wood, this value is slightly above the ~., 

fibre saturation point. 

Moi.ture .Mells the fibre by hydrating the c.lluloSe mlecul .. and thereby .., 

opening the fine structure and .. king the substrate .ore acc .. sible ta 

cellulolytic enzy ... and ether re.gents. 

b) Biz. and diffu.ibility of cellulolytic enzy ... in rel~tion td capillary 

structure in c.llulose 

Acc .. sible surface is d.ter.ined by the .he, shape and surface properties 

~_ . of th •• ieroscopie and sub.icroscopic capillari .. "ithin the fibre in 

r.lation ta siz., shap. and diffusibility of th. c.llulolytie agents 

1 

th .... lv ••• 
• 9 

, , , 

Capill.ry voids in wood rang. frOll gros. capil1ari .. suchlas th. ~.ll 

luaina, Mhtch rang. fra. 20 n. ta 10 .icra.eter., in di ... ter, ta cell wall' ( 

capillari .. Nhich are b.IOM 20 n.. The surface area of the gross 

',c:apiU'ari .. is approxiutely 2000 c.2/gra. of cotton, pl" wood and. the 
'" 6 2 .'. 
~fac. area of cell -li capillari .. 3 x 10 c. /gr... Thus, if 

è.l1ulolytic aoent. can penetrat. th. c.ll ~11 capillari .. , a . . -

, . 
,) 
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substantially fa.t.r rat. of reaction ahauld reault (CaMlinl and Kirk, 

1976). The effect of pore .ize on the r.t. of c.llulose hydroly.is h •• 

recently been .tudied (er.thlein, 1985) • .. 

Th. c.llulolyUc enzy .. s of .icroorgani .. s are .. t.r soluble protein. of 

hiQh IIOlecular ... iQht. E.U .. t .. of di...,sions are given in Tabl. 2.\ 

for c.llulolytic enzy .... fra. a vari.ty of orQ.ni .... As can be s.en fra.l 
> 

th. table, only the fraction of th. cell .. aIl cipillari.s which ar. close 

c) DeQr.e of crystallinity 

.tt.ck hiQhly crystalline cellulo... As a con •• quence, as enzyutic 

observed. Pretr.at...,t .. thods, described brJefly below, alter th. 

proportion of crystallin •• aterial and thus aodify the susceptibility 04 

th. cellulose ta degrad.tion. , 

d) Ord t c.ll di.."sion. of th. crystaU i t .. prnent 

Cellulose exists in four recDQnized crystal structure., c.llulose l, Il, 

III.: and IV. Cellulos. 1 is the cryst.l for. in n.tiv. cellul08ic 
, 

1 

.. t .... Ùil.. C.llulou Il is faund in reQen.r.ted c.llulose auch a. viacau" 

fU .... t., cellophane and ..,.cerized cotton. Cellulou III and IV .re 

forMet by treat--.t .. i th anhydrau. ethyl .. ine and c .... t.in hioh t ....... tur .. 
~ 

respectively. It i. nat possible ta for. cellulose II, III or IV .. ithaut 

.lt .... ino the deQr_ 04 cry.tallinity of ,he .. t .... i.l, and thu. it i~ 
.J 

difficult fa .ttribute • change in degr_ of 8Uaceptibility ta enl~tic . , 
14 
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__ - ____ , ________ •• _ .. _____ Fl ____ • ________________________________________ _ 

OrOMI .. ttallicular 
"'loht 

Equivalllnt --------------- .. --.. ---~ 
ElliplIOld 

.. )( L (o.) _________________ •• _____________ a a •• __________ _ 

A1gI[Aillyl Dipte 

CbrvlQlRcri ua 1 i AmrUl 

fœn IDDQlUI 

HyrptbtciUl vtrruc.ri. 

Plnicilliue nptltue 

Pal YDqrul vlC.i cpl gr 

st.,."" ,,"Ayi npllOtua 

TrlcbpdlCM kpnlgi 

Tr'icbpdrM r .... i 

SI000 
11400 

soooo 
26000 

76000 
.-49000 

AvIIrq. fer .11 enzy.. takllD tovethr 

S.B 

3.7 
3.B 

4.2 
3.B 
7.7 
6.3 
6.B 
5.1 
5.6 
2.4 

6.4 
3.3 

6.2 
4.3 

6.4 
4.6 

7.6 
6.3 

S.9 

• 
","" 

3.2 Je 19.2 

2.0 Je 12.0 
I.S X 9.0 

2.3 X 14.0 
2.1 X 12.5 
4.2 X 2S.2 
3.5 X "20.8 
3.7 Je 22.4 
2.8 X 16.8 
3.1 )( 18.6 
1.3 X 7.9 

3.',S X 21.0 
~.O X lB.2 

3.S )( 21.0 
I.B X 10.8 

3.4 X 20.4 
204 X 14.2 

3.S X 21.0 
2.S X- 15.2 

4.2 )( 2:5.0 
3.5 X 20.8 

---------------------------------,----------------------.. -------_._--------------------, 

Tabl. 2.1. EltlMted .lz .. of funO.1 c.llul ..... Aft.r CaMliog and Kirk. 
1976. 
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~,.adatian ta a chanQ. in unit c.f1 di ...... h.,. ~ly. A .tudy involving 

aU 4 typ .. of c.Uulose indic.t~ th.t T. yirid. can adapt, .t th • 

• ynth .. is l.v.l, th. structur. of th. activ •• it. of c.llul •• e, sa a. ta 

acca.odat. th. specifie crystal l.ttice upan Mhich it i. QrDNinQ (Raut.l., 

19671 Ghose, 1977) • 

• l Confar .. tion and steric rigidity of the .nhy~roQluco.e unit. 

Within th. cry.tallin. reQion., the glucos. unit ... y accur in t~e .a 

" c.U.d "chair" conforlUtion .. fi tH .1 t.rnat. Qlucopyr.nos. unit. ,oriented in 

opposite direction. within ~he l.ttic.. Th ... speculation. have not been 

confir-.d experi-.ntally. 

f) DeQree of paly.-rization af the cellulo .. , 

The length of cellulose .alec:ule. in • fibre vary ov.r a r.nge fra. IS ta 

14000 glucose unit.. Most isolated c.llul ..... tudied to date .pp.ar to 

hydroly.e cellulose at random sites along th. lenQth of MOlecul .. thus 

renderino th. dltQre. of pol y_riz.tian of le •• illlPortanc. the" other 

con.tr.ints such a. pore size. 

0) Nature of the .ubst.nce. with which cellulose is a •• oc:iated .nd th. 

nature of th •••• oci.tion 

i. 'Constituen~ lIiner.l.: 

Cellulose fibres cont.in .bout IX .ah which includ ... 11 of the 
'r 

.l..ent ••• sential for the grONth and dev.lop-.nt of cellulolytic 

.icroorg.ni •••• 

l_ ii. Extraneou. -ut.,.ial. 

ln cellulosic sUbstrat .. th. extraneous .. terial. include a .id. 

'. 
16 
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v .. 1 et y of ot"ganie: .ub.tancH th.t are solubl. in ntlUtr".1 solv .. t. 

sw:h •• &cetan., ether, Mthanol, ethanot, bllnz"., .nd .... ter. 
1 _. 

Inc1uded in th~._,t"'ia1s M. vi tuin., solubl. C:Mbohydr.:.~, toxie: 

sub.tane: .. sue:h •• phltftolic:., e:api llMY ,d.,osi t. Nhie:h block Itftzy_ 

ace: .... specifie: "zY" inhibi tor •• and v.,.y ... 11 allDUnt. of' 

nitro; .. and phosphoru •• 

Ui. Lignin 
1 

Cr'y.t.llin. e:.llulose t4\1tft e:a.bined Nith lignin i. on. of -natur.'. 

eost r .. i.tant .. t.,.ial.. Kany Itftzy .... nd .ie:roorg.ni ••• • r. unabl. 

to deQr"ad. lignine The precise ch •• ie:.l n.tur. of the a •• ociation 

betNeen lignin and e:ellulose fibr •• is nDt e:l.ar". Although ch .. ie:al 

banding ha. bRen sugg •• ted, it s .... lik.ly that the a •• oc:iation 

betNeen e:.llulos. and lignin i. a physie:al .utual interpenetr"ation. 

In ot"der for ~ to b. d-vraded by e:ellulolytic organi ... it .u.t b. 
,~ 

partially d.lignified. (Vanra.t al., 1980). Variou. pre-tr.at..nt. 

r"esult in varying d.gr"". of d.lignifie:ation, a. Nill b. di.e:u •• Rd in 

a lat.,. section. 

h) Th. n.tur., e:ane:llntr"ation, and di.tr"ibutian of .ub.tituent group. 

RttplacHent of th. hydr"OQItft of th. pr"i.ary and ucond.,.y hydr"oxyl gr"oup. of 
4r 

e:.llulose by e:.,.t.in sub.tituent., such •• a carboxyMthyl gr"oup, r"Rdue: •• 

'e:.llulose cr"yst.llinity and inc:r ..... it. NAt.,. solubility. Degr .. of , 

sub.tt tuttart COS) ref.,.. to th •• v ..... g. nUilber of IIUb.U tuent group. 

att.ched to th. hydroxyl. of •• ch gluC:DH unit in the poly...... Fot" 

cII'baXyMthyl c.llulose, a OS of 0.5 ta 0.7 ....... cDllPlet ..... ter 
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mlubUity at concentratian. ocr_lly uHel « SI). Up until the point of 

cœpl.t. solubility, •• th. c~llulot141 beco.s 1IOr'. soluble and 1 ... 

cry~t.llin., it •• usc.ptability ta enzy_tic .ttack incr...... Aft.,. th'. 

point th. addition of .ar. sub.tituent group. decr ..... sulCeptibility ta 
, 

attack until ca.pl.t. i-.unity result •• t • ~ .lightly,gr •• ter than 1. 

~, Larg. sub.ti tuent group. Ar. 1IOt"'. affecti v. in contr i buti ng ta r •• l.tance 

than ._ll.r bnes ("illet .t .1., 1970). 

2.1.5. Pr.tr.at.ent 

As .lluded to in th. above discu •• ion, lignoc.ll~o.ic •• terial .u.t 

undergo pretr •• t..nt ta increa.e its,.u.ceptibiltiy ta hydrolyti~ enzy .... 

The .. thods includ.: biological degradation of lignin, grinding of th. 

sub.trate in a vibratory bail mill, chemical pratr.atment including alkali 

and acid, and steam explosion. 

a) Biological degrad.tion of lignin 

White rot fungi (Ba.idiDlX'et •• ) are able to utilize llgnin a. Meil •• 

c.llulo... A BU..-ry of the organi ... involv.d i., viven in Tabl. 2.2. 

BiolOgical degradation hold. littl. prOMi •• , hov.v.r, bec au •• of th. 

long incubation ti_. invol ved and bec au •• of con.iderabl. aaount of 

e.U ul ou and other c.rbohydr At. is con.UMd by th. org.ni... Recent 

.tt..,t. with diU .... ..,t b.c.teri.l speei .. h.v • .et w,i~h little suce ... 

(Janshek.r and Fieehter, 1982). 

b) 9rinding/b.ll Milling 

" Th. effectiven ... of arinding l,lgnoc:eUulosic .. t.,.ial. i. speel .. 

.. lectiv. ("illet et al., 1970). Nithl" about 2 heur. of baIl 

Mil1ing, .11 MOOd. r.ach • plat.au of dearadabilit~. Th. plat.au 
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vri .. cansidrabl y, hOMeVer, r.nving frOli èox for .spltn, to 20 X far 

r •• ldr. Ban .llling r.quir ... lang period of ti_ to decr •••• 

cryst.llinity. Siv .. c.ll,. caa.erci.l c.llulo .. prepar.tion, " •• 

subject. to b.ll .illinv in .n .ffort to reduc. it. cry.t.llinity. 

For • decr .... in cr~t.ll ini ty ind.x frOli 88.8 to :sb."5, 95 hour. of 
! 

b.ll .Hling " •• r.qui1red <T.bl. 2.3) (Fan .t .1., 1980). A 

" coaprehen.iv. report on the effect of cOllpr ••• ion .illing Or:'! 

cry.t.llinity, .cc.s.ibility, .pecific .urfac. ar •• and devr .. of 

polyaerization of cellulo .. ha. been published (Ryu .t al., 1982). 

c) Alkali 

Sodiu. hydro~ide and ...ania cau ••• xten.ive swelling and separation 

of th •• tructural .leaent. of c.llulo •• , I.adino to the formation of 

c.llulou ·11 frOll cellulo •• 1 and anhancing deoradability (Theodorou 

et .1, 1981). Alkali tr •• taent. proved to b. us.fui in incre.sino th. 

dig .. tibililyof lignoc.lIulo.ic. (Millet .t al., 1975) a. weil a. 

incr ••• ing th.ir utilization a •• carbon sourc. for SCP production 

(Chah.l and I1ooVoung. 1981). 

d) Acid 

A .. Iectiv. hydrolysi. proc ••• h •• been dev.lop. to -.parat • 

.... ic.llulose sugars, such a. xylose, froa holoc.llulose. Th. 

r .. idual .. trial, Mhen hydrolyHd, giv .... inly OlucQ" (Knapprt et 

al., 19801 Lee et al., 1978). Th. result is a 90% yi.ld of xylDAS 

froa h .. ic.llulose aft.,. acid hydrolysi.. As .. Il, a S fold incr .... 

in the degradabl1 t ty of th. aU-Ied r .. idu.ï .. teri.l .... ob..,.v •• . 

• ) Sodiua chlorit. (NaCI02) hydralysis 
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Sadiu. chlorit., a .tronQ oxidizing agent ha. long b..n uted ta 

prllPar. holoc.llulou, th.~ total carboh'fdrat. portion of 

lignoc.Uula.. (GrHn, 1963). Dig .. tibi li ty .... itlprovlld CSoIIring and 

van SoItt, 1968), and an incr .... in prot.in production u.in; 

• Cochliabolu. apttcl .. , ..,.. not.ci u.ing aodhlll chleri t..-tr.atlld .tra. 

(Chahal ft .1., 1979). Thia ch .. ical tr •• t-.nt oH.,.. an advantag. in 

eo.pari.on. of variou. _thod. of ch .. ical pr.tr.atMnt have rec.ntly 

bHn publish.d (TaniQuchi .t al., 1982, Detroy.t al., 1980). Th. , 

ch .. ic.l •• thod., although v.ry .ffttctiv., suff.,. frc. th. high co.t 

of th. ch.mical. involved. AI.o, .ith th •• cid and .lkali .. thod., 

the r •• idu. MU.t b. neutralized, requiring larg ••• ount. of ch_ical. 

par ton of cellulo ••• 

f,) St.a •• xplo.ion proc ..... 

"-sonne Incorporatlld, a lUilber cOlllpany, fir.t d.v.lop.ci th •• t.a. 

explosion proc ... in 1975 (Gallo.y, 1975). Wood chips wer. explodlld 

into wool-lik. fiber. which wer. th.n .ashed ta reaov. th •• olublizlld 

h .. ic.llulo •• fraction. In th. proc ••• , th. h .. ic.tlulo ... ..,.. 

conc.ntrated and wold a. ani.al fe.c:t, whil. th. fiber. wer. used ta 

fabricat. "pr ••• board". 

st ... tr.&t.-nt under hiQh pr •• sur ... k .. th. lignoc.llula.ic 
Î 

'" .. terial •• a.ily .cc ... ibl. ta hydrolytic enzy ... (Caaebier et a~., 

19691 Alcohol. n .... latter, 1980, Bender; 19791 Lora and Nayun, 1978' 

Nobl., 1980). Th.,.. ar. beo ether proc ...... (Stak. and Ict:-ch) that 

~. 
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... baMd an t~ .... prtn~t,l. of at_ nplastan. Diff.,..-H: .. nist 

..anly in pr .. ..!., tt_, st.,.tinQ .,istur. contllnt, and Mthad of , ' 

extrusian (Alcohol ~l.ttr, 1980). 

Th. ttffKt of .t ... II)Cpl~ion an lignac.llulosic. can b. rllpr..."ttld 

by th. following first ord~.actions: 

k • k
2 ---!-----t.nZyM acc ... ibl. 1I'111CMIiI-'.-;;;;....---... d~rad.tian products 

degr .. of poly-.riz.tion (furfur.l.) 
callulas. . . ~ 

k ~ k -

~ic.llulaa. --!---.... t.r .olubl • .ana..rs----~---~deorad.tian products 
.nd oliga.ers ( .. inly (furfural.) 

"xylau) ,. 
k

1 
k
2 Lignin---------------tlow .alKular w.ight------------thioh .,lKular 

r •• ctiv. lionin cond.n.-d lionin 

It has b~ rltportllCf that ph.nolic cOlipounds incr .... '!d fro. 0.43 to 

5.3 % .ft.r tr •• t.."t of b.g .... Mith 500 p.ig .t ••• for 45 .~ut .. 

(Caapb.ll .t .1., 1973). ", Such ph.nolic •• nd furfurals are taxic to 

.ost .icrorooani ... , and th. resultant hydroly .. t ... y not b. suitabl. 

for sub .. qu.nt ferMntations. 

atak. and Iotech have cl.i.-d .xc.llent r..ults for th.ir proc ..... 

(Taylor, 1980, Nobl., 1980). lotKh clai~'a yi.ld of 21% reducino 

sugars fra. 20 X c.llulou wh.n th.ir product was hydrolystld Mith 

'Ii_ cOllMlrci.l c.Uul.... Ther. r ... in., SOM uncert.inty ov.r th •• lIOWlt 

of taxic substanc .. in an tl)(ploded product "i th auch .' -dltflJr .. of 

"'adabil i ty •. 
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2.2.1. Histar-y 

Th. ability of a vari.ty of .icrooroani ... to degrad. c.llulo .. ha. been 

rllCOQnized since th. turn of the century. Tabl. 2.4 lht •• DM of th. 

known cellulolytic micrcoroani ... (Mandel. and Andreotti, 1978). In 1912, 

Prinosheili t1uooetlt~ the invol Vltftlef1t of two enzyme. in c.llulo •• 

degradation, ba.1d on the ob.ervation that olucose and c.llobio .. ~. 

prod~ced. He postulated that one enzyme (cellulas.) cl.aved c.llobios. 

fro. cellulose, leaving a second enzyme (c.llobiase) to hydrolyse th. 

cell obi ou i nto two 01 uco.. mon olier a • 

In the early 1950's, R .... and coworkers (R ... e .t al., 1~1 R .... and 

1 • L.vi nson , 19521 R .. se, 1956) notedl that laro. numbers of oroanl .. s ....,.. 

capabl. of hydrolysinO "ater .oluble cellulose derivativ.s, but that f." 
could attack cry.talli~e cellulo... Th.y postulated that truly 

c.llulolytic oroanis .. produc.d enzymes that th. others lacked. Cl was th. 

n~ oiven to th •• nzyme which could attack cellulose and reduc. it. degr .. 
, 

of cry.tallinity, yieldino short chain.. The •• cond enzy .. , CX' NA. th. 

hydrolytic coaponant, attackinQ and solublizinO the short chains. In th. 

ensuinQ y.ars, uny attlapts ....... ad. to purHy th. Cl and ex enzy ... (Li 

et al., 19651 Selby and Maitland, 1967, Wood, 1968, Eriksson and RzedOWlki, 

1969. Wood and MacRa., 19721 Halliwell and Briffin, 1973). Thar. ts now 

QIIn .. al agrHMnt that th. cellula .. iy.t .. consists cH thr .... jar typ .. 

of enz y ... , .ach of which i,\ necnury for th. efficient dltCTadaUan of 

, , , 
" 

clÛlulou. The first .... Zy~ "'do-l,4 beta-D olucana .. (Et 3.2.1.4) /_____ ,7 . '\ 
r_dOlll Y,,, cl.av .. internai glucasidic bands .. ~ thin an unbrok..,;aluG_ 'Ain. 

L~_,-.~", .. ~: ...... 
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This create. non-reducing chain end. upon WhlCh the second enzyme, 1,4 

beta-D glucan cellobl0hydrolase (EC 3.2.1.91), acts. This enzyme eleaves 

eallobio.e dimers from the gluean, and releases them into solution. Thera, 

tha thlrd enzyme beta-glucosldase (EC 3.2.1.21), completes the hydrolysis 

by breaking the celloblose into two glucose monomers. Figure 2.4 

i~strates the overall process. Table 2.5 descrlbes the varlet y of assays 

which have been developed to chara~terlze the various component activities. 

The cellulases of Trichpderma reesel DM 9414 have been weIl 

characterlzed. There are at least four endoglucana5es and two 

cellobiohydrolases. Gntzali and Brown (1979) and Halliwell (1979) have 

published reVlews of the cellulase system. An excellent electron 

mlcroscoplC study of enzymatlc degradatlon of cellulose has also been 

published (White, 1982). 

o 
2:2.2. Regulation of cêllulase 

• 
a) Biosynthesls of the enzymes 

\ 

The reQulatlon of cellulase enzymes i5 somewhat unu5ual in that it involves 

an insoluble substrate. Although the substrate is not soluble and as such, 

. ' i5 not taken up by Trichpderma, it is involved in the InductIon and 

represslon of cellulase production and with the repreSSlon of cellula.e 

synthe.is. How it 15 thal cellulose i9 lnvolved ln th15 process is stll1 

the subject of sorne controversy. Cellulose has long been known to be the 

eo.t effective carbon source for induction of endoglucanase (CMease) 

actlvity (Handel. and Reese, 1960). Since cellulose itself is insoluble, 

it ..... d likely that the soluble degradation product. such as cellobioBe 

Mere the actual inducers. Other kn~n inducer. includ. lactose, .alicin, 

trios .. of gluco.yl-c.llobiose type and .ophorbse. , The latter co_pound wa. 
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Phaneroch.,t. 
chrysolQQriufD 

Chrvsgsporium 
pruing'ym 

Pl Rurgtui 
ostreatus 

Phanerpch.,te 
chrysosDgrium 

SOY. delignif1catl0n of a'pen 
wood 1 n 30 days 

40% delignlflcat10n of 
manure ln 30-60 day. 

40% deligniflcatlon ~f 
wheat straw ln 30-60 days 

Nitrogen and oxygen 
additions inereasad 
dellgniflcatlon 2-5 fold 

Erlk •• on, 1977 
ReId, 1979 

Detroy and Rhod •• 
1980 

Yang et al., 1980 

Table 2.2. Effectlvene.s of whIte rot fungl u5ed for blo1og1cal 
dellQnl f 1 cahon. 

" 

----

24 

, ( 

.. 



1- Il. 
1:'" 

,', 

t 
~ '. 
~. 
~;,~ 

f. "', 
f , 
~, 

( 

~ 
r 
" 
~' 

l, 
" 
~\. 

~ 

" , ~ 
~ .... 

. ·-J!"···· ... ""F~ -: ..•. , ••• - •• ""W:-' '"'?'"". . 

--------------~-------------------~--------------------------------~-

Salv .. t-dried c.Uulou Crystallinity index 

(CrI> 
, --------------------------------------------------------------------------~-

"icrocystallin. cellulo .. 
(Si QucelU 

Sieved Sol ka Floc frQlt,. 
270-400 .sh 

Salka Flac bail .illed 
fer varied U ... 

12 hr. 

24 hr. 

48 hr. 

96 hr. 

1.97 88.8 

3.90 77.1 

1.54 
1 

65.1 

1.59 59.4 

1.56 58.1 

1.15 36.5 

_____ k ., _________________________________________________ _ 

Table 2.3.'SplCific surface area and crystallinity indices of solvent
'dried cellulo ... 
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9acteria 

Cellovibrio fylvu!, t.robe, mesophile 
CIlloyibrig gilvus, terpbe, m.sophile 
CelfÔvibrio yulglri., aarobe, mesop~il. 
Cellylomgnal, aerobe, m,sophile 
Pseudo.onal fluor_,c,nl, aerobe, mesophlle 
Rymingcoccus, ana.robe, Rumen 
Clo,trldium thermocellum, anaerobe, thermophlle 

Açtingmycetes (aeroblc) 

Steptomyces CMB a14, mesophlle 
Thermo.ctlnomyc,te, thermophlle 
ThermomonosDgra curvatl, thermophlle 
Thermgmongspora fUlca, thermophile 

Fyngl (terobl C) 

MesophillC 

AspergIllus nlaer 
Tr.metes langUI ne. 
Paria 
Myrptheclum verrucarla 
Pl$talotippsis westerdltkll 
Penicilliym irlensls 
Penicillium funiculosum 
Peoicillium variabile 
Polypory. yersicolor 
PolYDorus tulipferae 
Fusarium solani 
Trichgderma r.csei 
Trlchoderma koninaii 

Thermophi llC 

SDorgtrichuœ Dulveryl.ntum 
Sgorotrichum Dryino,ym 
SDorotrichum dimorphg.pgrum 
Sgorgtrichum therIQghi11um 
Ch •• tgmiul th.rmophilium 
Th.rmol!cus ayr.ntiacy. 

Table 2.4. Partial li.t of known cellulolytlc'micrgorgani.ms. 
,. 
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INSOlU8U 
CELLULOSE 
(DP>6) 

SOLUBLI! 
CELLULOSE 
(DP:06) 

UOSTLY 
CELLOBIOSI 
(DP-2) 

GLUCOSE 
(DP"l) 

\ 

ENZYJlAT/C HYDRO'-YS/S OF CeUVLOSe 

===;--1 
_ !xOce..... '1 

1 1 

o-do-. r- ------1 --1 
,ü-OfY-O-e 1 l,ndProduct 
lndoce~"II..~. 1 InhINIIon 

1 
Cellob.... 1 

~ 1--1 o 0-. 0 of. v-e ------1 1 

1 1 o 0 0 0 0 0 0 __ ..:. _______ J 
...... t ...... 
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~o EnZYM •••• y.d Tnt subst,..t. Praduct •• su,.1Id 
______ .Ii ... ___ 

~ • >, 

End~1,4 b.ta-D vlucan ... carboxy- tot.l ,.educing 
caca .. or ex' ,Mthy}, c.l1ulou suQ.r. 

1,4 bet.-D Glucan 
cel lobi ahyd,.ol a .. avic.l (c,.y.tallin. tot.l r.ducinG 
~_OQlucanaH, Cl) cellulo .. ) .ug.r. 

beta-al ucosi d ... c.llobios. glucos. 
(cellabi ... , 

Ovarall cel lui ... fil ter pap.,. total reducing 
activity .uGar. .~~ . 
(f i 1 t.,. pap.,. 

-. activity) 

Tabl. 2.5. au .. ary of c.llula •• •••• y •• 
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by far the ao.t pat.nt inducer of OMCa •• activity in T. rlll.i. 
o 

Sophoro ... a. aver 2000 ti ... more effective a. an inducer than c.llebio.l, 
'j 

hONevlr this pawerful inducing capacity wa. li.ited ta T. r •••• i alon. 

(Handels and Weber, 1969). Even 50, th. l.v.l. of clilula •• produc.d w.rl 

still markedly lawer than could be achiev.d u.ing c.llulo •• a. a carbon 

source. In general, a slow supply of inducer to a grawing cultur. r.duc •• 

catabolite repression and .ohances enzyme yield. Saad .nzyme yi.Id. can bl 

attained above optimum concentrations of induclr by dlcr.a.ing the, 

degradapility of the substrate or by adverse modification of the growth 

conditions (Faith et al., 1971; Reese et ai., 1969, Ree.a, 1972' Mandel. et 
"" 

al., 1975). 

The action of cellobiose is complex in that it induee •• ndo-blta 1,4-

glucanase at low concentrations (le.5 than 60mM) but it can al.o Act a. an 

inhibi tor at higher concentrations. High concentrations, <O.5-1.0X) of 

cellobiose or another readily metabolizable carbon .ource, rlpr ••• 
. 

endoglucana.e production sa that the enzyme doe. not appear until after the 

carbohydrate ha. been con5Umed (Mandels and Weber, 1969, Halliw.ll, 1979). 

When gluco •• i5 added ta a rapidly growing.culture, th. pH drop. to 2.5 and 

cellula •• activity in the culture broth is sharply rlduc.d. Addition of 

glucose to culture. Mher. cellulo •• suppli •• have alr.ady b.en depl.ttd 

dOIS not cau •• th. enzy ... pr •• ent to la .. th.ir activity. That th. 

glucose affect i5, in ••• enc., a pH .ffect Na. confir.ad by th. addition of 
',\ 

&cid ta growing cultur •• (Kand.l •• t al., 1975.'. Beta-glucosida .. 

acU vi ty decr.a.ad b.low pH 4 and c.aud .t pH 3. This drop in pH is 

b.Uevlld to be a control IIIIChani .. Mhertby th. activity of tnzy_ already 
> 

.ynth .. ized i. curt.UId in th. presenc. of gluco ... 
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The addition of tophOl"'OA U ... , to Nashltd aycelia of T. rnHi inducltd 

cellul ... production if th. QlucOA cancllntr.Uon "' •• b.low 1..... 91ucOA 

concllntr.Uon. of Qreat .. than 100 aI1 rltprHud the sophoro.e induction 

coapletely. Othlll'" carbohydrat .. wch .... ltou, fructOM, Qlucan.te, 

~yc.rol, glut .. ic acid .nd pyruvic .cid w.ce .1.0 able to .li.in.te the 

eff.c:t of .aphoros. (Ni.h ..... t .1., 1972). EXOQluc.na.e .cti vi ty 

incr •• tIIId in th. ayc.liua and "' •• r.I •• 1UId to thtt aediu. upan repl.~~t 

of th. QIUCOM by .opKoro... For thi. r ••• on th. 1IOn0lMt[ cauld not h.v. 

been actinQ to pr.vent th. r.l •••• of the enzy ... 

Mand.l. and w.blll'" (1969' r.ported th.t_ if th ... t.boli .. of soluble 

sub.trat .. i •• lowed down by .uboptilMJlI conditions of t • .p ..... tur., 

... ati on , or nutrients, T. r .... i produced a • .uch c.llul ••• on th ••• , . 
sub.trat .. a. it did when grown on c.llulos.. Th ..... doe. not appl\.r ta 

b. tru. for th. hyp.rc.llulolytic autant Rut C30 (Chah.l .t al., 1992). 

b' Control of enzy ... ctivity 

ln addition to ",l:l~.tian of enzy .. synth .. i., th. c.llul ••• cOllPl.x is ' 

subj.c:t ta fin. cont~ol throuQh inhibition of th •• ctiviti •• of variou. 

coaponent. of th. aul ti enZYM cOllpI.x (Hal11_11, 1979'. A. glucose 

concentration incr ..... , it prog~ ... iv.IY inhibit. b.t.-glucosidas. vi •• 

coapetitiv. inhibition aechani... Thi. inhibition first .pp.ar •• t glucose 

concentration. higher than 90 ... (KaQuir., 1977.). Th. kinetic con.tant., 

pH àpendanc. , and .tructur.l effec:t. of tH. inhibition hav. b..., 

dncrtbed (Bisut and St .. nb.,.g, 1978, ttaguir., l'ln., Woodward and Arnold, 

1981) • CeUabiOA .lso .x .... t. a cOlipetitiv. inhibiton on uoglucan ... 

activity (Hal li_Il, 191.5, ~11 and Stuck, 19751 "-guir., 1977b1 Wood and 

titRA, lm,. Figur. 2.5 illu.tr.t .. th. ov ... ll andproduct inhibition 
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2.2.3. Cellulolytic Dr~ani ... 

a) a.n.,.al 

A 'wide variety of Drgani ... , bath arabie anef ana.,.abic have bnn shawn ta 

produce cIllulolytic enzy ... (Tabl. 2.4) (Sternb.,.g, 1976). Th • .o.t 

active organi .. found i. Trichod.,.". rnui (for ... rly TrichodlCla yirid,)" 

A .ajor contribution to enhanced enzyme productivity h •• bIen .ade through 

the devllopment and us. of hyperc.llulolytic mutant. of I, r .... i. Much 

effort ha. oon. toward the production and char.ct.,.ization of • nu~.,. of 

.utant strains of I, re ••• i (Farkas .nd Labudov., 1981, G.llo It .1., 1978, 

~, 19911 Shoah .t al., 1982, Labudov., 1981, Hand.l~ .t al., 1976, 

Mandels et al., 1978, Misnr. et .1., 19821 Kontenecourt and EVIl.igh, 1977, 

1978. Nevel.inen et al., .1980, a.llo.t .1., 1978, W.rzywoda It .1., 19831 

.ctivity and productlvity, av.,. th. origin.l .train QH 6. (Kand.l •• nd 

Weber, 1969) (Tabl.2.6). 

b) 8rowth condition. 

IIIostâf -thl .tudil. u.in~ T. rnui for th. produttion of ctt1lulolytic 

IInzy" has bien on .... 11 scall. A brief overview of thl proc ... ,~ 

devllop...,t for enzy_ production i. dncribed b.low. A .tand"'diz~ 
c~ci.l prac ... for the production of cIl lui a •• d~. not ~i.t .t thi. 

ti_. !..,rov-.nts ta growth ..tiul and condi tians are bein~ reportld 

_ rapi dl Y.. and .r. llUMAri zad b.lo... 
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i. ttltdh... (! 
The b •• ic -.dtua far cellul ... produl.ti~ t~ shC*l1 in T.ble' 2.7. -Ther • 

hav. b.., • variet:y of chang .. in -.diUII constitUllnt. such •• protein --
saurce, and surf.ctant type and con~~tr.tion in an effort ta reduc. MdiUl! 

" 

cast and incre ... cellul ... yi.ld. 

Peptone replacttMllt 
, 

Prat .... peptone, although nec .. ..,.y ta obt.in high yields of 

cellal •• e, is. Vflry cast 1 y cOliponent of the .-diUII. It can be 

repl.ced Nith cottanued fleur, phyton, ça •• in hydroly •• te, y ••• t 

lIX~r.ct, or corn .tap li quor Ni th onl y .liQht decr ..... in enzy_ 

production ("and.l. and Weber, 1969). 

Surfactant. , 
Addition of TNHn 90 and TWHn 40 doubilld th. yield of cellul ••• in la. 

'rnH, (R ..... nd I1aguir., ~971). Th. -.chani .. by which .urf.ct.nts 

..... t thei,. .ffect i. not weil undrstoad, 'but •• y be ,..lated ta an 

inc,. ••• in c.ll wall pr_ability. An incr .... in per •• bili.ty of 

the c.l1 .... rari. h •• b .. n ob.ervttd MIlen th. c:rganiu i. grown Nith 

the surf.ctant (Reeu and "-Qui,.., 1969, 1970, V.kovlev., 1982). Thi. 

incr .... in prMability i. of • g."ral n.tur., and is carr.l.ted 

ldth .. IQSs or leak.ve of a variety of intr.ceUular caaponllnt •• 

pH 
, -
Th. initial pH of th ... lUI! i. adju.tlld to pH 5.5-6. The pH .tart. 

+ ta fall ckœ ta tha utilization of the "4" e:.tion. fra. (NH4)2S04' 

lrCMt:h of th. organi .. t. b .. t at pH S and decr ..... in r.te dOWI ta 

pH 3.S. Th. specifie: yield of prot.in, ha.vr, fallDMS the r.ver .. 

1 
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.. ~c., ,iii th cpti ... yi.ld occ:urring Mhen th. pH .... cantrollltd .t 

3.S (Andraetti .t .1., 1977). Cycling of th • ..ctiu. pH during the 

f ..... t.tion h •• bHn rttparted ta itllprov. cel1ul ... yi.ld. 

(~khop.dhy.y and Malik, 1980). 

ii. AQ. and valu ... of inoculWl 

• 
Far ceUultlU pr~uction usin; T. r"Mi, th. atlDUnt of inoculu. (l-S% v/v) 

producld li tU. !!ffect on th. fin.l enzy .. concentr.tion. Th. 

'. phy.iologicall.tate of the inoculum did, howev.,., influence th. kin.tic. of 

enzy_ production. The use of spore inoculation rnultttd in long.,. l.g 

ph .... as well as a decreas. in the final conclHltr.tion of enzy .... produced 

(Andreotti et .1, 1977). An inoculuM r.tio of or •• t.,. th.n SX (v/v) h •• 

been "id.ly used, however the .ctu.1 • .aunt of bia. ••• èont.ined within th. 

inoculua i. by no .. ans .t.nd.rdized. 

iii. T.-p.r.tur. 
9 

Th. rat. of orowth of T. r_.i Ci-ontinun ta incr .... up to • tlMP ..... tur. 

of 3'50 ~, however th ••• xi .... r.t. of IInZYM production i. ob ..... ved at \ 290 

C. Fer Tr'ichod .... M f .... ...,t.tion. th. un of t..., ... tur. cyclino h .. 

rnulted in • con.id ... bl. incr .... in fin.l enzyM yi.ld. Thi. technique 

in~lv .. th. u .. of • hiOh .... tap ..... tur. (33-34° C.) durin; th. initi.l 

.tao .. of th. feraent.tion, to pra.ot •• rapid .ccu.ul.tion of bioaa •• 
. 

durinO th. IDQarith.ic orowth ph ... of the organi... SubAquently, th. 

t ....... tur. is reduclld to • v.lu. clou ta th. opU ... for enzy_ 

production (Nystra. and Dilue., 1977, I1ukhop.dy.y and "-111<, 1980). 
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" iJC • 
The UIOUnt of cellula .. producttd by Tricbod"'M vari .. con.id."üly 

dllPllndina upan tbe nature of th. cellulasic subwtrate and an th. 

pretr.at..nt Mhich the sub.tr.t. b •• und"'aona. The u •• of different 

lUb.trat ... uch •• Avicel, ab.orb.nt cotton, "awsprint, and Salk. Floc, 
o 

rnultlld in varilld rate. of cellul •• production. Sub.tr.te-dapendant 

productld ...... .,.lso observed (Andren et .1., 19751 lierr, 1979). 

......... ~;~~\ .. ~ 
, 

A cellulose concentration of 0.75% .,... ini tiall y reportltd ta b. optiul for 

c.llul •• production by T. r .... i (M.nd.l •• nd web.,., 1969). Sy incr ••• ing 

th. cancentr.ti an of carbon and ni trogen. i ncr ..... were .chi eved in the 

yi.ld of c.llula .. fra. batch cultur •• (St.,.nberg, 19761 Sternberg et 

.1.,1979). Th. supply of nitrogen was found ta be critical, and a 

carbon: ni troglln r.tio of ca. 8 i w r.quirad for optillUli growth. Control of. 

pH through th. addition of Ni40H i. in Mid. u .... a •• n. to ensurtÎ th.t 

TricbgdrM f ... ..nt.tion. Ar. not ni trooen 1 i.i tlld. 

Oth ..... ub.tr.t .. Mhich h.ve bftn evalu.tlld for tb.ir Ab il i ty ta induee 

c.llul ... production includ.: .gricultural r .. idu .. ~o...in, 19721 Ferr.,., 

et al., 19n), lIIhey (Lob~ok et al., 19n), bi;h c.Uulon concentr.tion. 

CNystrQl and Di Luca , 1978), and h .. ic.llulose. (HiQhlev, 1976, Linko .t 

.1., 1915). Th. affect of ...ania ••• i.il.tion on c.llula .. production h •• 

~tudilld C9ternb ... g and Derval, 1979). A nWllb ... of ravi .. arUel .. 

dHl inQ .. i th tIUb.t,..t .. fer c.11 ul ... producti on h.v. app •• rlld (BrOMl"l, - -1976. Karculanin et .1., 19751 ~ and ttand.l., 1980). 

o 

,;- ~ ~ r \ 1 _ 'l 
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2.2.4. Kinetics of cellulase prodvctlon 

The kinetlcs oi cellulase synthesls by T[ichodltm • • r. poorly und.rltood, 

chiefly due to a lack of Infèrmatl0n concernlng th. growth par.m.ter. of 

the organisme There exists some controversy as to whether the production 

oi cellulase 15 a growth related functlon (Sternberg, 19761 Berg .nd 

Pettersson, 1977; Ghose et al., 1975). The followlng brlef descrlptlon oi 

the kinetic5 of cellulose util1zatlon li based upon data irom a nu.ber oi 

investigators (Andreotti et al., 197ô; Chahal et .1., 1981, 19821 G.llo .t 

al., 1978; Peltersen, 1975; Ryu and Mandels, 1980; Sternberg, 19761 Volfov. 

and Kyslikova, 1981). 

i. Inltial growth of the organllm st.rts immedlat.ly on the soluble 

sugars and proteins present in the medlum. After 12-24 hours, th ••• 

soluble compounds are depleted. No cellulose has been us.d up untll 

thl S pOint. 

li. Once the soluble nutrients are depleted, metabolic P4thM'Ys .re 

shlfted toward the utilization of cellulos •• 

ill. Mycelium blO.aS5 syntheslzed lS dlf4icult to •• ti •• t. in the 

prasence of cellulos •• Based on avall.ble data it .ppears th.t thera .r. 

four phases: a short lag phase, fol1owed by • f.st exponentl.1 Qrowth on 

the soluble constituents of the medium, a slow growth ph •• a during Mhich , 

the cellulose is consumed, and finally, a .t.tion.ry ph ••• durlng which 

bio .... i. dying .s f.st 'B it is baing synthe.iz.d. 

iv) Callul.sa .ctivity is not initi.ted until .11 of th •• olubl •• ugar. 

etc. are cpnaUMd. Aftar th. ph ... deacrib.d in (i). c.llul ... 

\ , 

-

- - , 
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p'oduct~on incr ..... par.ll.1Iino th •• xpon.ntial Qrowth ph .... 

CeUul ... production l.v.l. off t'then th. cellulos. is cOIIPI.t.ly 

conSUMd. A sharp inc:r •••• in c.llula •• concentration h •• been raported 

.t th. end of th. f.r .. nt.tion which ha. been attributed to dé novo 

synth .. is (Ghos., 1977) and ta .utolysi. and r.l •••• of the 

int,..c.Uul.r c.llula .. (Ct:t.h.l et al., 1982)_. Evidence pointing to th. 

l.tter includ •• a declin. in bia. •• s and increase in soluble sugar. 

r.l .... d by·di.integr.tinQ bica •••• 

2.2.S. Cellul ••• production: stata of th. art • 

A nu.ber of r ... arch"'. hava reported significant gain. in the effort ta 
. 

produc. c.llula .. enzy.... Pilot scale .tudies have been reported in which 

fer-.ntation para .. t.,.s hava baen studied in large,. scale (30-400 liter) 

v .... l. (Andren and Nystroe, 1976; Ny.troft and Allen, 1976; NystroM and 

Dilue., '19n). ConUnuou. production of cellul.se enzymes has baen 
~ 

atte.pt~ in •• veral r •• ctor typa. including: a continuous flaw column 

(Th.adorou .t al., 1981), a 2 .tag. reactar (Ryu.t al., 1979), a CSTR 

1 (P.it ..... , 19771 Mit,.. And Wilke, 19751 S.h.i .nd Gholia, 1977; Gho.a .nd 

; ," 

Bah.i, 1979). Fed b.~ch .tudi .. h.ve b •• n reported using: cellulo.e (Hendy = 

et al., 19841 Watson .t .1., 1984), soluble c.rbon sourc •• (Gho .. and 

Sah.i, 19791 Allen and t1ort ... an, 1981>, and a !=arbon nitrogan double fed 

bAtch t.chniqu. (Bottvaldava .t al., 1982). Atte.pt. to i.mobili~e !L 

r .... i (Frein et al., 1982) and cellula .. (WOodward .nd Z.chry, 198~) hAve 

rK..,tl y bHn ,.epartlld. 

, . 
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_____________________ ,___ _ _ Il ______ _ __________ •••••• 

Strain FP activity FP productivity FP activity fp praductivity ~. 
(tltlak. H.) (.tl.k. na.le) (frMntltr) (fr-.nt.,., 
FPlJ/.l. ~FPU/l. Ihr. FPU/.l. FPU/l/hr. 

----._.-------------------~---------------------

QI1 6. 0.5 3 • 
Qt1 ~414 10 12 30-46 b 

NB 74 40-50 c,d 

MCG n 5 72 c,d 

Rut C30 15 57 200 • 
CL 847 17.5 125 f 

-----------------------------------------------------
Tabl. 2.6. Iaproveaents in TrichodlC,a r",.i over oriQinal .train 

-,-
'. 

Qtf 61. Referenc •• are: a Mandel •• t al., 1976 

b l'1onten .. éurt and Ev.l.iQh, 1978 

c a.ll0 et al., 1978 

d Mand.h et ar." 1978 
1:'; 

• Wat.on et al •• 1984 

f WarzyMOda.t al, 1983 
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-------~-------------------------------------~----------------------------
Component Concentratlon 

(g/1 ) 
Component Concentration 

(lIIg/l) 

-----------------------------~--------~------------------------------------

(N~4)2S04 1.4 FeS04·7H2O 5.0 

KH
2

P0
4 

2.0 f1nS04·H2O 1.6 

CACI 2·2H2O 0.3 CoC1 2 

MgSO 4. 7H2O 0.3 Zn504·7H2O, 1.4 

Ure. 0.3 

Cellulose 7.5-10 

Peptone 0.75-1.d 

T .... en 80 1-2 

-------------------------------------------.---------------------------
TAble 2.7. Trichoderma r.,111 medium for cellulase production. (Mandels 

medIum) (Handels and Weber, 1969) 
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------~--------------.---------------------------------------------------Substrat. 
cancn~ 

(tri: 1) 

Enzy. 
concn. 

(FPU/.I) 

RMlul:i ng sugar 
at 24 h. 

(glU 

X Hydroly.i. 
at 24 h. 

----------~----------------------------~-----------------------------2.5 0.5 50 16 64 
5.0 0.5 50 23 43 
7.5 0.5 50 26 33 

2.5 1.0 50 ~ 20 77 
5.0 1.0 50 33 60 

, 7.5 1.0 50 39 47 

2.5 1.5 50 21 79 
5.0 1.5 50 39 67 
7.5 1.5 50 46 53 

5.0 1.0 45 28 54 
5p O 1.5 45 33 59 

5.0 1.0 55 30 54 
5.0 1.5 55 33 61 

glucose Cg/I) X 0.9 
% Hydrolysis = ---~---------------

Substrate (g/l> 

Table 2.8. Effect of teœper.ture and enzy •• loading on Inzy .. tic 
hydrolysis of cellulose. (~t.,. Handel, and Sternberg, 19761 
and R .... and Mandels, 1980). 
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2.3. Celluloa. hydrolvsis 

2.3.1. a.n ..... l 

'. ' 
- .. t ... - . - ; 

"0 -'. r '." 

Th.' brath abt.t n.ct' fr~ c.ll ul... fr..,t.U an can b. c:onc:..,tr .ted by 

,ultr.filtr.tion ar,p~.cipit.tian ar it c:an be used directlv .s • .ourc. of 

enzv .. for th. hvdrolv.i. of cellulosic: .. teri.l. Th .... sur..-nt and 

ItXpr ... ian of cellul ... activitV h •• bettn • sourc. of confusion bec.u .. 

of th. arr.y of substr.t .. , _thad. of d.ter.ininQ .eti vi ty, and unit. of 

activity th.t h.v. bltltn applied ta c.l1ul.... Th. fil ter paper •••• V 

pravid •••• i~l •• nd e.sily reproducibl .... sure of th. c~l.t. c.llul ... 

activity. Filter p.p.r .ctivity i •• Kpr ... ed si~ly .s th •• illigr ... of 

gluc:au r.I •• Ad wh.., O.S .1. of enzy_ solution Act. on 50 1nQ. of Wh.tun 

Na. 1 filt.,. papr .t SO C far 1 haur. Other eCJMCM'1 .... y. inelud.: 

... sur...,t of th •• cUvity of endo-b.t. 1,4 Qlueen ••• (Cx ar DtC ... ) an 
, 

c:arbaxv..thylc:.l1ulau •• Ko-b.t. 1,4 glueen ... (Cl', CBH, Cellobiohvdrol ... , 

QIUcoc.llul ... , .etivitv an crv.t.llin. c.llulou, and b.t.-glucosid ... 

(e.l1abi ... , .etivity on e.llabiau. Kast of th • .ut.nt. of T. r .... i 

praduc: •• e.llul ... ca.pl.x Nhieh is d.ficient in b.t.-c;;alucasid.... As. 

result, c:.llObiose .eeu.ul.t .. in th. hvdrolv .. t. and inhibit. the .c:tivitv 

cr repr .. _ th. faruUon of th. eœponent. of th. eeUul ... eQIPIItX. , ~ 

2.3.2~ Factor •• ffecting hydrolv.i. 

• ~ IIfflcl_y Dt 111 ":ZYMtlc: ""'rcll)'Sb prac: ... ,. afhc:tlld by .... y 

f~ incl_in9: u. of r •• ctian~ tllllPwature, pH, sub.trate 

canc:_tr.tlan. the n.ture of the substrat., substrat. pretr •• t ... t, th. 

preAnc. of inhibt tar., th. balane. of lndividual ..,ZV- cDllPanents, and, 
, , 

... 1 t.t' an of the hydrol ysl s vIn .. l. 

J - ~ - ~ t ~ .... 4 i' ... , 

_~~l'::'.L1\~l~/ ;:'~~~:""' ..... \1i~~.; .... ";.;~, ....... i~" _ w •• ~ .t.A._.;_';' .. :"'''~~~j.1..~.!Îi.;;.:~}~~~~:~~~~~~I~\-".·1 .' 

(. , . '~ 



!'I" "," 
.~ 

o 

o 

.,~~ '-". .~""'.-.-.~'''''' •...• _ .... ,.,--~ 
l , ~"" ,"',' .:- ~. ,),.: -. : l ..... _ 

, , 1 f'~ 

. " 
'., 

- 4 

", 

.) pH 

The pH apti.w. fpr c.llulose hydralyaia ia 4.8 Otand.la and Wllbtlr, 

1969) • 

b) TIMIP ..... tur. 
, 

Th .... are b.o .ffEt'. of tap.,..tur. -on th. IIfIzyuUc hydroly.i. of 

incre •• iog reaction rate with incr.a.ing teMP .... atur.. At hiQh .... 
, 

teaperature., hawever, thare·i. an incr.ased rate of thermal 

deactivation of the cellula.e enzyme. (Pal..r, 1975). At 450 C. th. 

hydrolysis reaction ia slow and can achieve th. lev.l. of hydroly.i. 

achieved at SOO C. only after extended hydroly.i. ti.... At 55 and bOo 

C, initial rate. were hiQher but enzyme deactivation accounted far a 

dec:reau in reaction rate aft.,. 6 hours. 
~. 

"""" the ciptj.um temperature1rOr hydrolY5i •• 
, 

Si.il.r teep.ratur •• ffec~. 

were also noted in other .tudie. (Table 2.8) (Hand.l. and SternberQ. 

c) Concentration of sub.trat. and enzYftlll 

li -~ indic.ted in Table 2.8, .dual yi.ld. of __ JUQar inc,. ...... th. 

concentration of the sub.tr.t. inê..: •••••• howev ... th. conv .... ion 

efficiency of the sub.tr.t. to .olubl •• uo.ra. i. reduced. A .i.iler .. 
---relationship i. Obsarved with incr ••• ino ~zy .. concentr.tion, th.t t., 

Ni th incr.a.ing enzy" concentr.tion. tot.l SUQ'" yi.ld la inc,. ••• 1Id 

whU. th. yi.ld P'" unit .. zy .. decr...... St ... nb ... g (1976) repartlld 

th.t th. hiOh .. t hydroly.i. r~t .. ~. Obt.ined Nith hiQh .ub.tr.t. and 

IInz'Y. concentr.tion. and short hydrolysi. U_. Howev .... und .... such 

conditions, only 20-30% hydroly.is of th. subatr.t. is achiewd. The 

rlltlUltant dUut. syrups are produclld .t th. exp .... c:tf 1"0. quanUtt .. 
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of enzy... In the.e studies, hawever, enzyMe to sub.tr~te ratios varied 

with incre.sing substrate concentration, m~king the results difficult to 

interpret. Similarly in .nother study (Andren et al., 1975), 20 units 

of enzyme were used per gra~ of substrate for a 107. slurry of ne"Hpaper. 

The enzyme concentration was reduced to below 15 units/gram when a 157. 
. 
slùrry of newspr1nt was used. In more recent wo~k (Mandels et al., 

1981), a cellulase concentrat10n of 20 units/gram cellulose, gave over 

90l hydrolysis of 5-157. slurry of cellulose in 48 heurs. 

d) Effect of structural features and pretreat~ents 

There are a number of constr~ints on the enzymatic conversion of 

cellulose. They include: insolubility of the substrate, the highty 
'.f~ 

crystall1ne nature of the substrate, and the physical and chemical links 

.between the cellulose and lign1n5 present. These characteristics, 

pr~viously described, make the pretreatment of the llgnocellulosic ~ 

~at.rials essential. 

i) Crystall ini ty 

The influ.~ of the degree of crystallinity of 'a cellulosic 

substrate upon its susceptibility to enzymatic hydrolysis has been 

known for soae time (Rease et al., 1957~ ,Walseth, 1952). Cellulases 

readily degrade the more accessible amorphous regions of cellulose, 

~ut are l •• s effective in degrading highly crystalline areas. The 

crystallinity of cellulose eppears to be the .ain factor limiting 

anzy •• tic digestibility, while the degree of polymerization i5 l.s. 

signifieant (Cowlin; .nd Kirk, 1976). It has been reported th.t 

hydrol y.i s rate i s •• i ni y deper:-dant on th. fi ne structural arder of 
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c.llula.e Nhich can b. b .. t represented by crystallinity, rather than 

by sitIPl. surfac. aria .allW"ltMnts (Fan et al., 1980). "-"dels and 

Sternberg (1976) reparted that various c.llulosic substrat .. Mer. 

.ar. susceptible ta enzy .. tic hydrolysis Nhen they Mer. first bail 

.illed to rllduc. crystallinity. In a recent study er.thl.in (198S) 

found na r.lationship b.tNeen cry.tallinity and hydrolysis rat •• 
... . 

netailed .tudi .. on th. eff.ct of the physicoch .. ical properti .. of 
, 

cellula.e on th. rat. of enzy .. adsorption and}hydrolysis rat. have 

been repartlld (L .. et al., 1982). Th • .chani .. of c.llulose 

hydroly.i. ha. been studied fra. th. perspective of: c.llula .. 

adsorption (Wilk. and Mitre, 1975' Huang, 1975b. Hand.l. et al., 

S. .. ki et al., 1979). Included have been .tudi •• on inhibition 

(HaMell and Stuck, 1975), d.activation (HoMell and Mangat, 1978), 

and enzy. and substrat. concentration (Huang, 1975&). Ther. have 

been a nU8b.r of att.-pt. to .ad.1 th. hydroly.is r.actian. (L .. et 

al,1978, L .. and Fan, 1982, 19831 Fan .~l., 19$0. Fan and L .. , 
1>'1 

1 ~ Huang, 197~ 1 P.i ter.en and Roaa, 1979. Hal tz APPI. et al., 

1984a, 1984b1 Wald .t al., 1984). ' 

ii. Effect of lionin 

Lionin rllduc •• th. auaceptibility of c.lluloaic .. terial ta enzv-atic 

degradation. Many attHPta have been .. d. ta dev.lop an 

underatandino of the effect of lionin on cellulose hydralyaia 

'(Crawford, 1975, 1976, Kirk, 1975, Ria et al., 19n). The effect of 

delignificatian ia evtdent in Table 2.9 (Data fraa "-nd.la and 

Sternb .... g~ 19761 Tay ... and Qg ..... 1975). Bail aUlino rllduc .. the 

sb. and crystaillni ty index of th. substrat., but largtl propartiana 
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Substr.t. Percllnt Deca.posi ti on 
24 h. 48 h. 

____ L _________ ._. _________________________________ _ 

BaQ .... 6 10 

BaQ .... (b.II .ill~) 42 48 

87 88 

-------------------------------------------,---------------------------------
1 

Tabl.'2.9. Effect of d.liQnific.tion on enzy .. tic hydroly.is of b.Q ..... 
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of cellulose remain bond.d ta lionin and .r. not .a.ily ace ••• ibl. tè 

the enzyme complexe 

iii. Type of enzyme: ratio of component activiti •• 

As described previously, most preparations of T. rel.,i c.llula •• Ar. 

deficl~nt ln beta-glucosldase. Cellulase pr.paration. from thi. • 

organism have from 0.02 to 0.1 unlts of beta-glucosida ••• ctivity p.r 

unit of fllter paper actlvlty. As a re.ult,the callobio •• l.v.l. in 

the hydrolysate vary between 10 and 70% of the total Bugars, 

dependlng on the nature of the enzyme and on the 'concentration of th. 

substrate (Andren et al, 1975; Palmer, 1975). Ther. have been 

~fforts to lncrease th. beta-glucoslda.e actlvity of c.llula •• fro. 

T. reesei by pH and temperature proflling CTangnu et al., 1981). It 

has been reported that 1-1.5 beta glucosida.e units p.~~ilt.r paper 

unit lS sufflclent for comple~e hydrolysis (Chahal et al., 198~~ Ryu 

and Mandels, 1980). Howev.r the addition of b.ta-gluc051da •• to 

Trichoderma cellulase markedly increases the hydrolyfic potenti.l of 

the enzyme (Sternb.rg et al., 1977). Asoergillui ohg.nlci. (Allen 

and Sternberg, 1980) and SchizQohvllum commun. (De.rocher •• t al., 

19~1a,b) ~r.e tHO promising sourc.s for b.ta-gluco.id.... Although ~ 

commune produces 31.4 lU/ml of beta-gluco'lda.e, th •• nzy •• i. not 

stable und.r the conditions u.1d for practical hydrolys •• (Durocher 

et al., 1981a,b) Al.o, the high ratio of S. commune b.ta- c' 

gluco.ida.e to Trichgderm. cellula •• r.quir.d for ,hydroly.i. (6.8:1) 

mak •• the organi.m an i.pr.ctical choic.. B.ta-glueo.ida •• fro. ~ 

pholQici •• hON' a much hlgher d'Or •• of .yn.rgi .. Mith TrichQdtrll 

c.llul ••• (Handel., 1981). A r.c.nt .tudy indicat.d that b.ta-
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glucosidas. from a bacteria (c.llulg,go.s) could be used in 

coebination wlth Trichgderll cellul.s. (Choudhury et al., 1981). A 
-

r.view ~f th. role of b.ta-glucosid.se in cellulose hydrolysis has 

b •• n published (Shewale, 1982) • 

• ) Effect of surfact.nt addition on enzymatic~hydrolysis of cellulose 

Surface active .gents, or surfactants, are molecules which contain a 

hydrophilic and a lipophUic (hydrophobie> moeity within the same 

mol.cule. In aqueous solutions Dr suspensions, surfactants tend to 

aggregat. at phase interfaces. In this way, they ~re best able to 

"accomodate" both moeitles WhlCh exist wlthin thel1l. In aqueous 

solutions for eKample, surfactants tend to accumulate at the Interface 

, between the liquid phase and the gas phase (air). The hydrophilic 

portion of the molecule 15 orlented 50 as ta project into the bulk .. 
liquid phase. The lipophilic portion of the surfactant malecules are 

aligned along the surface so as tdPbe ariented inta the gas phase as 
Il 

much as possible. Dy aggregating at the interface (or surface) the 

surf.ce fre. energy per unit area i. raduced. ThIS is the reduction in 
. 

so-called "surfÀce t-"sion- which is associated with surface ,ctive 
,'t, 

agents. 
/ 

In solid suspensions, where there are"three distinct phas.s, th. effect 

of surfact";" baco.s more cClllPl ex. While the sUte phenotnenan i s 

DCcurring .t t~. g.s-liquid, a second surfactant-r.lated eff.ct is 

pr •• ent at th. solid-liquid interfac.. Surfactants ac~uMu1ate et this 

interface •• _11. Thi. can r.sult in an inc'r •••• , or decreas.-'n the 

... tUng of th. saUd bV th. liquid ph .... 
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In th. c.llulos. hydrolysi •• y.t .. , th •• xt.nt of hydroly.t. i. 

incr •• .ad by th •• ddition of T~ 90, • non-ionic .~rf.ct.nt CC •• tanan 

with an incr •••• in th •• .aunt of c.llul ••• pr •• .nt in th. hydrolysis , 
broth. Th.y concluded th.t th. surf.ctant influ.nc.d th •• nzy .. -

enzy .. frDfl i t. ubound" .tate into the hydrol V.i. broth. Th. hydrol yUe: 

efficiancy ... i~roved bec au •• t~e ~urf.ctant w ••• bl. to incr •••• th. 
, 

efficiency of the enzy ...... tr.nsfer fra. th •• olid to liquid ph •••• 

Cellula •• h •• been shawn ta be d.natur.d by .h •• r CR ..... 1980). Thi • . 
inactivation ... found ta b. l .... n.d, to a deQr •• , by .urf.ct.nt.. In 

another .tudy, IIXposur. to pha •• interf.c ..... found to r •• ult in • 

rapid inactiv.tion of c.llula •• (Ki •• t .1., 1992). Th •• ir-w.ter 
\.. 

int .... f.c. w •• found ta h.v •• !lUch gr •• t .... den.turin~ affect th.n did 

• .i"Pl •• h ••• tr.... Surfactant ....... again abl. to lnaen th •• xtent of 

interfaci.l d.naturation by di.pl.cing enzy .. prot.in fra. th. 

int .... f.ci.l •• ~~ Thu. th. proportion of th. c.llula ••• t th. 
> 

interface .... d.cr •• Ad and th. percent inactiv.tion w •• proportion.l1y 

decr •• .ad. Th ..... ha. been no MOr'k in which th. den.turing .ffect of the 

solid-liquid int .... f.c ..... ~ .. ined. 

"''''''--- / 
r 

2.3.3 Cantinuou. saccharific.tion 

&Arly .tte.pt. Mer ... d. ta run continuou. hydroly.i. re.ctar.. In 

.tirrltd tank r.actor, • yield of 4,-6% glucOlMt ha. beM achieved frCNI 101 
\ f 

cellulDH fwd for 200 hour.. Dy cDllParisan. batch ructar. prodw:. 61 
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sugar CGho •• and KOitaek, 1970). In a .. marane re.etor, the sa.e ~rkers 
'il 

AEhieved 75X hydrolysis in 8 hours running time. Hore reeent work using 

.e.brane r.actors COhlson et al., 1984) and eountereurrent plug flow 

readors (Fox et al., 1'983) ha. re!iul ted in further proees. improvellents. 

An attempt ha. recently been made to re-utilize enzymes for the 

saccharification of lignocellulosie materials CDeshpande and Eriksson, 

1984) • 

2.4 Hixed microbial fermentations 

2.4.1. Beneral consideratIons 

It has long baen recognized that the "growth range" of dlHerent 
, 

.icroorgani~s overlap, despite evolutl0nary pressure upon the 

lIicroorganillII to occupy a characteristlcdnlche., This overlap can lead ta a 
~ 

variety of types of interaction between microorganisms which share a 

particular nIche. These types of InteractIons range fro. synergis., 

~ through mutual tolerance, to competItion. Most microbial communitles can 

be classlfied lnto one of seven types CSlater and Bull, 1978). 

Class one communit~~s are ùsually to.men.ual or mutualistic relationships 

in which one member of the community depands on another for the provision 

of certain growth factors. ~~ 

--
Clas. two com.unities are tho.& in whieh the toxie .etabolites of one 

organis. or of one group of organisms, are consumed by another member of 

the co •• unity. There are .any exa.ples of such rel~tionship. in the 

literature, and a number have been weil docu..nted (Slater, 1978). Thara 

-.' is sa.. .videne. which indicate. that .uch such cultures show an increased 
" 

taler.ane. to physiologieal str .. s (Wilkinson .t al., 1974, cr •• ieux et al., 
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o 
Class three microbial communlties may be the consequenc.s of a number of 

nutritional interactions that affect the overall ~rowth kinetic. of th. 

populatIon. In these communities, the Interaction between .. mbers re.ults 

in a modification of individual population growth parameters. These' 

modifications yield il population WhlCh i5 more compet1tive. 

Class four communities are generally mutuaiistici ths survlval o~ the 

eommunlty depends on the concerted aet~vity of two or m~re populations. 
\ 

Class flve communltles are a special case of class four whereby a primary 

populatlon, growing on a rapidly metabolizable carbon source, 

simultaneously co-metabolizes another compound. The product of this s.cand 

o organ1sm supports the growth of the fir.t organlsm (Slater, 1981): 

Class six organisms are usually,anaerobie. Under anoxie conditions, 
, \ \ 

fermentative organlsms requlre a slnk to dIspose of excsss redueing p~. 

A number of examples exist 'where ~ second organism acts .as iln ell,ctron 

sink, enabllng the first organism to rid Itself of ex ce •• electrons which 

it aequired during it~ metabolie aetivities (Woli~, 1977, Murray and Khan, 

1983). 

Class seven microbial communitie. are charaeteriz.d by the fact that th.y 

posse •• two or more species whiCih are compeUne}. for • pri •• ry-carban 
l 

$ource. The intar~ction Amon; the ... bers of the •• cOip.unitle. is not wU 

o undsrstood. 

~o 
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2.4.2 Hixed cultivation of cellulolytic mlcroorgani.m~ 

Mo.t of the NOrk describing the fermentation of liQnocellulo.ics by mixed 

culture. ha. utilized anaerobie bacteria (Khan, 1977; Hungate, 1944; 

Leschlne and Canale, 1984). These relationships are Qenerally clas. two 

interactlon.. The first organism, the true cellulolytic member of the 

a •• ociation, deorades cellulose to Its constituent monomer sugars. In 

close association with thlS organism lS a second organlsm WhlCh utlllzes 

the liberated lugars to form ethanol, aeetlc acid, and butyrlc acid. 

Although the overall conversion of cellulose to ethanol is effIcient (807.), 

the slow growth rates and the technlcal dlfficultles assoclated with 

anaerobie fermentations, limit the practieal value of such systems. 

Recent advances ln genetle engineerIng (Montenecourt and Evelelgh, 1977; 
. 

Warzywoda et al., 1983) and fermentation teehnology (Hendy et al., 1984; 

PerBson et al., 1984; MeLean and Podruzny, 1985) have dramatlcally 

inereased the yield of cellulase produced by fungi such as Trlchoderm. 

rll,el. However, mutants sueh as Trichoderma reesei Rut C30 produce an 

enzyme complex wh~Fh i5 defleient in beta-glucosldase actl~Y. Use of 
11 ~ 

thi, enzyme under practieal hydrolysis'conditions re,ults in an 

accumulation of c.llo~iose, a strong competitive inhlbitor of exoglucanase 

activity. The re.ult is a decrease in the rate of 5ugar production and in 

thl final concentration of sugar produeed. Several specles of Asp.rgillus 

producl blta-glueosid' .. in large quantities. (Sternberg et al., 1977; 

Serivastava ~t Il, 1981)., AlthouQh blta-glucosidas. from Asperglilus shows 

a high dlQr .. of ~ynerQi .. with Trichgd.rma cellullse, a separate 

f.r •• nt,tion .tep to produe. it is not practical. 

St 
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To overcome this obstacle, attention h •• recently be.n focu.s~ on .iK~ 

cultivation of aerobic cellulolytic organisms. Iriçbodl(l' lqngbri.\ym CD 

172 and Scatylidlum Ij~icgla have been grown ln mIxed culture (Trevidi .nd 

Desai, 1984). The dellul~ase produ~ed by the ml xed culture had 
, - -"-------. ' .. 

approximately tha same endo anp exoglucanase activitles as the cel lui ••• 

produced by Trichoderm. longbriatym in pure culture. However, the beta

glucosldase activlty of the cellulase was m~re than doubled thr;ugh th • . 
contrIbution of the Scatylldium component. The cellulase produced w.s 

tested agpinst a varlet y of substrates CTreVldl and Ray, 1985). 

Trlchoderma reesei D1-6 and Asperglilus w,ntll PT2804 have been cultlvated • 
for the productlon of cellulase and xylana!e (Panda et al., 1983). A. 

weIl, Memnonlella echinata and fusarlum roseum have been grown ln mixed 

cultures as a means of Improvlng the feed value of citrus waste (CI.mentl 

et al. 1985). 

Although the principle ha$ been demonstrated, much work r.malna to be 

carrled out before the application of mixed'cultivltlon of aicroorg.nlsms 

can be applied to the cellulase fermentatlon field • 

, '1. 
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3. MATERIALS AND METHODS 

3.1. Growth of Trlchodtrma reesel Rut C30 

Trlchgderma re,~el Rut C30 (Montenecourt and Evelelgh, ~1979) was obtalned 
1 

from the Agrlcultural Research ServIce Patent Collection, Peoria, Illinois. 

The organlsm was malntalned on slants which consisted of Handel~ medlua 

(Table 2.6) supplemented wlth 20 grams/llter Bacto Agar and 10 y/l CFll 

cellulose (Whatman Ltd., England). The same medIum wlthout 8acto Agar, was 

used for growth ln shake flasks. The carbon source used was elther lactose 

or CF11 cellulose, and was varled up ta 30 g/l. At hlgher carbon source 

concentratlons, the concentrations of other media components was varled as 

lndicated ln Table 3.1. Colloldal materlals were added to some medla. 

Sodium citrate (1.5 g/l) was added as a bufferlng agent as lndlcated. The 

initial pH was adJusted wlth 3 Molar Hel or NaOH to between 5.5 and 5.7 ln 

aIl cases. The medium was dlspensed'into 250 ml. (100 ml. worklng volume) 

or 500 ml. (200 ml. wor~lng volume) Erlenmeyer flasks and Inoculated with 3 

day old cultures grawn ln the same mèdium but witha~additlves such as 

collaids or metal salts. Inoculum volume was 5 % of the worklng volume of 

the flask. Cultures were incubated at 27 0 C with shaking (175 RPM). 
1 

3.1.1. Addition of colloidal materials 

The following colloidal materials were used ln the growth medlum: AlON 

(Cabot Corp., Boston, Mass.), a positively-charged alumlna-based collold; 

" 
CAB-Q-SIL M5,HS7, and EHS (Cabot Corp.), silica-based collolds of three 

different size rang.s; WESOL-P (Wesolite Co., Wllmington Del.), a 

positively-charged alumina sillca .oll.~nd the hydrolysis product. of salt. 
1 

of alu.inum~ (AIK(S04)2) and iron (F~C13' Fe2 (904) 2) , pa.itively charg.d 
1 , 

1 



o 

o 

o 

---~--i~'-~-~---:-----"---"""'''''''-''''''' 

~" ,~ 

collolds. Manganese s~lph4te, a ~etal ~alt which does not ~or. 1 ccltoid 

was used as a r:ontrol. 

3.2. Bir.ding Stùdies 

To assess the ability of the coll01ds to 1nfluence the concentration of 

'" lactose ln solution, blnding studies were carrled out wlth lactose, ALON, 

trace elements, and potassium phosphate ln varl0Us comblnation.. In eAch 

test, a solutIon of lactose was made up (10 g/I), and the test sub.tances' 

were added ,to lt. The tubes were then shlken gently at room temperature 

for 10 mlnutes, centlfuged (4000 x g, 20 mln.), and the lactose 

concentrat1on ln the supernatant was assessed by high performance liquid 

chromatography (Spectra PhyS1CS mqdel SP 8100). The column used, a 

polypore carbohydrate column (Brownlee Laboratorles Inc., Santa Clara, 

o Callfornla) was kept at 80 C. Water ",as used as the mobile phase at a 

flow rate of 0.3 ml./min. 

In sorne cases a loss of bindlng capacity occured with ALON and lt became 

n~cessary to remove surface contamination. ThIS wa. done as follows: ALON 

was stirred with 10 ï. (v/v) Hel for 1 hour at room temperature. The ALON 

was then washed by f1ltratlon untll the pH of the wash water ",as aboya ~hat 

of AL ON in water (ca. 4.4). The AL ON was then drittd at 105 OC. overnl;ht 

and used ln the bindlng stud1es. 

3.3. Growth of Aspergillus Dhoenic15 ArCC 329 , 

Aspergillus phpeniçis "'., obtain.d from the U.S. Army (Natick) l.b-

oratories and was maintain.d on potato dextrose agar (PDA) .lant, (B.cton 

DIckinson and Co., Cockeysville, MD.). Th. medium used for çrowth of 

Aspergillus 15 shawn in Table 3.2. A.YQdalin "'a. added to incr •••• th. 
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production of beta-gluco.idase (Sternberg et al., 1977). After 

approxi~ately 10 days of growth the bioma.s was removed by centrifugation 

(8000 x g, 30 min.), and the crude broth was clarified by filtration (0.45 

micron ~Qr~~~ize, Millipore Corp., Bedford, MA). 

then assayed for beta-glucosidase activity. 

3.4. Growth of the Mlxed Culture 

The clarif1ed broth was 

3.4.1. pH control durlng shake flask cultivatlon of mixed culture 

The pH of shake flasks "as controlled wlthln a range of 0.5 pH units 

through the use of Amberllte cationic exchange resins. The reSlns were 

prepared uSlng the method of Styer and Durbln (1982). Only the Ca(OH)2-

treated resin was used. The concentration of Amberlit~ routlnely used was 

50 g/l. 

3.4.2. Med1a opti~ization 

The growth medium used for shake flask cultivatloo of the mixadDculture is 

shown in Table 3.2. Colloidal materials (ALON and FeC1 3) and amygdalin 

were added to the medIum ln sorne cases as ind1cated. The effect of 

potassium, magnesium, and calcium salts concentration was examlned by 

varying their concentrations, while ~aintainlng the same weight 1proportionB 

of each salt.' The effect of varlations in starch concentration. at cOnstant 
-' 

cellul~.e concentration ware examined. 

/II 

Mixed culture. were inoculated fra. 3 day old pure cultures of Trichoderma 

and Aspergillus cultures which were grown on 10 g/l cellulose and 10g/1 

.t~ch r.spectively. Unless otherwise indicated, the volumetric inoculum 

~r.tio of Trichoderm. ta ASDerg\llYI was 3:1. The mix.d cultures were 
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incubattld at 2fJ C., uni ... ath.,.,.t .. indic.tlld. 

3.4.3. EffltCt of t..p .... atur. an IIhzy .. production by shed culture 

The .ff.ct of incubation t •• ,utratur. an ttnzy" production by the .ixl.d 

cultur. wa. inv •• tiQatect in tNQ Nay.. Initially, ,th. cultur .. ..r. grOMn 

at four diffltrttl"lt tlltipltratur .. , 27, 30, 33 an~ 36°C. and M'lzy_ acthi ty in 
\ 

the culture broth .. a. lIOI"Ii ter.d. In a stH:ond ut of runs, th. eff.ct of 

ttNIPltrature cyclinQ Na. d.tarsined. Th. cultur ........ incubatad at th • 

... four t~.r.tur .. (27, 30, 33, ,and 36 0 C.) durinQ th. iniUal 

48 heur. of growth, aft.,. whi ch ail cul tur.. ..,.. i ntubated at 27°C. 

3.4.4. BrDNth kin.tic. of tlixed cultur •• in lab-.cal. far..nt.r •• 

• quiped Mith 14 liter v .... l.. Th. ~kinQ volu .. Ma. 10 litltrs. The 
. R 

f .... tlltnt ..... MItre equipped Mi th a paddl.-typ. sUrrinQ .y.t .. (Fund.spin ) 

RPt1 uni ... ath.,.Mi •• statlld. F .... tlltnt.,. ta.p .... atur. wa. controllad at 

270'C., and pH Ma. controllad at 4.6, uni ••• othltrNi .. indica~ed. ln ordltr 

to SUppl Y an ad.quat •• aount of ni trogen ta th. fltr..,.tar, 1 t1 NH40H and a 

)DluUon of 1 t1 Hel Nhich .Iso contained 111 NH4CI;. MItr. u.e ta contrai pH. 

Fou control Na. effltCtlld throuQh the u •• of Dow CorninQ AntifOUI A. The e 

antifoaa agant ..... ddad .t a l.v.l of 0.02 l (v/v) initi.lly, and a. 

rilquirlld throuQout the f .... ...,t.Uon. Inêx:ulUII valUM .... 4 l v/v. Th. 

valU8etric inoculutl ratio of TrichQdltrM to'''prgilly ....... intainN at 

3. 8a11p1 ........ rHOvtld vi. a .t .... terilizable IUplino port an tt* 

bottai of th. fltr-.ntr v .... l. The port .... stri Uzed for 10 .inut .. 

prlor ta, and aft .... saspling. 

, '. .. 
- .... ' ' .. 1 .• _ . .t:c.,.,.:-" ,,~,:,..-... l. ... ,_ ~ . .t' ..... ;','h: .;;..i;...,- H :; .,1~(.' ~<.!,,-,.t:·c/ , 
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3.5. HydrolySes 

3.5.1. Evaluation of the hydrolytic potenti.l of Trichgderma v.rsus mixed 

cul ture cell ul ue ' 

The enzym.s produced through mlxed cultivatioo of Trichoderma reetei and 

A'D.rqillus DhgeOlcis, and ln pure cultures of Trlchoderm. were te.ted for 

their hydrolytic potentlal with Solka Floc unless otherwise indicated. 

Whol. broth from culture flask~ was centrifuged (4000 x g, 20 min) to 

remove blomass, and clarlfled by Mililpore filtratlon (0.45 micron). Crude 

~ 0 
cellulase preparatIons wllt'"e stored at -20 C unbl use. The enzyme loading 

ratio (lU ceIIulase actlvlty/gram Solka Floc), and enzyme actlvlty ratio 

(lU beta-glucosldase/ lU cellulase ach vi ty) were vaned as indicated. The 

enzyme activity ratio was varled through the addition of crude beta-

gluco.id.se from Aspergillus or from aimonds (Sigma Chemical Company, St. 

Louis. Ho.). At hlgh enzyme loading ratios (40-50), it was necessary ta 

concentrate t:he beta-glucosldase from AspergIllus ta AVOld overdilutlon of 

the hydrolysls mixture. This was achleved through precipi~ation of the 

o enzym. wlth 4 volumes of Acetone at -20 C. The crude proteln was recovered 
~ 

by centrifugation (8000 x g, 35 min.) and resuspended in a mInimal volu.e 

of 0.05 M cltrate buffer (pH 5). Substrate (Solka Floc) concentration was 

either 100 or 150 g/l. Unless otherWlse lndicated, hydroly.es w~e carried 

o out at 50 ~., in 125 ml. screw-capped Erlenmeyer flasks in a ta.perature 

controlled incubator. Rotational speed was maintained at 175 RPH. Each 

flask contained 5-50 lU FPAI gram Solka Floc, 0.02 r. sodiu. azide (for 

control of contamination), 0.05 H citrate buffer (pH 4.8), Solka Floc, and 

in .ome ca, •• supplemental beta-glucosidase. Samples were removed and 

cl.rified by centrifugation (4000 x g, 20 min.). The supernatant was then 

a.sayed for reducing glucose and for total reducing 5ugars • 

.. 
~7 
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In some hydrolyses, the effect of surfactant additions w.re te.ted. For 

o these tests the cellulase came from Irichgderm. cultur .. which hadobeen 

grown uSlng the normal medium <Table 3.1) but without added Twe.n 80. The 

hydrelYSls flasks were prepared exactly as described ab ove .xcept that 

surfactants were added at a concentration of 0:2 y. (w!v): 

3.5.2. Kinetlc characterization of crude cellulase from ml~ed culture 

In order to deter~ine sorne of the klnetic parameters of the crude cellulase 

produced in the mlxted cultures, It was necessary to change some of the 

standard hydrolysis condItions descrlbed above. Temperature was varled 

o from 40-60 C. The pH of the hydrolysis mlxture was also varled over the 

range 3-6.5. The effect of end product Inhlbltion was determined through 

the addltlon of glucose to'the hydrolysls mixture. In order te ~et.rmlne 
~ 

the stabll1ty of the indivldual enzymes of the cellulase complex und.r the 

o condltlons used for hydrolysls, experiments were carrled out under the 

standard hydrolysls conditions without substrat.. In these experlment., 

samples were assayed for FPA, beta-Qlucosldase actlvity, Avicelas. 

activity, and a carboxymethylcel1ulase (CMCase) actlvlty. In some 

experiments, substate\doncentratlon was varled as Indlcated. 

3.6. Elutlon of cellulase from cellulose uSln~ surfactant solutions 

To determlne the abil&ty of surfactant &olu~ions to ,lute c.llula •• from 
~ 

. , 

~' 
cellulose, cellulose slurrie. (101. w/v) were prepared by addlng Whatman 

cellulose powder (CF11) to acetate buffer (0.2 M. pH 5) or to water. Rut 

C30 broth was add.d and the adsorption of cellulas. to cellulose w.s 

allowed to take place at rOQm temperature with gentle agltation for 20 

o minutes. The cellulose-enzyme complex w •• then r .. oved by centrifuQation, 

and resuspended in water, buffer, or aqueous surfactant solution <9.2% 
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w/v). The enzyme was eluted for 1 hour by gentle agitation at room 

te.perature. Fl1ter paper activity and soluble prot.in '~easurements were 

.ade on the original crude cellulas. br~th, the supernataht llquid aft~ 
4 

adsorption, and on the supernatant 1iquid fo110wing e1utiOn. 

3.7. Anàlyses 

Crude broth was assayed for its activity against a variety of substrates • 

The assays are summarized in Table 3.3. Ali enzyme activities were 

expressed in International Units (lU). Reducing sugar was estimated with 

dinitrosalicylic acid reagent (Miller, 1959). Glucose was estlmated 

enzymati~ally by the glucostat method (Raabo and Terklldsen, 1960). 

Soluble protein was determined by the method of Lowry et. al. (1951). 

Phosphate was assayed as described in Standard Methods (APHA, 1975). 

Biomass was determln~ by dry weight when lactose was used as the principle 

carbon source. In ce11ulose-based, fermentations, 2 samp1es were filtered 

(0.45 micron), and washed 3 times wlth hot (500 C.) distilled water. One 

sample was dried overnight at 10Soe. and weighed after cooling in a 

de.sicator. Thi. gave a value for bio.ass plus residual cell410se. The 

nitrogen content of thé second .ample was determined by performing a 

Kjeldhal determination. Kjeldhal nitrogen was determined using an 

auta.atic Kjeldhal titrator (Buchi, Swtltzerland). Biomass was estimated 

using a conversion factor (biomas. (g/l)· Nitrogen x 7.14). Residual 

cellulose was d.~ermined by difference. 

Starc~ w •• estiaetad a. follows: fer.enter sampi •• were filtered and w.shed 

, "it~a knoMn valu .. of hot (SOo C.) distilled water. Th~ filtrat •• a. 
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diluted .uc~ that the starch concentration "a. in th. rang. 10-70 

microgramsl ml. To 0.1 ml. samples of filtrate, 0.2 ml. of 

amyloglucosidase (Boehringer Mannheim Canada, Dorval, Queb.c.) "a. added. 

The mixture was incubated at 600C. for 15 minutes. The tube. Mer. then 

boiled for 10 mlnutes to stop ~e reactlon. After coollng, 0.2 ml. of 
( 

water was added, and th~ conteph of the tube Nere mixed. The gluco.e 

concentration ln the tube was then estlmated as descnbed above. The 

absorbance at 450 nm from the glueostat assay Nas co~parad to a standard 

, solution of soluble starch (BDH Chemicals). A sampI. standard curve 1. 

shown in Figure 3.1. 

Initial rates of production of both, glucose and total reduclng sug.rs Nera 

determined for some hydrolyses. The lnitlal (0-8 hr.) sugar concentration 

data were fit ted usi ng a pol ynomi al fI tt i ng progr am on a Di gi tal POP 11 

computer. The data were weighted to favour the observatlons taken early ln 

the hydrolysls reaction. -2 The weighting factor used Nas <0.5 + C) • whera s 
\ 

C = the sugar concentratlon at Any given time. Inital rate valu •• Ner. 
s 

obtained by taking, the derivative of the polynomial at time O. 

The kinetlc parameters of batch growth were defined as follow.: 

dx 
S ~ = volumetric rate of biomas. generation (MaxlmuM) Ql-lh-~ 

dt 

y 
. x/s 

6. = ---6. 
x Total change in biomass concn. 

s Total change ln substrat. concn. 

dS 
Rate of substrate utilization -- . 

dt 
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,-----------------------------------------------------------------------
Concn for the following concn of carbon source: . l'IItdiulII 

COllponent ._--------------------------------------------------

KH2P04 
CaC1

2 
"g904 Ure. 
(NH ) 504 
Prot.àse peptone 
Tw.en 80 

FeS04* 
""9°4* 
CoC1 2* 
Zn904* 

10 

2 
0.3 
0.3 
0.3 
1.4 
1.0 
2.0 

5.0 
1.6 
2.0 
1.4 

20 

4 
0.6 
0.6 
0.6 
2.8 
2.0 
2.0 

10.'0 
3.2 
4.0 
2.8 

30 

4 
0.6 
0.6 
0.9 
4.2 
3.0 
2.0 

10.0 
3.2 
4.0 
2.8 

Table 3.1. Medlum used far growth of Trichoderma reesei Rut C3Ô. 
Quantities are in grams per liter except far those compounds 
marked with an asterisk <*>. For these compounds the quantities 
shown are in mg/liter. 
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ORGANISM TR 1 CHODERHA ASPERGILLUS /'1IXED 

_____________________ 4 _________________________________________________ _ 

Component 

KH2P04 

CaCI 2' 2H20 

Mg~04' 7H2O 

(NH4)2S04 

UREA 

BACTOPEPTONE 

TWEEN 80 

FaS04• 7H2O 

MnS04·H2O 

ZnS04·7H2O 

CoCl2 

CITRIC ACID.H2O 

Fe(NH4)2(S04)2· SH20 

Cu904 ·5H2O 

~B03 

2.0 

0.4 
"t 

0.3 

1.4 

0.3 

1.0 

2.0 

5 x 10-3 

1.6 x 10-3 

1.4 x 10-3 

2.0 x 10-3 

2.0 

0.4' - -

0.3 

1.4 

1.0 

2.0 

5 x 10-3 

1.6 x 10-3 

6.4 x 10-3 

2.0 x 10-3 

5 x 10-3 

1 x 10-3 

2.5 x 10-4 

5 X 10-5 

Na
2

/'10
4

.2H
2

0 5 X 10-~ _ '-

4.0 

0.8 

0.6 

2.8 

0.3 

2.0 

2.0 

1 x' 10-2 

3.2 x 10-3 

7.8 x 10-3 

4.0 x 10-3 

5 )( 10-3 

1 )( 10-3 

2.5 x 10-4 

----------------~------------------------------------------------------

TA~E 3.2. Medium for growth of Trichoderma, Aspergillul, and mixed 
cultur.. AlI values are in gr •• s/li~er. 
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ASSAY SUBSfflATE ENZYtE l1EA9lRED PRODUCT ttEASlED REF. 

---------------,---------_._ .. _ .. _------------------,--_.--------~------------
FILTER PAPER FILTER PAPER TOTAL CELLULASE REDUCINB 9UGAR • 

/3 -aLUC08IDASE CELLOBIOSE B-et..UCOSIDASE 6LUCOSE b 

ac. .. ENDOBLUCANASE REDUCINB 9UGAR • 
AY 1 CEL ... AV 1 CEL EXOGLUCANASE REDUCING SUGAR • 
----------------------------------------------------------~----

TABlE 3.3. Su..ary,of cellul ••• •••• y •• Referenc •• : •• (Handel. et .1., 
1976)1 ti. nllnQnu et al., 1981). , 
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~ 3.8. Pr....,t.U on of d.ta and rr'"or anal y.iI 

Th. ItXp.,.iMntAl data pr....,tH in th • ..ark cart btt dtvidtld into. t ...... uin 

i. Rasulb frœ arowth .xpri ... t. 

Th ... rnults inc:lud. th. foUOMina data: pH, IInZY" ac:Uvity, 

bia.. •• concentration, substrat. concentr.tion, .xtrac.llular 

prat.in concentration. , , 

ii. ~lts frae surfactant .lution .tudi.s 

ii i. ~lts frae~Zy •• tic hydrolys .. in Mhich no .ctu.l arawth 

oc:curs. In' th ... c .... , th. data pr..-ntH ar.: total suaar 

concentration, gluco .. concentration or p.,.c...,t hydrol ysi. 

(MeiQht total suaar 1 Meiaht cellulose origin.lly added). 

) , " 
,'. 

i. Data frae ;rOMth .xp .... i...,t. 

Shak. fla.k-.cal. arowth .tudi .. Mer. perfor.ed in tr~plicat. on at l ••• t 

tMO _arate occa.ion.. Larg.,.-.cal. fer...,taUans CS and',10 lit.,., ...,.. 

prforMd in duplicat. orU y. 

A ....,le of th., data frœ a sh.k. nask-t.c.l ... ..th exp.,.i..nt i. viven 

in, Tabl. 3.4. The.un and .tllhd.,.d devi.tian far theu data .... 

c:alculattld accordin; to the fàUaliing fer_l.: 
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fi 
~ y 1 

Mean - Y· -~~-_!_-~
N 

Standard demti on. 0 [ ~~t~ 

i • 1,2,3, ... N 

" These data can be used for two purposes: to assess quantltatively "hether 
. 

th.re II an acceptable level of uncertalntY,(varlabllity) in the data; and 

to det.rmlne whether th.re lS a "real" effect present l.e. whether two , 

means are sïgnificantly different from each-other. 

Two mean values were Judged to be signiflcantly different fro. each other 

if theïr values plus or minus one standard dev~atlon, dld not "overlap". 

It 15 possible to say that growth of the mlxed culture using starch as a 

carbon source produces 1 ess fi l'ter paper act i Vl t y than usi ng cell ~l otIe- or 

starch plus cellulose (Table 3.4>. However, growth using starch plus 

cellulose cannot be sald to be bettar' than cellulose alone for the 

production of fIl ter piper activlty. Simllarly, for the production of 
'; 

fIl ter paper activity, Trlchoderm~ 'alone can not be said to be better than 

th. mix~d c~lture grown on starch plus cellulose: This type of semi

quantltatlve analys15 of data is often Adequate to draw qualitative 

conclusions for complex biolOVical systems • 

... -' 

ii. Re.ult. from surfactant elution Btudies 

, In studi .. to datttr/lliri'. the affect of surfactants on elution-of cellulase 

from solka floc, t~ere was a consi~er~ble deoree of variabl1ity between 

values obs .... V'ed in rep,licate ,triah. - Far example, in' four trials using 
, , 

Pluronic Lo1 lurf.ctan~, the \' .. lu ... f,or perc.,t of fil ter paper ICti vi ty 
, , 

p 
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eluted were: 27.8,27.7, 32.2 and 17.6. The .tandar-d d,viatio~for th ••• 

values 15 6.19. ApplYlng the same analysis a. described ln •• ction i. 

above, it IS pogglble to conclude that Pluronic L~l Improv •• the recovery 

of filter paper actlvity over that achl.ved wlth water or buffers (Table 

4.8, page 98). However, because of the high d~gree of varlabillty ln the 

data, it IS not possible ta conclude that any one of the ~urf.ctant. t,.tad 

ls superior ta another. Although the data ln Table '4.8 are pre.ented in ~ 

quantitative form, they agaln, ,u~t be Interp~eted ln a seml-quantitlatlv. 

manner. The conclUSions drawn from thlS werk are not qu~11fied by t~e 

varla~illty in the data. 

" 
Iii. Results from enzymatlc hydrolysls 

" ' . 
Enzymatic hvdrolysls of cellulQse was carned out in a b\,lffered .yste .. 

contalnlng crude,cellulase (catalyst) and solka floc or steam exploded 

aspen -wood (substrate). It has been shown that the hVdrol yS15 react1.on, _. 
unde .... deflned conditions, can be modelled c1nd htted wit't" a stnOoth curve 

~ 
), ,\ 

(Ryu and Mandels, 1980) .. For thlS re~son" the data obt.~ned ln hydrolYS1S .,. .. . , 

• l, 

experiments have been illustrated in Chapter 4 uSlng a smooth curv.. Lack 

of fit ta the cttrva Indlcates the deoree of random .rrar in the analy!u,s. 

Sampie hydrolysis data are glven below. The same type 'of analysis can be 

appl~ed to these data as ~as described ln the preceeding sections 1. and 

), il. For example: . 

• Mean value 1 (From Table 3.5) • 44 (t 4.7) 

l1.an value 2 = 62 ( t 4.2) 

./1ean value 3 = b9 <!9.4) 

, 

,; 

J 
'bb .. 
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, , , . 
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-
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"-~I .' ~. " . .. ... ,. ........ . -::r----~---I----- - ~;s.:;.~;s]------___ ~ •• '~~i~~' ___________ ~ ________ _ 

••• 40· 45 50 65 70 75 ••• 

The v.IUlt for "-an 1 is signifieanUy different ,froll the other',tMO Man 

valu .. , sinee it. "-an plu. standard devi.tion (48.7) daes not bring it up 

to the v~lue of th. other ~an. ~inus their respective standard deviatian., 
" 

(S7.S and 59.6 respectively). Kean 2,nd Me.n 3 however, eannot be 
• q 

judglld to be significan1;ly dj.f~erent f,rom eaeh other., sinee Mean 2 plus 
. 

it •• tandard'deviatien (62 t 4.2 • 66.2) is gre.ter th.n (pverl~pB "ith) 
", 

the v.lue for M •• n 3'~i~us its standard deviation (59.6). 

\ 
ln .11 e .... the ealculated standard deviatians for this type of 

experi.ent were small when compared to the mean valu.s. Fôr this reason 

there is judged to be an aeceptible levei of variability in the d.ta., 

Sin~e .11 hydroly.e. Mere carried out in the same manner~' the degree of 

uncjrt.inity.i. likely to be,of sillilar,magnitüde in eaeh case. 
,. 
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-------.,.-------------"':"-.. 
Cellulose 

cencn. 
(g/l) 

Starch 
con""'. 
(Q/l) 

InoculW!" FPA 
(Man) 
<lUI.!) 

-----~---~--------- ~--~-~ 
RanQ' 

("'an - SD) (Ptean + aD) 
'. (lUI.!) (lUI.!) 

------------~----_._---~-----------.-------~-------------------------

o 
10 
10 
10 

to 
o 
10 
o 

t1ixed 
t1ixed 
t1ixed 
T. r, ••• i 

1.5 
2.8 
3.0 
3.5 

(' 1.36 
2.6 
2.72 
3.02 

1.64 
3.0 
3.28 
3.92 

------_._--------'--_._---------------------------------------------
Table 3.4. SampI. data for. enzy .. production by .ix.d culture grOMn on 

diff",.ent carbon lOUre... (SD •• tandard deviatian). 
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-----~----- .... .....----_... --------
Enzy_ loadinQ ratio Final suva.; concltfltration produ~ 

(lU FPA/Q 80lka Floc) (gra .. l1it.,.) 
-----------------~---------------------------~---y----------

10 44 (t 4.7) 

20 62 (!4.2) 

JO 69 (t 9.4) 

----_ .. -------------------------------.--------------------------
T~le J.S. 'Salple d.~a for anzy.atic hydrolysis of cellulose. 

" 
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4. RESULTS AND DISCUSSION 

4.1. Effect of Addition of Colloidal Material. on\Qellul.se Production by , 

Trlchod.rm. r ••• ei Rut C30 

4.1.1. Effect of carbon source on enzyme production by Trichod.rma 

The final concentratIon of cellulase produced by Trichgderma reesei Rut C30 

was much lower when lactose was used as a carbon source than when cellulose 

was used. TYPlcal cellula.e actlvlties were 1.5 lU/ml for lactose-grown 

cultures and 2.5 lU/ml for,cellulose-grown cultures (Table 4.1). The 

specific activity (lU FPA/gram soluble protein) of the cellulase produced 

by Trichgderma reesei Rut C30 did not change when the carbon source was 

ch.nged from cellulose to lactose. In both types of fermentatIon the 

specifIe activlty of the cellulase produced was approxlm.tely 1 lU filter 

paper actlvity per gram of soluble extracellular proteine Th~ maximum value 

for extracellular proteln and for cellulase activity was reached more 

rapidly (2-4 days) in cultures grown on lactose than in those grown wlth 

cellulose (8-10 days)!as a carbo~ source. The overall productlvlty of the 

two fermentations were comparable because of the compressed tlme scale of 

the lactose-based fermentations. 

4.1.2. Effect of colloid addItion on cellulas. production by Trichoderma 

• 
Addition of Alan (5 Q/l) to 9rowth media incr.ased the final cellulase 

concentration by up ta two fold for cellulose-'and l.ctose-grown cultures 

(T.bl.4.1). High.r concentrations of lactos. resulted in only slightly ~ 

hiQh.r en~y .. concentrations. The cellulas. production profile for 
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lactose-Alon fer~entation. was similar to cellulo • .-ba.ed fer.entation. 

(Flgure 4.1). It should be noted that 50lid li~. have been in.erted in 

the figure to facilitate interpretation of the data, and are not the result 

of any curve fitting or theoretical interpretation. ether posltlvely-

charged colloidal materlals such as Wesol-P, and trIvalent salts of 

aluminum and iron produced an effect slmilar to Alon but sllghtly •• aller 

in magn1tude (F1gure 4.2, Table 4.4). The aluminum potassium sulphate and 

ferric chloride formed extensIve precipltates when added to flask. 

containing the Trichoderma growth medium. These salts are weIl known to 

form positlvely-charged ·colloids ln aqueous solutlons (Cotton and 

Wilklnson, 1972). Manganese sulphate, a metal salt which does not form 

colloidal particles in aqueous solutlons, dld not re5ult ln an increase ln 

the concentration of cellulase produced. The addition of uncharged silica-

based colloids (Cabosil MS, MS7 and EHS) di~ not cause an lncrease in th. 

ameunt of cellu~ase produced. The affect was dependent upon the addition 

of pesitively charged particles ef colloidal dImensions. 

The concentration of colloidal materials WhlCh wa. optimum for cellulas. 

production varled dependîng upen WhlCh type of collold was used. Addition 

of Alon ln concentratIons up te S g/l re5u~ted ln a linear lncrease in 

cellulase production. Further lncreases in the concentration of 

Alon resulted ln a slight decrea~e in the amount of enzy.e produced. The , 
optimum concentratIon of Wesol-P wJ~ 3 g/l, while the iron and alUmlnu. 

) 
salts had their greatest effect wh en added in concentrations between O.~ , 

-) 
and 1.5 9/1• 'J 

The colloid-dependant variatiQn in opti.ua concentration 'whicn was ob.-rved 
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Crbon ' Carbon ,Alan cancn. t1a)cillWll FPA t1axi!lUlt protei n 
saurc. saurce (~/l) nU/IIII) cancn. 

cancn. (gll ) 
(g/l) 

-------------------~------------jr----------------~--------~-----~----

Lactau 10 0 1.5 1.6 -
10 5 3.0 2.7 

Cellulos. 10 0 2.5 2.6 
10 5 4.5 3.7 
20 0 5.9 5.0 
20 5 7.6 7.0 
30 0 7.1 6.1 
30 5 9.5 9.0 

---------------~-----------------------~-~-~----------------------------

Tabl. 4.1. Effect of carbon sourc. concentration and colloid addition on 
enzy .. production. 
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can be explained in term5 of the colloid ch.racteristic.. Alan and W.sol-

P are "stable" colloids. Although they' may becOfle .s.oci.t.ci wi th so .. 

components of the medium, thelr particulate nature 15 not modlfied by 

hydration when plàced in aqueous Solutl0ns. The differences in optlmu. 

concentration between Alon and Wesol-P ean'be explalnad by dlfference. ln 

their specifie gravlty (3.6 for Alon, 1.2 for Wesol-P), surface area (100 

2 2 m Ig for Alon, 220 m Ig for Wesol-P), and charge density. Little . 
information 15 available concerning the magnltude of the positive charge 

which is present on commercial colloids. 

The relatively low (0.5-1.5 g/l.) optimum concentration of the aluminum and 

iron salts reflects the high degree of hydration which ~hey undergo in 

aqueous solutions. The colloidal species which are formed ara dictated by 

the following three equllibrla (Cotton and Wilkinson, 1972): 

e -.1 

Fe (H2Q) 6 
3+ 2+ H+ K- 10-3 • 05 

L = Fe(H2Q)5(OH) + 

2+ 
' , 

10-6 •31 
Fe (H20) 4 (OH) 2 

+ H+ K= Fe (H20)5 (OH) = + 

2 Fe(H2O)6 
3+ 4+ + K- 10-2•91 = Fe(H20)4(OH~2Fe(H20)4 + 2H 

Which species predomlnates depends upon the pH of the system. At 

approximately pH 3, colloldal gels are ~ormed and ulti.ately hydrous ferr'c 

oxide is~pr~c~pltatad as a re~-prown gelatinouB masse Thus the surface 

area and ilc,tual maS5 of collo1dal flatedal formad are not d1rectly 
\ ... 

dependent upon the amount of salf origlnally added to the solution. 

Increases in the colloid concentration above the optimum value. ,resulted in 
. 

slight decreas8s in the concentration of cellulas& produced. Increa ... in 

vi scosi t y a.sociatad with high concentrations of colloid may be responsible 
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for the d.cr •••• in c.llul ... produced. Probl ... with mixing, oxygen and 

ether nutrient tran.fer .soci.ted with high solid. fer.entation. have been 

docu.entltd (H.nd.ls and Andreotti, 1978). -• ~l 
j 4.1.3. Kech.nism of th. CDlloid affect 

Th • ..chani .. by which th. positively-ch.rg.d particl ... x.rt their affect 

~pears to b. r.l.t~ to their .bility to bind sug.rs .uch a. lactose. 

When added to .n aqueous solution of 10 0/1. lact~s., a concentration of 5 

0/1. Alan bound ca. 15% of the lactose from a 10 0/1 solution (Table 4.2). 

Th. addition of phosphate (KH2P04, 2 g/l) incréased the amount of lactos. 

bound to 30X of th. total. Approximately one-third of the phosphate in 

aolution ... removed with tha lactose. The ,dditio~ of metal salts normally 

SUPPli~~~e elements in the growth medium appeared to have a negative 
, . 

.ff.ct on the binding capacity of the colloid. Individually, o~ when added 
) 

in ca.bin.tion, the s.lts reduced the binding to 151. of th. lactose bound 

in the pr.s.nce of pho.phate, and aliminated bindihg in the absence of 

phosphat •• 

Transition .etal lon. such a. iron (III) are also known to have a hiOh 

affinity for li9ands whlch coordinate through oxygen, such a. phosphate 

~ions and suQar. (Cotton and Wilkinson, 1972). In Trichgderma re.'li growth 

-.dia, then, th.,.. is an equHibrium .stablished between "fr_" lactose .nd 

la~tOl8 which is ••• ~iated with the positively charged colloid through a 

phDIPh.~. ligand. Duting the ini ti.l growth phaft, thl "free" lactos. is 

used by the or~ani... As it beao ••• deplettd, the .quilibriua shifts 

t~ds th. Mfr .. - I.ctose, r.sulting in a .low rllea .. of colloid- , 

..soci.ted l.ctose. Th. result is th.t .ft.,. th. initial growth ph ••• is 
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complete, there 15 a constant law concentrat10n o~ soluble carbon ava11abl. 

to the organism. Improvements in enzyme titers achieved by thl. reduction 
( 

in the effective carbon source concentration are mechani.tlcally .lmilar to 

tho.e recently achieved using fed batch fermentations. 

Early work on the production of cellulases showed that it wa. environ .. ntal 

stress, such as a depleted carbon source that triggered the induction of 

cellulase enzymes (Mandels and Reese, 1957). In soluble carbon source-

~ based systems, growth of the microorganism 1S not dependent upon hydroly.i. 

of thQ.degradation-resistant polymer cellulose. The hlgh concentration of 

available carbon source inltlally present, results in a rapld initial 

growth phase. In bateh fermentations, the carbon source concentration is 

rapidly redueed to low leveIs, and the enzyme-making mechanlsm of the cell 

is turned on. The lack of an avallable carbon source to supply the 

organlsm wlth maintenance energy after thlS initial growth perlod, result. 

in a rapid deeline in the mleroblal population, and a relatlvely low final 

concentration of cellulase produeed. 

ln fed batch fermenta~ions, a rapld initial growth phase 1. de.irable to 

inerease the blomass concentration ln the fermenter. In ~hl. syste~, the 

Initial growth period is a batch fermentation and the concentration of 
\ , 

, carbon source is again d~pleted; ,This lnduee. enzyme .ynthes15 by' , 

Trichoderma. H~wever, in the fed ba~ch fermentation, the induction pha •• 

which follows the Initial growth~phase, 15 prolonged through the addition 
~I . 

of low levels of utllizable carbon source • ln thl. way, .alntenanc. energy 

. is supplied to the bloma •• , to enable lt to continue syntheslzlng cellula.e 

, even though it is in a statlonary growth phase-. It 15 th!. type of 

situatio~ which exi&ts in batch fermentations in which colloldal .aterial, 
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hAve b .. n .dded to the medium. The lnltial rapid growth phase is supported 

by the "free" lactose present. Subsequentl y, a suppl y of carbon source 

made avallable by the controlled release of "bound" 1 actose, supplies the 

bioma •• with the maintenance energy needed to prolong the 1ndu~tion p~ase. 

4.1.4. Collold effect: Second mechanism 

It should be noted that the relative increase ln enzyme titers cbserved 

when colloid was added to cellulose-based fermentations was smaller than 

that observed for lactose-based med1a. In Trichoderma fermentations, the 

Qrowth rate of the organ1sm is dependent upon the hydrolysls rate of the ' 

insoluble substrate. As cellulose lS solub11zed, the sugars produced are 

utilized. The net result lS that for cellulose-grown Trichgder~ cultures, 

very low levels of free sugars are present in a growlng culture « 0.2 

g/l) • The strong effect WhlCh Alon had on cellulase product10n in thlS 
1 

system waB not likely due to a sugar-colloid interaction, as was the case 

with the lactose-based fermentation. Rather, there eXlsts a second 

mechanism by which colloids enhance enzyme productlon. Although the nature 

of the interac~ion is not clear, the effect is net limited to thlS system. 

Microbial cells are usually found to be negatively-charged in aqueous 

systems. Thus, th.re is expected ta be an association between the cells 

And the positively-charged colloidal particles. Because only th. 

positively-chargtd colloids, Alon, Wesol-P, as weil as the 1ron and 

aluminu. hydrat.~,.nh.nced enzy .. production, it is likely that the 

positive char;_ is nec ... ary to brin; About the close association which w~s 

observ.a to exist b.tw.en the mycelium and the cQlloidal partiel.s. It is 

n 
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also possible that the presence of the colloids at the cell wall aida in 

the relea.e of enzyme. thus lowering the in~nal concentration, and 

favouring an increase ~n enzyme .ynthe.is. 

The addition of colloidal material. to cellulo.e-ba •• d ferMentations 
l' 

resulted in enzy.e titers which are normally only achlev.d with higher 

concentrations of èellulose. In batch culture. with cellulose (30 g/l) and , 

Alon (5 g/l), FPA values of 9-10 IUlml were routinely ob.erved. Maxieu. 

values of greater than 13 IUVml ware record,d in several batch.s. Thes. 
1 

re5u~ts compared favourablYJith the result. of other worker. (Table 4.3). 

Both the productivity (60 1 l/h) and the yield (433 lU FPA/g cellulo.e) of 
1.-

~he .fermentat~ons with Alon tncoq~o,.at~ into the growth medium, were 

i~roved over tho.e reported by other workers for.batch fermentations with 

Trichodêrma rees,i Rut C30 (Hendy et al., 1982, 1.984). 
t 

Although fed batch fermenta~ions have resulted ln the highe.t yield and 

produc~ivity of cellulase reported to date (Watson et al., 1984), 

continuous or semicontinuous fermentatIons have nDt galned wid.spread 

acceptance in the fermentation industry. Problems with contamination and 

f-.d handling which are a.sociated witn continuou. proces ••• are th •• ain 

rea.ons for the continued use of batch fermentation. In thi. wark, the 

yield of cellula.e par gra. of cellulo.e utilized, wa. approxi .. tely 

doubled ovar those reportltd for fed-batch work. The producUvity of the 

'colloid batch fer.entation., however r .. ain. 10Mer than the fed-batch 

values by a factor of approxi.ately 3. If i~roved productivities can be 

. achieved uslng this .y.t-, conventional batch f.,....,t.~ions. suppll ... nted 

"ith collaid additions, .. y beca.e .are attr..ctive-than the fed batch 

.yst .... 
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~.1.~. Éc;anOÏlics of enzyH production , 

far the ~zy.atic canv.rsion of cellulo .. ta .thanol. The c~st breakdQNh 
, . 

" 

,r -As'APproxi .. t.ty a. follows (Ryu and Mandels, 1980): , ' 
i' 

Unit cast Parcent cost 
(cttntsl cral 951. ';!OH) 
~--~----------------------~-------~--

Enzy .. production 57.3 43.4 

30.38 23.0 

Hydrolysis 13.03 . 10.0 

Ethanol production 31.07 23.6 
.' 

Bv Ulproving the yi.Id And producti vi ty of ceUulas. production, the cast 
.# ,. 

of th. ov.rall proc ••• c~ b. r.d~ced significantly, makino the anzy.atic 

d-aradatian of cellulose .are ca.p.titive with other technolooie.. In 

Section 4.2, the.hydrolytic potttntiai of Trichpd.rl' cellulas. will be . 

... in.ct. 
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Colloid 

"--

AtIditi VI! (O/U ... X Lacta •• 
bound\ 

--~--------------~--------------------------------------------~--~-----~ 
. 

5.0 0/1 Alan None 1S 
KH~4 (2) 33 

.iI i<H 4 (4l 33 

~ 
Fei04 (S ~ 10-3) 0 
""904 (1.6 x 10-3) 0 
lnS04 (1.4 x 10-3) 0 

./ toC1 2" (2.0 x 10-3) 0 

10 g/1 Alan ~P04 (2) 6.3 
2~O4 (4) 5.7 

·~.~l Man KH2P04 (2) 40 
(4) 37 -KH2P04 

5~O gll Cab-a-si 1 t,1S' " None 0 
KH2P04 (2) 0 

'---. 

, 5.0 0/1 FeC1:s • KH2P04 
(2) 15 

None KH2P04 
(2) 0 

, ' . 
----~-----~---------------------------------~--------------------------~-

Table 4.2. Effect of -m~t.l salt. and phosphate on lac~.e-Alan bindino 
"-, 
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Mutant Carbpn source 

Rut C30 Solka Floc 

Rut C30 Hardwood pulp 

Rut C30 Solka Floc 

Carbon source 
concn. 

20 
50 
75 
100 

50 

50 

, , , 

MaxImum FPA 
(lU/ml) 

4.2 
8.0 
8.4 
8.0 

12 

14.4 

Hendy et al. 
1984' 

Watson and Nelilgan 
1983 

Tangnu et al., 
1981 

CL847 Lactose 60 5 Warzywoda et al •• 
.. CC 41 Ce nu 1 ose 50 13. 7 1983 

+Wheat bran 20 
Lactose + cotton 60 14.1 
pulp _ 5.J~ 

'// -1 \ 
Rut C30 Cellulose CF11 ~ 30 13.2 Duff et al., 

19B5a 
-------------------------------------~---------------------------------
Table 4.3. Comparlson of publlshed cellulase Ylelds uSlng Trlchgderm. relili 
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S.lt S.lt conen 
(g/li ter) 

y. Inerease 
in FPA 

....... . p ..... ,. 

1. Increflse in 
soluble protein 

concn 
--~--------------------------------------------------------------------

( 

AlK(S04) 2 0.5 11 23 
1.5 13 18 

FeC1 3 0.5 23 17 
1.5 19 22 

Fe2 <S°4)3 0.5 9 11 
1.5 1 8 

MnS04 0.5 0 0 
1.5 1 3 

r.bl, 4.4. Effect of the addition of metal salts to citrate-buffered 
Tri1:hoderm,,,reelli growth medium. 

'-,---

• 

" ... ~---_. (, 

82 

r ' " . 

... 

.' 
1., •.. .::.... 



o 

f( 

0 

/' 

o 

~'- .--
.. jo" .. t " 

J' ... , 

'-',-.' ,,' ""'}-'t,.6 ~'~~'~-"'Jf7"''1t''"'''''''",'>'', '"...."...,Cr.;R1IIn1, 
-' f ~"~)ry. ~ - :: .. ~ : ~ "\ ~ ,- i ., ~ ,-<. {/ _ .... 

"i 
- , ... ~ . '~ 

•• 
" 

-
0: E 
LU ...... 
o.::> 
ct::::. 
o.~ 
0:_ 
LLJ> 
~i= -u lL.« 

-...J z ...... 
-0-
lJJ-

6~ 
O:i= Q..« 
LLJQ: 
..J .... 
alZ 
::::>w 
..Jo Oz cno 

0 

:t 
a. 

3.5 

2.0 

1.5 

1.0 

0.5 

4.0 

3.5 

2'°0 

o""-~ 

/Q~. tFf'i.- .-:-" <:::::.-----
, 

0 

0'" 8 0 ~___ a 
- /,::0 • 

.....-0 i i~ 
~o~ • "-1 

2 4 6 8 10 
INCUBATION TIME (OAYS) 

Figure 4.1.,Eff.ct of Alan-addition an pH, ~trac.llullr pratein 
concentration, Md fUt.,. pap.,. activi\y during grawth of la. 
r .... ' Rut C30 in shak. fla.k. contalnioo ,10 0/1 lactose. 
Syllbol.: à ~ Q/l Alon, 03 0/1 Alan, Â 1 0/1 Alan, '. Con~rol. 

83 

,-
/ 

.., 



r
' -",'. -, ... ~.~ '>'N«" '1"',"" t" - .-,,, F'" ."."". 'V,"l H - '," "'" ", •• 

J ":,' ' - • -, ," " " ' ," ", ' 

t. 
~. -

' .. 
" 

L '1 

~ 

, ... 

"': 

~ 

0 

0. 

. ' 

' . . 
" 

t -=.~ 

t. 
'" 

\ 
\ 

" 
-e -c 
8 
R 
G» 
> .--a 
li .. 
>--.-> 

\g .. 
G» a. 
a 

.Q. .. 
G -.-
li.. 

1.1 

1.0 

.9 

. 8 

.7 

Wesol- p conen . 
(;/1) 

" ~~ -, .. .... l' 1 • ... .. ~I 

':It~ ;", 

" 

• Figur. 4.2. EfflCt of w..ol-P canc.ntration on cel lui ••• activity produc.d 
by shake fla.k cultur .. of I, r .... i. 

B4 



o 

-

o 

o 

4.2. Application of Trichgd.rma cellula.~ to hydrolysis of'Solk, Fl~ 

4.2.1 Effect of enzyme loading ratio on hydrolysis of·cellulo •• by 

Trichoderma cellulase 

The ~nzyme loading ratio f.or a given hydrolysi!i reilction is defin.d ,'. th. 

enzyme activity (filter paper activity, carboxymethylcellulil.e activity 

etc.) used per gram of substrate in the hydrolysis reaction. It h.s be.n 

reported by a number of resear~hers that the initial rate of hydrolysis is 

linearly dependant on the enzyme loading ratio applled. Lee and Filn (1982) 

found that the.extent of soluble Rrotein adsorption onto the sub.trat., .s 

weIl as the initial rate of hydrolysis of the substrate, incr •••• d 

proportionately to the enzyme concentration, as the enzyme concentration 

was increased. The increase in initial hydrolysis rate slowed 
\. 

substantially when ~he initial enzyme concentration exceed.d .pproxi •• t.ly 

1 g/l. They postulated that this decrease was due ~o adsorption anto 

inac~ive sites, or to the formation of multipl~ layers o~nzym. on th. 

cellulo.e surface. Since only th!. enzyme adsorbed in th~ir.t layer i. 

able ta play a part in the hydrolysis, this ia equiv.lent to .urfac. ar •• 

1 illli tation. 

The initial rat. af hydrolysis is stronoly aff.ct.d by th. ad.orption of 
" 

-c.llulas. an th. c.llulosic sub.trate. This in turn is stronoly dependant 
J 

on th. "jar structural f.atur. of th. c.llulo .. such a. sp.cific surfac. 

ar.a,.and cry.tallinity ind.x, a. weil a. on enzy .. and substrat. 

concentr aU on. 
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Initial hydroly.is rat •• have littl. b.aring on practical hydroly.i • 

• y.t .... A typical sugar conc~tration yer.u. time curve is'shawn in' 

FiVur. 4.3. Th. rat. of production of cellobiole and g~ucose falls off 

dra.atically over extended hydroly.is time.. This is due ta a variety of 

factor. including: 
, , 

1. inactivation of enzyme. ," 

2. th. higher crystallinity and laMer specifie surface area 
of the residual cellulose 

1 
3. end-product inhibition 

AlI of th.se factors combine to make the analy.ia of enzymatic hydroly.is 

"" _~ifficult. A mechani.tic kinetic model has been developed Mhich include. a 

vari.ty of factors including: the affect of cellulose structure, the mode 
.. 

of action'of cellulase, and thè mode of interaction betMeen cellulose and 

enzyme .alecul •• (Fan and Lee, 1983). Th. data obtained-in this Mork for 

th •• ffect -'of loading ratio on enzYlllatic: hydrolysis of cellulose <Table 

4.5), do not corr •• pond .... 11 wi th the data gi ven in the aforelllRnU'oned 

.tudy (Fan and L •• , 1993). Ther. are a number of reasons by Mhich th. 

dhcrepancy .. ay bR accounted for: 

1. th. orvani .. wsed ta produc. the cellulase ~a.Jf.Cff.rent 

2. th. aubstrat. ua.d ... a. different and in our work there 
... a. no atte.pt ta Obtain a .tandard partiele .iz. 

3. th ... thod of pr.tr.at..nt of the subatrat .... aa diff~ent 
, 

Th. applicability of a viven .-ch,niatic MOdel only to a ... el1 defin.d .et , 

of hydroly.i. condi~ions qu .. tion ~h~utili~y of suth .ad.lling ba .. d on 
, -; , 

~- ! .t • 

conditions oth .... than tho .. u.ed in a production-.cala r.actor. 

In this .tudy, the final, (72 h,..) concentration of -Sügar incr.a'" N~th 

tnc:r ... tng clX'tcentraUan of enzYM CTabl. 4.:5). , Th. ov .... all praductivity' 

of th. hydrol y ( eny_ ac:ti vi ty unit. produced per li t~ pitt' haur) 

1III:W."~;"~;;"1""", •• ; •. è· .,::_, _ .;, • ,", ., 
), . ... ~. , ...j. : 
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incr .... d fra. 0.6 gl-lh-l at 10 lU FPA/g Solk. Flac, ta 1 gl-lh-l at 50 lU 

FPA/g Salk. Floc. Hawever, the b.n.f i t ta .ach sub •• qI,utnt i ncr..."t in 

enzyme lo.ding dimini.hed. Thus the yi.ld p.r unit enzy •• added d~ •• ed 

• 
frèm 62 9 sugar/gr •• af enzyme added, ta 18 9 .ugar/gr ••• nzym •• dded. 

Since the cost of enzyme production is • major co.t in th. proc •••• th. 

yield is an important consideration. 

One of the major factors Nhich cau.ad the di.ini.hing yi.ld •• t higher 

enzyme lcading was inhibition of the enzyme activite. by accumul.ted end, , • 

produets. The affaetivenes. cf glucose and cellobios. a. inhibitor. of , 

callulasa activity ha. baan Nal1 documant.d (Ryu and M.nd.l •• 1980). 

C.llobiose is a much mora patent inhibitor than i. gluco.a. B.caule b.ta-• . ,. 
glucos~da5e i. the enzyme which i5 r •• ponsible.for thi. conver.ion. an __ 

attive beta-gluco.idase companent in a eellula •• preparation b.n.fit. both 

the yield and the productivity of the hydroly.i5 re~etion. 

Using Trichod.rma cellula.e, as the .nzyme loading ratio incr •••• d 
" 

there is a r.pid iner.ase in the initial rate at which the hydroly.t. , 

proeeede~ Cellobiose rapidly accumulated and Nas able ta r.ach inhibitory 
, " 

lev.ls very ea~ly in th~ hy~~~lySi5. The rate of conversion of c.llObiose 
, . \, 

to glucose l.gg~ bahind boc.:'-e of the d.fi~iencv in b.t.-gluco.id ... · 

Ictivity. ~ high enzyme loaüJng ratios. the Àbtual .mount of b.ta- . 
, , 

glucosid ••• pr •• ent iner •• sad. and 'the conver.ion of e.llobios. ta glucos.--
() , l ' 

w •• i~roved over th.t .chi.v.d'.t'low.loadin~, r_tios (Figur. 4.4). 
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4.2.2. Eff.ct of b.ta-glucosida •• ,uPPle .. ~tation on hydrolysis reactions 
l ' 

usino Trichgd.rm. cellu!ase 
• 

Th. addition of suppl~mental beta-glueo.idas. reduces end product, 

inhibition by improvlng the conversion of cellobiose to glucose. The 

re.ult is an increase ln the final concentration of sugar produced in the 

hydrolysis. As described i~ .action 4.2.2, the conversIon of celloblose 

ta glucose by Trlchoderma cellulase is dependent upon the enzyme loading 

ratio. By supplementing the Trichoderma cellulase with beta-glucosid.se". 

the conversion efficiency of cellobiose ta glucose becomes independant,of 

the leading ratio (Flgu~e 4.4). As a result, the productivity of 

hydrol,yses supplemented with beta-glucosidase lmproves significantly over 

those with no added beta-glucosidase (Table 4.5). 

The optImum concentration of bet~-glucosidase is dependant on the type of 

substrate t~be, degraded, the conditions under which the hydrolysis is 

carri.d out, and the source of the e~zyme preparations •. Beta-glucosida.e 

from different sources showed varying degrees of synergy with cellulase 

frQm Trichoderma (Sternberg et al, 1977). Beta-glucosidase from almonds 

was abl. to improve the conversion of· cellobiose' to glucose (as indicated 

-by the glucose/reduting sugar ratio) up to a ratio'of 2.5 lU beta-
~ 

gl~cosida.e: 1 lU filter paper activity (Figure 4.5). However a similar 

d.gre. of conversion can be achievad using a much smaller amount of,beta-
1 ~ 

gluco.id ••• f~om AIR.rgillyl Rho.nici.. Other workers.have indicated that 

b.t.-glucolid ••• froll oth.,. "black" A'R.rgilly, species ,how a high degree 
, 

of .yn.rOy,with Tricbgd.rl. c.llu"e (En.ri et al., 1980; Scrivastav •• t 

.1., 1981>. Jo 
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The value of i.prov.d c.llula •• prod~ction by Trichodtrl' r .... t i. 

lilitld, to .0 ... xt.nt, by tha flet that th. anzy .. produced by 

Tricbgdlfl' i. deficiant in b.ta-glueo.id •••• 

2.4.2, tbi. re.ult. in an .ccumul.tion of cellabio •• during bydroly.i •• nd 

,a decre ... in the hydralytic .ffi'iancy' of tbe '.llul.... In an atta.pt to 

incra.ae the bata-glucolid ••• coneantration of th. c.llul ••• , mix.d 

cultivation of Iriehod.rm •. r •••• t Rut C30 Ind e.p.rgillu. pbg.ni,i. "" 

attampted, and the re9ult9 ar@ de.cribed in Cbapt.r 4.3. 

4.2.3. Effect of surface active agents upon bydroly.i. of Salka Floc by 

Iricbgderma cel lui ale. 

Surf.ctant. cln be cla •• ified Iccording ta • vlriety of ch.r.cteri.tic. 

inc1uding: 

1. solubility in M.ter and/or organic solv.nt. 

2. Metting capacity 

3. ability to emul.ify or damul.ify 

4. foaming c.pacity 

s. gelation ch.r.cteri.tic.< 

6. vi.co.ity 

7. toxicity, odDUr~ ta.te 

In ganaral, surfactants po •••••• hydrophObic and • hydrophilic lOIity 

"itbin th ..... IOI.cule. Th.y t.nd ta .Iion th .... lv •• at pb ... 

intltr'faCH. Dy daing '0, they .r • • ble ta lOdify the .urface 
:1 

" charact .... i.Uc. of one or batb of the ph..... Far lIXupl., in .quJOU' 
solution., surfactants tend ta accu.d.t •• t the interface bel ... the 

~\ 
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ga. pha •• (air) and the bulk liquid phase. The hydrophilic part of the 

~?lecul. Orients înto the aqueous phase while the hydrophobie (llpOphilic) 

-portion of the .olecule i. aligned .t the surface. The rt!sult i s a 

'decrease in free energy at the surface and a reductjon in surface tension. 

At a sOlid-liquid interface such as exists in the cellulose hydrolysis 

system, the accumulatIon at the surface can result ln an imprèved wetting 

of the substrate. ThIs can affect the enzyme-substrats interaction either 

positively or negatlvely, depending on the characteristics of aaarticular 

system. 

It h .. ~een previously reported that the addition of Tween 80 ---

(polyoxyethylene (220) sorbitan monooleate) to hydrolysis flasks resulted 

in an impro~ement ln the efficiency of hydrolysis (Castanon and Wilke, 

1981). In the cellulose hydrolysis systems, the hydrolysis mixture 

_(;,pnsists of an insoluble substrat. immersed ln a liquid solubon. T,he 
• 

adsorptIon of the cellulase i5 critlcal for the catalytic reaçtion to 

occur. It would be expected that the addition of surfactant molecules, 

which orient at solid-liquid interfaces, would affect the hydrolysls 

r.action. A variety of sufactant. were, however, able to improve the 

hydrolysis to the same extent tnat Tween 80 did. These surfactant~ are: 

Pluronic LlO, L 61 (polyoxypropylene-polyoxyeth.Ylene copolymers> 

Atla. 8-263 (N-cetyl-N-ethyl morpholinium ethosulphats) 

Atl.s 8-3300 (alkyl aryl ~ulphonate) 

Atlas G-3634A (quaternary ammonium compound) 

A summary of the characteristics of these surfactants is given in Table 

4.6. Alt~ough th.surfact. tested varied greatly in wetting ability, 

.ol.cular weight, and ch.mical characteristics, ail except Atlas 8-3300 
o 

Q ." 

i~rav~th. axtent of hyralysis by an a.aunt equal ta that produced by 
"-
) 
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o T ...... 80 (Figura 4.6) •. Tha nav.tiva trifllCt of Atl.s 133300 .... du. ta • 

in.ctiv.tion by th.t surf.ct.nt of tha c.llul •••• 

Thi. type of gener.l .urf.ct~nt effect is unuau.l. It is pos.ibl. th.t tha 

accu.ul.tion of .ny surf~ctant ~t the solid~liquid interf.ca i~rav.s tha 

interaction batNean tbavenzy.e and substr.t.. Th. surf.~t.nt •• y "iMPrav." 

th. interaction by simply decre •• inQ th. strength Nith whic~ th. anzy .. il 
1 ' 

bDànd ta cellulose, and thus improving the catalytic r •• ction by r.I ••• ing 
. 

. active cellulas. for ano~har reaction • 

..... -
Ta investigate further, Twean 80 was u5ed as • modal .urf.ct.nt. Tha 

affect of the addition of Twean waa examin.d OR hydrolysa. run .t thr •• 

different degrees of agitation. The resulh .ra shown in Tabl. 4.7. ,Th. 

o .. 
flasks which contained Tween 80 had more filt.r pap~r ~ctivity in tha broth 

, 
th.n the control fl •• ks. The protein concentration in the liquid ph.s. ",. 

al.o higher in the TN.en 80 flaaks, but not in proportion' ta the incr •••• d 
, . 

, 

filter papar activity.--lhus, the protain Nhich wa. pre.ent in th. liquid 

. pha •• of the n'Bks Nhich cont.inad Tw .. n 80' h.d • h'igh.,. spacific .ctivity 

(lU enzy .... ctivity/gr •• prot.in) than did the control fl •• k •• 

1 

ln-th. anzy •• tic hydrolysi. syst •• , th.,. •• xi.t •• n aquilibriu. b.twaen ---

bound and "fraa" c.llul.... Th. pr.senca of th. T...n 80 Ihifted th. 
. , 

aquilibri~ toward·"fr .. " c.llul ••• , •• avidancad by th. higher filtar 
, . 

papar .c~ivity .nd higher ,protain in th •• quaou. ph ... of those cultur ... 

Thi ..... in, .gr.....,t ",ith th. relUIt. of C .. tanon .nd WUk. (1982). ..,.t 
, 

is pas.ibly .".. illPortan~, i. th. anhancad specifie activity of th. , .. 

c~l1ur ... whieh .... prnant in th. aqueou~ ph ... ôf ,the Twaan 80 

-
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Th!. i nd i cated th.t .Uh... TttHn BO i. ab 1. ta f.ci li t.t. the 
1 

-
,..1 .... of .ctiv. c.Uula .. frotl the c.llulo ....... Dr that it prot.cts th. , 

activlty of the c.llul .... frCNI .., • ..,. or tnt.rfacial denatur.tion1lhen it is 

---in th. -fr .. M .tat.. Th.,.. i. ~ .videnc. to .upport bath as.ertion. 

··(c..tanm .nd Wilk., 1982. a.su and P.I, 1956. Kim et al.-, 1~2J .~ ... , 

1980). Th •• p~ific .ctivity Of the extrac.llular protein (cellul •• e) is 

10000t in th. fl ... k. which wer. subJected ta the highest level of agitation 

~both Tw •• n BO as w.ll as control flask •• This indicates that some 

~zy .. denaturation is occurring which i5 refated to the higher agitation 

---r.t. of th ... fl •• ks. A mechani.m by which surfactants stabilize cellulase 

h •• been d.scribed. Kim et al., (1982) have postulated that an air-liquid 
. 

interf.ce .xerts a much gr •• ter denaturing stress on cellulase protein than 

does ah.ai .tr.... They postulated that c.llula5e whlch i5 at the 
.-

.. - interf.c. b.co ... unfold.d and thereby inactivated. Agitation serves ta 
~ c 

incr •••• the rit. of den.tur.tion, not by increasing the shear stress, but 

r.ther'by ~epllni.hing the interfacial area with fresh, active proteine In 

.t~tic cultur •• , th. proportion of the protein,which i5 at the surface and 

therefor. subject ta th. denaturing effects, i.'small in proportion to the 

tot.l prot.in. When .. culture ~ weil .ixed, ho"-ver, tha racharging of 

~. interf.cial boundary with bulk liquid, .xpo". ~ la~ge proportion of 

the bulk liquid ph •• e ta the den.turing force.. Surf.ce active .g.nt •• ra 

abl. ta di.pllce the enzy .. .alecule. fra. the interf.cial ar.a. Sy 

dec:r.~.ing the proportion df t~e protein ,.t th. surf.ce, th. surfactants 

are able ta decr .... th. percent inactiv.tion of the enZyMe In our work, 

hydroly ... "ith~T~ ao .dded showed a gr.,ter benefit of incr •••• d 

.git.tion than did~th. control fla.ks •. Âl.o, th; c~tral cultur~ produced 

~proxi .. t.ly th ..... ItXtent of hydroly.i. when incub.t.d with _ .... t. , 
(50 RPt1) or hiQh (lSO RAU agi taUon. Th ... t., fact. indicat. that th.,.. 

/ 
t / 
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indeed, som~ degree of interfacial .tabil1z.tlon in cu!\ure. with T..en , , 

80 added. In statlc cultures as weil, there i. a strqhg incf •• '. ln 
1';, 

hydrolytlc effl~lency ln flasks which contalned Tween 90 as èompar.d to 

controls without Tween 80. ThIS cannot be explained by .hear ~ 

interfacial stabillzatlon. It must, rather, be due to .n lncr •••• ln 

efhclencyof the reacbon of cellulase with cellulose. By increasinQ the " 

ease with which the cellulase lS able to de~orb from the surface of the 

cellulose, the hydrolytic efficlency lB Increased. Thu~ lt would .pp.ar 

that there are two modes by which surfactants ehhance the hydrolysilV 

reacbon: by stablhzlng "free" enzyme with respect to interfaclal forcés, 

and by Increasing the efficlency of the enzyme-cellulose InteractIon at the 

cellulose surface. The fact that the surfactant effect Is'exhlblted by a 

wide variety of surfactants indlcates that the lnterfaclal pheno.enon •• y 

be more important. Since ail surfactants aggregate at the interfaces, the 

effect, would not be dependent on cheClical charac~l shcs"of the 

surfactant. It would be expected that If the effect was based upon a 

modifIcation of t~e enzyme-substrate interacton, the chemlcal 

characteristics of the surfactant, such as molecular welght, hydrophobic-

lipophilic balance, and charge would be l~tant to th. eff~t: 

described prevlously, they dld not appear to be Important. 

-

As 

4.2.4. Elutl0n of cellulase from cellulose using surf.ctant ~~qn. 

To determine if T ... een 80 and other surfact.nts ... lre able to r.eove active 

cellulase from cellulose, elution studie. were undertaken. It was found 
" c " 'If' • 

that the surfactants did not signlflcantly incr •••• the .~t of .oluble 

protein which was 8luted from cellulos.. They did, however, protect the 

,( 
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activity of th. prat.in Mhich ... r.l •• sed. In fl.sks Mith surf.ctant 

added, th. prat.in Mhich Na. r.l •• sed r.t.ined .are of it •• ctivity than 

in thau .. ith no SDrf.ctant .ddttd. This observation .upports the 

hypath .. is th.t by prot.cting th •• ctivity of c.llul ••••• urf.ct.nt. ~e 
'" 

abl. to incr •••• th. afficiency of the hydroly.i. r •• ction. 
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Enzy .. loadinQ Enzyme acti vi ty Final ReducinQ Final ~luè:o .. BIR 
ratio ratio • uQar conen. conen • 

(IU FPA/Q. S.F. ) <lU bata-g/IU FPA) (Q/1> (Q/l) . 
------------------------~-------------------------~,-------~-----------

10 0 44 23 .52 
0.75 62 41 .66 

20 0 62 35 .56 
0.75 B2 56 .6B 

30 Of' 69 42 .60 
0~75 92 60 .6S 

40 0 69 41 .59 
0.75 \ BB S9 .67 

50 0 70 46 .65 
0.75 90 61 .67 

Table 4.5. Effec:t of enzyme loading ratio and bata-glueo.ida.a 
supplementatian on hydralysis of Solka'Floc using Trichgd,rll 
c:ellulilBe. 
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-------------------------------------------------------------------------~-
Surfactant t1..8 . Ionie: 

natur. 
Sp.cifie grAvit y 

_______ u _____________________________________________________________ _ 

T......, 80 15 non NA 

Plurbnie LlO 10 non 1.04 
Lis 1 10 

\ 
non 1.01 

Atl •• 6263 >30 non 1.0 
Atl •• 63300 117 anionie 1.0 
Atl •• 93634 NA caUonic 1.1 

rabl. 4.6. Charact.!lristic. of surfactAnts te.ted. HLB refer. ta the 
hydrophilie-lipophilic bal.nce in the surf.et.nt .alecul •• 
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---~-----------------------------------------------------------------

T~ 80 ah.king 
c:oncn. spud 

o 0 
50 
150 

1.S 0 
50 
150 

Bluc:os. 
produc.t 
(final) 
(Q/I) 

39 
53 
53 

47 
~9 
64 

AV"'.QIt ofr .. 
FPA in li quid 

(Q/1) 

1.6 
1.9 
1.7 

3.0 
3.0 
2.8 

Av.,.ag. 
prat.in 
in li quid 

(Q/1) 

0.7 
O.B, 
0.9 

1.0 
1.0 
1.1 

SplICific 
.c:tivity 

<lU FPA p.r 
'il prat.in) 

2.3 
2.4 
2.1 

3.0 ___ 
3.0 
2.5 

-----------------------------------------------------------------------
Table 4.7. EH.ct of r ..... n 80 and sh.king spaed on hydrdlysis of Salk. 

Floc by Trichgderm. c.llul •• e. 
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-------------~---------------- --------------------------------------
Elultl1t X Soluble prot.in 

eluted 
---------_._._----------~------------------------------------------------

Water 4 19 

Ci trate buffer 11 30 

Acetate buff.r 11 33 

Pluronic L 10 28 21 
L' 35 23 22 
L 61 26 40 

T .. en SO 25 24 

Elution of cellulas. àctivity fraM Solka Floc usin; surfactant 
solutions. Ali buffers were 0.2 H; pH 4.81 surfactant 
solutions were 0.2 1. w/v. 
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FiQur. 4.3. A typic.l hydrolysis curv •. usinQ '[ricbgdE. ceUul ... to 
hydrolyse Salk. Floc. Syllba1s: 0 QlucDtMt, Il. t.at•1 rllducino 
mgar •• 
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: of 901 k'llluF1oc'. Sourc. of th., bet.-gluc:~id ... .. 1 al.andl.-' 

, y 

101" , ' " r. 

iTt:;.~:~,: ... : ,., .. ; ... "( "' .... :',. ,'J.' __ .... :~ ... J,L! :,n,.~,;,,, . i'H":."' • .. '. ;,.,' .. , 
• ~ i,. t 1 __ • il' .. _.~ •.•• "" ... 



" -
, , 
" 
~ . .. ,.' 
," 
~ 

'-

..-

" 

, 

.. 

, r . , 
c' .' 
f 
" ;. 

'Jo' 
!,4" 
~. 

'" ~, 
;Ir.' , .. 
r 
~\~ ... 
rj 

l" 
~r 1, " , " 
~'; 

~ /-• 

,. 

-..a 

'" 0 -
~' 

c: 
.S!-'-a ... -c • Co) 
c: 
0 
Co) 

• en 
0 
Co) 
::1 -~ 

30 

20 

o 

8'" ~ 

B 

40 ~O 

Hydrol;sis time (h) 

--

60 ,70 

( . 

1 

80 

FI' .... 4.6., EffllCt of T...., 8OÂ. Pluranic L10Q • and Pluranic L610 
addltian an hydrolYlis of Salk. Flac by TricbpdlC .. c.llul .... 
Cont,.ol fl •• ks • had no addltd IlUt'"factant. 
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4.3. Mixed cultivation ~f T. reesei Rut C30 and A.À_raillul Dho,niei. 

4.3.1 Initial studies 

The initial attempts to grow Trichoderma reRsel and A'Derg1llua AbRlnlci. 

ln mlxed culture used a medium which was essentially a combination of th. 

two media used for growth of the two pure cult~res (Table 3.2). Initial 

indl.tations showed that lt was possible ta- produCl! a beta-glucoluda ... -neh 

cell,ul ase system using ml xed culti vat! on of the two org~ni sms <Tabl e 4.9). 

This enhanced beta-glucosidase activity translated into an increa.ed 

hydrol Y tic potential (Figure 4.7). ,Further study was undertaken, ln an 

effort to eptimize the production of cellulase from the mlxed culture. 

4.3.2. OptImum beta-glucosidase concentration required for hydrolysis 
1 

~ 

There exists some disâgreement in the Ilterature ovèr the beta-glueo.lda •• 

(beta-g) te CMCase ratio required for complete hydrolysi~ of cellulosic 

su~strates (Chahal et al., 1982; 'Ryu and Mandels, 1980). Most resltarcher. 
/ 

have placed the v~lue of this ratIo between O.~-l.S lU beta-gluco.id~' 
, . 

activityl lU FPA. There are a number of reasons for this variation in 

reported values. 
1 

1 
• t 

The filter paper activity of a cellulase preparation is strongly dependaot 

on its beta-glucosidase activity. For thlS reason, an atteMpt to fin~ an 

optimum ratio of bet~-glucosida.e:'FPA ratio i5 difficult, Slnc. tbe two ' 

enzyme activities are not independant of each oth.r. 
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A .econd re.son is that the activity of • Qiven type of cel lui ... systeM is 

depandant upon the n.tur~'of the sub.trate wh~ch i5 used to evaluat. its 

hydrolytic potentl.l. It has been weIl documented that a particular ' 

cellulosic substrat. can show varied susceptibility to degradatlon by 

cellulase. with different ratIos of component activlties (Ryu and Handels, 

1980). Because dlfferent substrates are used to evaluate the hydrolytic 

potential of the cellulases, dlfferent beta-glucosldlse:FPA ratios were 
. ' 

found to be optimum. 

Flnally, the term "optimum" i5 somewhat ambiguous. In a true sense, the 

optimum beta-glucosidase:fllter paper actlvity ratio i5 that WhlCh gives 

the best,(fastest) rate of hydrolysis. As will be discussed in section 
L 

\ 

4.3.4, the'inltlal rate of hydrolysis varies directly with enzyme loading 

ratio ( lU enzyme activity/gram of substrate) up to an enzyme concentration 

of 1 Qr amll • From th i 5 1 t i s obvi OUS that al) enz v4:. concentr at ion 1 i s 

increased the time requlred for complete hydrolysis would be reduced. 

Howevèr enzyme loading ratios are llmited in practical systems by the high 

cost of the enzymes involved. For th1S reason, the "optimum" beta-

glucosidase:filter paper activity ratio i5 usually quallfled by a practical 

Ume period over which the hydrolysis is .llowed to proceed. The "optimum" 
. 

ratio, then, must be qualified by expressingl the substrate type and 
l) 

concentration, as weil as the enzyme loading'ratio. 

The hydrolysis system which was used to evaluate the hydrolytic potential 

of the different enzyme preparations waa designed to mimic practical 

hydrolysis conditions. For thia reason, Solka Floc was used at a 

concentr~tion of 100 g/! to ensure that the level of sugar which would 

r..ult frOl the hydrolysis would be of the same arder of magnitude .s that 
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Nhich Nould Ixi.t in a full-.call proc.... Tha .y.t .. allONS for • .arl 

"reali.tic" a ••••• ment of the hydrolytic pot.ntial of aivan enzy .. 

prepar at ion. 

At a fixed enzyme loading ratio (20 lU carboxy .. thylc.llula •• activity/Qr •• 
\ ' 

Salka Floc), both the initial rate of gluco •• production and th. final (72 
,f' 

hr.) concentration ef glucose produced, increa.ad "ith incre.sina beta-

g:CHCase ratio u~ to a ratio of 1:1 (Table 4.~0). The total amount of 

reducing sugar produced over the hydrolysis period a150 increa.ad up to a 

beta-glucosidafie:carbox,ymethylcellulase ratio of 1. ' Bacau •• the rat. of 
, 1 • 

1 
1 

conversion" of cellobiese to glucose Nas increased up te a ratio of 1, th. 

overall efficiency of the hydrolysis varied in the'same "av. Thi. rafl.ct. 

the control over the practical hydrolysis system "hich i. exert.d by 

glucose inhibition. The addition of beta-glucosidase to Qive a ratio 

greater'than 1 did not have an appreciable additional affect on th. final 

extent of ~ydrolysis. 

In thi. determination, CMCase activity NaB u.ed rather than filt.r ~p.r 

activity, bec.use the CMCase activity test wa. found ta ba more 

" reproducible. Also it should be notad that the optimum ratio deter.ln.d in 

thi. work applies only to thi. particular enzyme system under th. 

conditions noted, and do not apply to systems which difflr in subst~tl, or 
~ 

in the .oda b~which the enzyme was producld. 

4.3.3. Effact of pH on ~llulase production by .ixld cultivatien of 

Trichodtcll and Atatrail1u. 

" 
,.,rF' ---
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In shake fla.ks, pH control is limited, usually, to the addition of 

bufferlnQ stllts such as phosphata and citrate. Ho~ever, the use of 

ammonIum sulphate as one of the principal nitrogen sources in the medium 

makes a more patent buffering system necessary. Without further buffering, 

the pH drops rapid.l y, due ~o the uti 1 i zation of the ammonia, and li berahon 

of H+ ions. It was found that the addition of Amberlite catIon 

ex change resin provided sufflcient buffering capaclty for thls system. 

With 50 g/1 of the catIon ex change resin present, pH was controlled wl~hln 

1 pH unit of the starting pH, and the enzyme actlvity produced was markedly 

improved (Figure 4.8). 

4.3.4. Effect of media modifications on enzYme production by mlxed 

cultures of Trichgderma and Aspergillus 

As dascribed previously, the calcium, magnesium and potassium salta used 
" 

in the mixad culture medium are present mainly to provide buffering 

cap.ci ty to the system. In practical (fermenter-scal e) systems, thi Si 

buffering capacity is, to a large extent, unnecessary because of the 
1 

presence of aut'omatic pH control. In an effort to reduce medium cost ·'And 

complexity, the concentration of these salts was reduced and the effect on 

enzyme production .determined. Although these tasts were done on shake 

) flask scale, pH "'AS controlled by th~ addition of Amberlite: It was found 

that the salte concentration could be reduced by 50X ... it~ no adverse affect 

on enzyme activity produced in the broth (Table 4.11) • 

The type and concentration of carbon source Nas found to have a strong 

affect on the relativ~conc~tratio!,5 of th~ v.ricus cOlIIponents of the 

cellula.e sy.t .. produced (Table 4.9). This effect wa. studied further by 
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o varying th •• tarch concentration fro. 1 to 10 Q/l :t a fix~ (10 ,/1) 

concentration of cellulo... Th. b,ta-glucosid.s, .ctivity'of th. r •• ultant 

cellulase increased with incr ••• ing starch concentr.tion, Mhil. th. overall 

cellulase activity, as measured by fllter paper activity, d.cr •• sed (Figur. 

4.9). The inerea.e ln beta-glucosidase activity 15 not surpri.inQ, in th.t 

starch 15 a preferred subs~rate for Alp.rgillui. 

filter paper activity is tes. easily .xplained. 

that a competltl0n eXlsts ),~tween Trichoderma and , 
However th. dtrer.a.. in 

Thls-d'cr •••••• y lndicat. 

Alp.rgillu. for IOMI 

compon.nt of the medi ume 1 t i s al sE_ ILQ$sible- th.t - the product.--- Of i"rch 
-- -- )' 

~--------------~ferment~tion "by AspergilluS inhibit enzyme productIon by Trichod.rm., or 
Il'" -- "-

t 

o 
,;..: --

th. aetivity of those enzymes Ilready produced. iecent ,vid.ne. h •• 

indicated that Aspergillus wentii produce. an enzy", mannan.se, which 

d.creases t~e activity of cellulase from Trichgderl' (Ghos •• t .1., 1985). , 
" Cellulase has been reported to be a glycoprotein with a mAnnol.-cont.lninQ 

polysaccharIde as the main earbohydrat. moi.ty (GUI and Brown, 1977). Th. 

mannanase is thought to act upon the mannose moi et y of th. c.llulas., and 
. 

thereby rendering the enzyme inactive. It iB unclear Nhy d.struction of 

the glycosidic bond would rendër cellulase inactive, and no ,vldenc. wa. 

given ta suggest that the en~yme involyed Nas not a prot •• s.. In thi. 

work, a concentration of 10 g/l, cellulo •• and 7 g/l starch w •• found ta 

yi.~d a broth with the delired ratio of beta-Qluco.id ••• :CMC ... activity. 
) 

... _C . 

4.3.5. Effect of growth t.-perature on enzy .. production by .ixld cult~r. 

lt 

The tlttlPrature at which the .hld culture. were incub.tttd h.d a .trang 
/ 

effect an enzyme production by the .ixld cul ture. Th. apU ... ~[IIIIP •• tUre 

fer ItI1zy_ productioh by th •• h~ culture .... 2'fJ C. Browth of the ah_ 

v 
107 

--

~:. .... __ ::~"~~J ...-':;Z~d~ .~, 1 e 

- ',". -.-.'1 



enzy __ .ch VI ty. 

Temperature cycllng, whereby the cultures Nere Incubated at a hlgher 
• 0 

temperature for 4B hours follow.d by a reductlon to 27 C., resulted ln no 

IlliprOVetllent 1 n the fi na 1 enz yme h ter s. Th 1 5 techn 1 que has been snown to 
.J 

be effective in pure culture of Trichoderma CNystrom and DiLuca, 1977). 
." 

4.3.6. FerMenter-Bc~ growth of the mlxed culture 

A typlcal batch fer~entation prof11e dlagram 1$ shown ln FIgure 4.10. The 

c 
lag phase was reduced in duration compared to that WhlCh eXlsted ln shake ~ 

flask-scale cultures. Most of the productlon of FPA and beta-glùcosldase 

, . actlvlty occurred ln the later stages of batch fermentatIon, after the 

concentratIon of the starch and cellulose had been reduced to low levels. 

It 15 Intereshng t,o note that there 15 an InfleXIon pOInt ln the cellulose 

concentratIon curve at the 24 hr. mark, a tlme which cOlncldes wlth the 

InoculatIon of the second component, AspergIllus Dhoenicls. At th15 pOInt, 
, 

the first derlvatlve of the cellulose concentration curve beglns to 1 
• 1 

decrease, IndlcatinQ that the rate of cellulose utllization, by the blomass 

pr.sent had slowed. Upon addition of the AspergIllus there was a Increase 

in the concentratIon of glucose in the broth, due to the action of the 

bet.-gluco.id.s. in the aeed culture upon the starch present. The presenc~ 

of this prefarrad carbon source ln concentrations up to 0.5 g/l, resulted 

in • dacr •• se ln the rate of cellulose utlllzation by the Tri,hoderma 

ca.ponent. This non-segregated use of the starch resulted in a decrease in 

availabl. carbon source for the AID,rgl11YI componeQt of the mixed culture. 

o 
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The pH at which the fermenter was control)ed proved to be the critical 

factor in determining the relative foncantration of th. variou. ca.ponant. 

of the cellulase complex produced. At pH 4.6, the final enzyme titars 
~ 

were: 4.25 lU FPA and 1.1 lU beta-g for a ratio of 4. Whan ~h. pH "a. 

raised these ratios changed dramatically. At high pH () 5.5), tha 

Aspergillus component of the mixed culture was able to dominate, and the 

amount of FPA produced was negligible. 

The method by which the pH of the broth "as controlled in fermentatIons 

using pure cultures of Trichoderma, "as dlfferent from that which was us.d 

for the mlxed culture. In fermentations with T. reesel alone, the pH of 

the broth te~ds to decrease and remain low (ca. 3)-untl1 the end of the 

fermentatIon. For this reason it IS pOSSIble to ensure an adequate 

nitrogen supply by using NH40H for pH control. In mixed cultures, hOMavar. 

the pH tends to decrease at first, followed by an increase after ca. 48 hr. 

To ensure an adequate nitrogen supply throughout the fermentation, it Ma. 

necessary to make the lM Hel-solution used for pH control lM in (NH4)2S04" 

Some of the kinetic parametera for growth of the mixed culture,at pH 4.6 

are: 

Maximum v~lumetric groMth rata. 0.68 QI-lh-1 
< 

Biomass yield' coefficient (y / ) = 0.13 g bio.a •• ' gram'sub.trate 
x s 

-1 -1 
Maximum rate of starch uptake -/,0.13 QI h 

Maximum rate of cellulose uptake • 0.31 gl-1h-l 

-1 -1 
Cverall productivity Q 4~ lU FPA 1 h 

Th_ mixed culture of Trichgdtrm. and A.Dl!gilluA app.ars te be an. in Mhtch 
( 

a ea.petition existA batween the'two speci •• pres.nt, • cl ••• 7-type of 

interaction. Sy aceurat. control of tha .. dium pH, it i. possible ta 

'~ 
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.... sure that neithr CJrgani .. dOllinatn and that a callula •• is producad 
'V 

Mhich ha. a .uch hiQhar bata-glueo.ida •• • ~tivity. The improved hydralytie 

pat .... tial of thi. callulase will be axamined in section 4.4 . 
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Cellulose 
Concn. 

(g/U 

Starch 
·Canen. 

(g/1 ) 

Inoculum Final 
FPA 

(IUllnl ) 

Final 
b.ta-CjJlucosidas. 

(lU/Illl) 

------------------------------------------------------------------_._--
0 10 Hixed 1.5 2.8 

10 0 Hixed 2.8 1.1 

10 10 -Kixed 3.0 2.9 

10 10 Tricbgderma 3.5 0.7 

10 10 8!UIIr::!Ü 11 YI 0 4.5 

Table 4~9. Enzyme production by Tricboderma r,esei and Asper::gillus 
pboenicis grown separately and in mixed culture. 
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a.ta-QI ucosi da •• --_ .. '----
CHCa .. 

Ratio 

R.lati V. 1n1 Mal 
rat. of glucose 
production 

Relati VI! final 
cencn. of glucose 
producl!d 

~----------------------------------------------------------------------

0 0.27 0.44 

0.2 0.48 0.75 

0.5 0.77 0.88 

1.0 0.99 0.99 

1.2 1.0 1.0 

1.5 0.99 0.99 

Table 4.10. Effect of beta-glucosidase:CMCase ratio on the relative inital 
rate of glucose production and.on the relative final 
concentration of glucose produced. 
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-------------------------------------------~-------~-----------

Relative salts 
concentration 

o 

0.25 

0.5 

0.75 

1.0 

Relati v. final 
FPA 

(1U/ml) 

0.4 

0.9 

1.0 

0.9 

1.0 

R.laU v. final 
b.t.-g acU vi ty 

<IU/.1 ) 

0.5 

0.9 

1.0 

0.9 

1.0 

----------------------------------------------------------~------------.. 
Table 4.11. Effect of varied salts concentration on filter paper activity 

and beta-glucosidase activity produced by mixed culture. 

o 
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------------------------------------------------------------------------
SraWth t...,.,. Atur. R.lativ. 

<, FPA 
R.laUv. 
b.ta

glucosida •• 

Rel aU ve 
ExtraceUular 
Pratein ,--"-'---------- _. --_.-.-..._--------------------------.-.--

27 1.0 1.0 1.0 

30 .85 1.0 .89 

.66 .45 .64 

.5 .22 .52 

-----------~~-----------~---------------------------------------------

Tabl. 4.12. Relative FPA, beta-glucosidase, and extracellular protein 
concentration in culture broths of mixed culture grown at 
variaus t.mper.tures. 
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4.4. Evaluation of the hydrolytic potentia! of a crud. c.llula •• frae~.ix~ 

cultivation of Trichoderma r",.i and A.o,raillys ohQlOici. 

4.4.1 Activity of cellulase from mixed culture v.r.u. Trichgd.rm. 
cellulase 

Cellulase produced by mixed cultivation of Trichoderm. r.,I.i Rut C30 Ind 

Aspergillus phoenicis was more effective at degrading Solka Floc than NI' 
• 

cellulase produced by Trlchoderma alone (Figure 4.11). Th. initial rit. of 

reducing sugar production was increased approximately 10 percent while the 

rate of glucose production was more than doubled. Gluco5e:cellobio •• 

ratios in the mixed culture hydrolysis Nere conslstantly higher than tho •• 

in the hydrolysis using the Trichoderma enzyme. Glucose i5 .... les5 pot.nt 

inhibitor of cellulase activity than cellobiose. As a result, it i. 

advantageous to maximize the conversion of cellobiose to glucose. In thi. 

way the decrease in cellulase activity Nhich is aSBociated with high 

cellobiose concentrations is minimized. The enhancad beta-gluco.ida •• 

activity of the mixed culture resulted jn lower concentrations of 

cellobiose. For t~is reason, the rate of sugar production declin.d 1 ••• 

rapidly in the hydrolyses u~ing the mixed cultur. enzym •• 

4.4.2 pH profile 

The pH of th. madiu. had 1 Itrong .ffect on th. activity of c.llul ••• 

produced in the .heed culture (Figure 4.12). Al though 1 ' •• ,11 llIDUnt of 

glucose i. produc.d by the dir.ct .ction of .xogluclna •• on c.llulose, .ost 

of th. ~Qlueo •• produced during,.nzy .. tie hydroly.i. of e.llulOll i. 

- \ 

vlll1tr.t.ct by th. leU vi ty of blltà-gluco.ida .. on c:.l1obiOH. AI a rlllUlt, .-.... -. 
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th. r.t. of gluco .. accumul.tion can b. u.ad as an indicator of beta-

01 ucasi d ... acU vi ty " of th. celI ula.e cDlftpl ex. For the mhed cul ture 

c.llul .... the rat. of glucose accumulation re.ched a maximum at ca. pH 

4.7S. Thi. i. i~ agreement wjth optimum pH values which have been 

publiah~ for bata-glucosidasa from Aspergillus Dhoenicis esissat and 

Sternberg, 1978) and others of the gsnus (Woodward and Wohlpart, 1982; 

Scriv •• t.va at al., 1984). The sharp 1055 of activity observed when-the pH 

..... decreaad belON pH 3.5, reflects an inhibition of the Ascergi Il us beta-

glucosida.e activity which is related to the concentration of the basic 

carboxylate anion in the citrate molecule at that pH (Woodward and 

Wohlpart, 1982). The pH optimum for reducing sugar production was 

approxiaately 4-4.25. This value corresponds with the IONer pH optima 

Mhich have been previously reported for the other components of the 

c.llula •• from Trichgderma (Durand et al., 1984). 

\ 

4.4.3 Ta.perature optimum and thermal stability 

For .ixed culture cellulase. as temperature was increasad over the range 

o fra. 40 ta 60 C., there was an increase in the initial r~te of production 

of glucose and total reducing sugar (Table 4.13). TharJ!...are a nUlllber of 

factor. involved in this temperature effect. 

Th. opti.u~ t~eratur. for bata-glucosidase activity ha. been reportad to 

b. in th. rang. '60 ta 650 C (Wnodward and W~lpart, 1982, Bi •• et and 
, . 

1 st .. nb"'~h 1978a Seri va.tav •• t al., 1'984). In thi.~tudy, as the 

hydrol ysi s tHp .. atW" ...... incr.aMd av .. th. tut range, th.,.. wa. an , - . 
incr .... i"n~Ît activity of th. beta-Qlucasid ... pr .. ent in th. sy,* ... 
~' 
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The beta-glucosldase converted celloblose ta glucos •• or. efflciently and, 

as described ln Section 4.2.2, this re.ulted in an 1ncrea.e ln the averall 

efflciency af the hydrolysls. In any practical hydralysl. system, .s 

temperature is lncreased, there 15 a balance between t~i9 enhanced enzyme 

activity and the increased rate of thermal deactlvatlan of the enzyme. 

which occurs at hlgher temperatures. In hydrolyses uSlng the mlxed culture 

o cellulase, as temperature was lncreased from 50 to 60 C., the half-llfe of 

the beta-glucosidase component decreased from 48 to 10 hours (Table 4.14). 

The latter value corresponds to publlshed half llfe data for Aspergillys 

(Scrlvastava et al., 1984). The strong dependence of endo- and exo-

glucanase aC~lvltles ~pon the removal of celloblose from the system makes 

it~difflcult te determlne If the decreased actlvltles observed for these 

enzymes were duë to thermal deactlvatlon or to the decrease ln beta-

glucosidase actlvlty. If defined in terms of sugar produced over the 

entire hydrolysls period (7~ hours), the optimum temperature was 55 

degréi!s. 

4.4.4 Enzyme loading ratiO 

Using mixed culture cellula5e, there wa5 Ilnear Increase in the rat~_of 

glucose and tdtal reducing sugar production with lncreased enzyme loadlng 

ratios (Figure 4.13). The highest enzyme loadlng ratio (40 IU·CHC ••• 

activlty/ 9 Solka Floc) represented a soluble proteln concentration of 

approximately 3 g/L. The increased beta-glucosldase actlv1ty of the mixed 

cu~ture cellulase was able to partlally offset the very rap1d accumulation 

of cellobiose which 15 normally observed at high enzyme loadlng ratlf. 

(Duff et al., 1ge5b) ·(Section 4.2.2). Thus, when there is high bet4-

glucosidase activity associated wlth the cellula.e campl.x, there i. an 
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incr ••• ~ b.nefit to the US& of hiQher leadinQ ratios. 

4.4.5 End-prcduct inhibition 

Th. affect of end-product inhibition on the activity of cellulase has been 

.... 11 docu .. nted CRyu ahd MandeIs, '1980; Okazaki and l'1ooYoung, 1978) ~ : The 

incr •• sad beta-glucosidase activity of the mixed culture HaS reflected in 

an incr.a.ed resistance ta end product inhibition. In hydrolyses using 
"\ 

mixed cultura cellulase "lth added end product C30 9/1 glucose), the 

concentration of glucose and total reducing sugar after 72 hours, were 80 

and 87X respectively of the control flask. which contalned no added 

Qlucose. The correspondlng values for Tricboderma cellulase were 71 and 59 , 

x. The ~nitial rate of glucose and reducing sugar production for the mi~ed 

culture cellulase !",~re not strongly 'affected\'\~y increasing the added 

Qluce .. c~centration from 30 to 50 g/l (Tabl. ,4.15). This ability to 
,1 

cantfnue 'hydrolysing cellulose in the presenc~II,'ilf high concentrations of 
" 

sUQar i. a'.ential in il practical hydrolysis ~,actor CRyu and Mandais, 

1980) • 

4'.4.6 Hydrol ysis of potent! al 1 arge-scal e' substr ates , , 

sta .. axploded a&pen) WQOd (SEM" has bee" described as il potential 

substrat. for largs-scala enzy~atic hydrolysis CSinitsyn et al., 1983). In' 

ard..,. 'te, d.t.,-lIIins-th. hy~rolytic potenhaJ ,of the mixed culture cellulase 
- " ,', ' .' ~ " '~.' 
ùsing ,i .wast,. .. t. Mhi'c:h coulet potentialiy ~. ''rl~ on il large scale, the 

) , 
, , \ ! , ' 

enzYM ..... t.àt.t Ni th SEAW' nable 4.16). Th. '.l,)(ed culture cellulase Nas 
ç. " • 

, \ ,r ' 

'able to hVd~Qly''' the c.ln sub.~r.t .. .".. Itff-=t~vely th~n Tri~bod"'N 
, , l ' , • ' \. , 
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Usino higher concentrations of SEAW, .uQar .olution. of or •• ter 

than 100 g/l have been produced in 72 hours u.ino th. mh.d cultur. ttnzy... '" 
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-------~---~-----------------------------~-------------------------

Relative rate of sugar .pr6duction (g/l/hr) 

Glucose Reduci ng 5ugar 

------------------_.----------------------------------------------------
40 0.59 0.53 

45 0.84 0.69 

50 1 1 

55 1.3 1.3 

60 ' 1.7 1.6 

Table 4.13. Effect of temperature pn relative initial rate of glucose and 
reducing 5ugar production. 
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------------------------------------------~-------~------------------

Activity Avicel.se CHCa •• FPa •• B.t.-Qluca.id&.~ 

o -----------------------------------------------------------------------, 

50 38 >72 >72 48 

60 19 29 33 10 

-------------------~------~----------.---------------------------------
1 \ 

1 

Table 4.14. Half-lives of mixed culture cellulase companent .ctiviti ••• 
AlI values are in hours. 
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61 ucou added 
(Q~1> 

o 

30 

50 

RelQtive initial rate of 5ugar production 
(g/l/hr) 

Glucose Redud ng sugar 

1 1 

0.47 0.59 

0.47 0.48 

Tabl. 4.15. Relative initial rates of glucose and reducing sugar production 
in the presence of varied allount. of end-product (glucose). 
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-------------------------------------------------------------~---------

SUBSTRATE 

Solka Floc 

SEAW 

TRICHODERHA HIXED CULTURE 

7. Hydrolysis SIR X Hydrolysis SIR 

------------------------------------------~.------------

64 65 

51 50 

87 

72, 

77 

69 ~ 

Table 4.16. HydrolYBis of Solka Flac and Steam Exploded Aspen Wood (SEAW) 
using cellulase from Tricboderma and mixed culture. Enzyme 
loading ratio "as 60 lU CMCase activity per gram of substrat •• 
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5. CONCLUSIONS , 

1. Th. production of c.Uul ... by TricbpdlCM r"Hi Rut C30 can b. 

i~rDV~ thraugh th •• ddition of ... 11 positiv.ly ch.rgld p.rticl ... 

to bind., .nd sub .. qullntly r.~ •• s., soluble sug.r. to th. organi... This 

..chani .. does not .xpl.in th • .nh.ncltd production of c.llul ... in 
1 

low. A a.c:ond .ec:hani ... dst. wher.,y th. colloid influenc •• th. 

induction or secr.tion of th. enzy ... t.'th. cell .urf.c •• Thi. type of 

effEt b •• r. further invnUg.tion. 

2. Th. cel lui ... produced by T, rll"i i. deficient in b.t.-glucosid ... 

I_i 

.ctivity. Th. d.ficiency i. p.rticul.rly .vident .t low enzY .. loading 

ratios (lU c.llul •••• ctivityl gr •• Solk. Floc). At low enzy .. loading 

r.tios, the conver.ion of c.Uobiou ta glucotMl i. th. r.t. li.iting .tep 

ln th. hydrolysi. r •• ction. Suppl • .-nt.tlon "ith b.t.-glucosid ... r..av .. 

th. dependancy of th. c.llobio •• to glucose r •• ction on loadlng 'r.Uo and 

i~rov .. th. productivity and th. yi.ld of th. hydroly.is r •• ction. 

'3. Th. effEtiven ••• of TrichodtrM c.Uul ... w.en ulllld to hydrolyu 
o 

c.llulo .. , i. enhancad by th. addition of surf.c •• ctiv, .gents. This i. 

due to tMO f.ctc:rs. First1 y, th. surfactant .ffllCt. th. binding of the - . 
1 

enzyM "itb sub.tr.t., 110 •• ta incr .... th ..... "itb Mhich th. enzYM re-
" 

ent ... th. bulk Uquid ph.... Sacondly, th. surfactant IIOIlICul .. dillPlac. , 
1 

th. enzy_ frOll th •• ir-liquid int .. fac:.. Iy daing sa, • _11 .. parttan 

of th. tot.l IRZV_ concentr.tian i. exposld ta th. strq .... &t ... i"41 
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fOrc" Mhich exi,t at interfac... The oeneral nature of th. surfactant 

IIffKt indicat •• that th •• ltCond _chani,sm is !IOre important. 

4. A c.llula •• with il higher bata-olucosidas. activity can be produced 

through .ixed cultivation of Trichoderm. re"ei with Asp.rgillus phg.nicis 

Th.~nter.ction b.tween the t~o fungi app.ars to be competition for 

av.ilable.nutrients. Medium~H ia a critical factor in ensuring that one 

organi .. i5 unabl, to dominate over the other. 

5. The c.llula •• produced by mixed cultivation of Trichoderma reesei Rut 

ClO .nd A.oarqillus ghgeniciS has a much improved hydrolytic potential 
o 

compared to th.t produced by Trichoderma a10ne, and shows a greater 

r.li.tanc. to end product-in~ibition • 
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