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THE EFFECTS OF SURFACTANTS ON THE SOLID SUBSTRATE

FERMENTATION OF POTATO STARCK

ABSTRACT

The potential ofsurfàctants for improving the yieIds ofex-amylase during the 50Iid

substrate fermentation (SSF) ofpotato stareh using pure and mixed cultures W8S e.~2mÙled.

Themicroorganismsusedinthis studywereAspergillusoryzaeATCC 10Il, Bacillussubtilis

ATCC 21556 and Bacillus subtilis ATCC 21332. The surfàctants tested were Tween 20,

Tween 80, sns and surfactin. The tèrmentatiODS were carried out in perfarated trays after

the addition ofl00A. (v/w) inocu1um. and with temperature and humidity controlIed at 30°C

and90%RHrespectively. SampIesweretakenandanalyzedquantitativelyfortheproduetion

of«-amylase and biomass and qua1itatively by scanning e1ectron microscopy (SEM) using a

JSM-S40 A SC800ing microscope at 10 kV accelerating voltage.

It W8S poSSlbIe to increase tùngal ex-amylase production by as much as 6 raId in the

process wfth the addition ofeither synthetic surfàctants or the biosurtàctant surfactin. The

bacterial.œ-amyiaseyields increasedup to 11.5 foId inwith the additionandlorthe co-cuIture

production ofsurfàctants. The highest enzyme aetivity was round in the fermentation ofa

mixedcultureofthetwo Bacillusstrainswith the additionofTween80.. During theSSF with

B. subtilis ATCC 21332 and ATCC 21556 as a mixed bacterial~ there was aIso the

productionofsurfàctin inyields comparable to those obtained ina submerged fermentation.

The biofilm. formationas observedby SEMappeaœd to be sssociated with the presence of

surfàctants intheprocessandW8Snot tOrmedwhenno surfàctants werepresent. Thebiofilm

was observed as an entrapment ofthe bacteria in. the substrate, resuIting in improved. access

ta the starch and higher production ofex-amylase•
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LES EFFECTS DES SURFACTANTS SUR LA FERMENTATION EN ÉTAT

SOLIDE DE L'AMIDON DES POMMES DE TERRE

RÉsUMÉ

Lepotentieldesurfactantspoura1Jgmenterlerendementdelaproductiond~f%-amyIase

par fermentation en état solide (FES) de ramidon des pommes de teIre a été étudié. Des

cultures mixtes e1oupuresd'Aspergillusoryzae ATCC 1011~Bacillussubtilis ATCC21556

andBacillussubtilisATCC 21332 ontétéutiliséescomme souchesmicrobiennes. Tween20~

Tween80~SDS et surfàctinétaient les surfactants testés. Les fèrmentations ontétéconduites

surdes plateauxaprés l'additionde 10%(plv) d'inoculaavec tme temperatme (30°C) et une

humidité relative (90% HR) contrôlées. Les échantillons ont été analysés pour [es

déterminations quantitatives de la production d~«-amylase et quaIitatives par microscopies

speectraIe{MES) enutilisant un microscope JSM-S40 Aà 10 kV d~accélérationdevohage.

fi était possible d'augmenter près de 6 fois la production de l'ex-amylase par les

champignons en presence des surfàctants synthétiques ou du biosurfàctant surfactin. Les

rendements des a ..amyIases bactériennesont augmentéjusqu'à 11.5 fois aprés l'additiondes

surfactants ou aprés addition d'une co-cuIture microbienne productrice de surfàctant.

L'activité enzymatique la pius élevée a été trouvée quand des cultures mixtes des deux

Baeil/us, avec l~addition de Tween SO, on été réalisées.. En fermentation FES d'une culture

mixtede Baeillussuhtilis ATCC 21332 et Bacillussubtilis ATCC 21556, [es rendements de

la production de surfàctin obtenus étaient comparables aux rendements obtenus en

fèrmentationliquide. Laformationd'unbiofiIm.observéeenmicroscopied'éIectronqueétait

associéeàJaprésencedessurlàctantsdanslesprocédés. LebiotiJmn~étaitpasobservéquand

es surfactant riétaient pas présents. Le biofiIm servait à trapper les bacteries dans les

~etparcoDSéquentilfàvorisaraccésàeamidonetaugmentaIaproductionderœ­

amylase.
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CHAPTERl

INTRODUCTION

The economic value of microorganisms is often enhanced through. fermentation

technologies, that is, by growing microorganisms undercontrolled conditions to obtainmany

bigher value substances. Most fermentations are carried out in a Iiquid medium where the

substrate to he fermented is cIiluted in water and is then inoculated with the selected

microorganism to start the process. However, some microor~ primarily~ are

capable ofgrowing with a minimum of free water. Bacteria grow best when in a Hquid

phase Of, at least, whenthe nutrients are in fiee waterbccause, unIike tùngi, theyare unable

to penetrate deep into a solid tissue for complete utrlizationofthe substrate. In this case MOst

ofthe moisture needed for the existence orthe microorganism is found in the solid matrix in

an absotbed or complex fonn. with moisture ranging between 12 and 8()oJ'o by we~

dependingonthedegreeofabsorbencyofthe substrate. A process wbichexploits the growth

of miCIOOrganisms under these conditions is generally known as a "solid substrate

fermentation" (SSF) (CarrizaIes andJ~ 1986)..

SSF processes bave been used by man for many years.. The term "SSP is any

fermentation in which the substrate is not a ftee liquid (Aido et al., 1982).. In otherwo~

in SSF the moist water-insoIubIe solid. substrate is fetmented. by microorganisms in the

absence ornear-absence offtee water resuIting ina seJDÏ-solid or solid fèrmentation systeIIL

Freewater isdefinedas thewater found withinthe poresor intergranuJarspacesofthe fOod.

This water retains the usual physical properties ofwater and often acts as a solvent or
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dispersing agent for crystaIline or conoidal substances. As there is sorne confusion in. the

literature regarding what constitutes free water~ SSF will. he descnèed as the process wmch

uttlizes water insoluble materiaIs for microbial growth and metabo~ and it is usuaIIy

carried out in solid or semi-solid systems with reduced water content compared with

submerged fermentation (Zheng and Shetty~ 1998).

Research interest in SSF processes bas been increasing considerably due to the

opportunities SSF presents for increased produetivity and product yie~ reduced water

consumption comparedto submerged tèrmentatio~ and thepossibilityofusinga wide range

of agri.-industry waste produets as substrates. Different produets can he produced using

SSF9 such as~ organic acids~ aIcoho~ surfàce active agents and antibiotics. AIso~ as

the microorganisms in SSF grow under conditions closer to their naturaL babitats~ they may

he capableofproducing metabolites that may not be produced inasubmergedfermentation.

Among the enzymes being produced in SSF9 hydrolytice~ such asamy~

hoId particuIar promise for SSF becanse theycan he produced on plant biomass with üttIe or

no supplementation; an amyIase-producing organism can simuItaneously provide its own

carbonsource fromstarehy materials whiIe producing theamylase product (Silvaand Yang.

1998). Among the potential starehy materials tbr 88Ft patato wastes are ofgreat interest

due ta their avaifability in large amounts throughout the world and. ta their high stareh

content. According ta FAO" in 1996 the worId production ofpotatoes was 306 million

tonnes,. in. theUS~22.6 million tonnes and inCanada, 4 milliontonnes. Potatoes are one

ofthemainsomces offood intheworld" secondanly to wheat. Starehcorresponds ta 75%

ofthe potato dIyweight.

2
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Objectives

The overaIl objective orthe research to be presented here was to investigate the

potentialofSSF forex-amyJase productionusingpatato peelas the substrate~Baeil/ussubtilis

ATCC 215S6~ B. subtilis ATCC 21332 and AspergiUus oryzoe ATCC 1011 as the

microorganism~ with the addition ofsurfàctants for process optimfzation.

The specifie objectives ofthis work include:

(1) Ta quanti1Y ex-amylaseyieIds usinga pure cultureofB. subtilis ATCC 21556 and

a pure cuhure of A. oryzae ATCC 1011 as wen as to estimate the growth of these

microorganisms by indirect measurement ofbiomass•

(2) To evaluate the productionof«-amylase using a mixed culture oftwo strains of

B. subtilis (ATCC 21556 and ATCC 21332) and a mixed culture ofA.. oryzae ATCC 1011

and B. subtilis ATCC 21332.

(3) To optimize the production of «-amyIase by adding the synthetic surfàctants

Tween 80~ Tween 20 and SDS and. the biosurlàctaDt, surfàctin. al diflèrent concentrations•

3



• (4) To compare the production ofthe hiosurfactant suriàctin in a SSF process by

growing B. subtilis ATCC 21332as a pure culture and a mixed culture ofthe !wo B. subtilis

strains.

(5) To study the biofilm fOrmation during a SSF process under different conditions

by using scanning electron microscopy (SEM) anafysis.

(6) Ta propose the mecbanismofactionoccurring inthe SSF process byestablishing

themostsigni:licantinteractionsbetweenstarehl~starehlsurfàctan4enzyme1~

enzyme/water, sur1àctantIwater and starchl water.

4



CHAPTER2

LlTERATURE REVIEW

2.1 History oC Solid Substrate Fermentation (SSF)

HistoricaI1y~ solid substrate fermentation started in the Far East. This process was

used to improve the nutritiooal and organoleptic qualities ofvarious agricultural produets

such as nce and soya bean (Gervais and BensoUSS8D., 1994).

The koji process may be consideredas the prototype ofsolid substrate fermentations

(Mao-Young et QL~ 1983). Koji is basicaI1y an enzyme preparation produeed by growing a

mo~ either Aspergillus oryzae or AspergiHus sOYQe~ on steamed riee or other cereaIs

(Cannel and Moo-Young, 1980). [t is used as a starter in the soy sauce (shoyu) industIy~

fèrmentation ofmisa (a semi-solidcheese Iike food) and in the brewing ofthe Japanese rice

wine (saké). Another oriental fermented produet prepared by the koji process is tempe~ a

popuIar Indonesian food. It is a food most commonly prepared !rom soya, however~ this

fènnentation technique is extremely versatile and bas been applied to a variety of ather

Iegumes (paredez-Lopes and Harry, 1988; Pandey, 1992). In addition to these types of

foo~ such processes have been used successfuIly in recent years for the production of

protein. enriched~ single cen protein (SCP), fimga1 metabolit~ and bioconversion of

p~ animal and domestic wastes into usefulproducts suchas enzymes, organic acids and

antibiotics (paredez-Lopes and Alpuche-So~1991).
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Z.1 Substr&te aad Applications

Thesolidsubstrateusedand ilspreparationcansignificantlyaflèct thesuccessofSSF.

The ideal solid suœtra1:e is the one that provides an the nutrients necessary for the optimum

growthofthe microorgaJÙsms. In SSFpro~ the substrate oot ooly supplies the nutrients

ta the culture but aIso serves as an anchorage for the microbial eeUs.

The properties orthe solid substrate can he modified by pretreatment to improve the

performanceoftheprocess. 1bestepsinvolvedinsubstratepreparationandpretreatmentare:

(1) size reduetionbygrindingor ehopping, (2) chemicalor enzymatichydrolysisofpo~

. (3) supplementation with nutrients ifnecessary. and (4) autoclaving.

A great variety of raw materials are currently avaüable as a substrate for SSF

processes. The~ apart from traditional carbonand nitrogenous substrates, includes

various agricultural and industrial by-produets and waste materiaJs. These agricuItural

feedstocks and their wastes have the advantages ofbeing avaüable insurplus, about 13x109

tonnes of wastes per year and of being produced in regions with temperate-to-tropical

climates (Paredes-L6pez and AIpuche-So~1991; Makkar and Cameo~ 1997).

Starehymaterials are someofthe most signiticantsubstrates fur SSF due to the large

amountavaüable and rate at whichthey cmhe fermented bya great numberoffàstgrowing

microorganisms (Y&Dg andLing, 1989). Starehis a camohydrate occmrlng ingranular form

in theorgans ofpfants. It cmbe extraeted commercially tIom many raw materials including

co~ cassava, potatoesand.wheat (Lee,. 1991). The largeamoUDt ofwastegenerated bythe

stareh industrybas thepotentialofbeing convertedbymi:morganisrns into usefùlproducts•
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For example~ sweet potato residue bas been used for the production of the antibiotic

tetracycIine. This substrate was chosen for saving energy in antibiotic productio~ reducing

theamountofagriculturalwaste and because it canheeasüyconvertedto biomass(Yang and

Ling, 1989).

Wheat bran is another important substrate used frequently in SSF process. This

substrate bas been used for the production ofvarious important metabolic products suchas

proteinase~glucoamylase, gibbereDic acid and «-amylase, a starch-saccbarifYing enzyme

(Ramesh andLo~ 1989). Microbial proteinases constitute a large and complex group

ofenzymes. Among th~ the fimgal proteinase finds extensive applications in the dairy~

food processing, protein modificatio~ pbarrnaceuti~ meat tenderizatio~brewing, baking

and other industries inNorth America. These enzymes are currently being produced by SSF

and with exttemely bigh titres (S9~lOO units of an extraeeIlular proteinaselg substrate)

(Padmanabban et aL, 1993). Fungal gIucoamyIase, another important enzyme for the food

industry, bas aIso been produced by SSF. The culture used in. this process is Aspergillus

niger and improvements in the process suchas nutrient supplementatio~addition ofwhole

com tlour, better process controls and a novel bioreactor have shown an increase in

ptoduetivity (pandey, 1990; Pandey et al, 1996). GibbereDic acid is an important plant

growthreguIatorandwas originallyproducedbysubmergedfermentationat verybighcosts.

SSFprocess basshownto be a potentialteclmiquctôr its production(BandelieretaL, 1997).

Cassava fibrous waste is being used as a substitute to wheat bran in SSF for the

production of pectinase (Budiatman and Lonsane, 1981) and fOr protein enricbment

(DaubresseetaL7 1981). Thissu&stratepresentstheadvantagesofbeinglessexpensivethan
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wheat bran, presentinga highcontentofstarehandprovidingsirnilaryields ofpectinasewhen

used as a substitute for wheat bran.

Fruit wastes are aIso an important substrate used inSSF process. Cîtros wastes have

been used for the production ofsingle cen protein (Barreto de Menezes et al.., 1989)~ in

fungal pretreatment for improved produetivity ofbiogas and methane (Srüatha et al.., 1995)

and as an alternative substrate for pectinase production. Pectic enzymes are of major

importance to the food industry in processes ofmaceration and liquefàction of fruits and

vegetables and to fàcilitate juice extraction and clarification (Garz6n and Ho~ 1992).

Banaœwastes have been used for «-amylase production using Bacillus subtilis CBIT 106

isoIated from the same waste ( Krishna and. Chandrase~ 1996).. Cranberry processing

waste can be used in SSF to be converted into various potential value-added produets such

as fimgal inocuJants (Zheng and Shetty~ 1998)•

Sugarcanebas beentested for the productionof1acticacidwhich isa produetwidely

usedinthefood industryaspreservativeortaste-enhancingadditiveand inthe pharmaceutical

industry to form polyIactic acid (pLA),. a poIymer used in the manufàcture of new

biodegradableplastics,. byLactobacillus casei subsp casei(XavierandLonsane,. 1994),. and

for the productionofta~ anenzyme used in the clarificationofbeer and fruit juices and

manu1àcturing ofcoftèe f1avored soft drinks (Lekhaand Lonsane~ 1994).

SSF processes have aIso been applied to the aIcoholic fermentation of sugar-beet

(Cochet etal, 1988), production ofpyrazine in soybeans inocuJated with Bacillus subtilis

IFo-3013, a high-added-vaIue compound used in the tàod industry as an additive for

tlavoring (Besson et aL, 1997), citric &cid production(Luet al,. 1998), extracelIular lipase



• from Candida rugosa (Benjamin and Pandey, 1997) and for the production oflipopetide

antibiotics, iturin A and surfàctin (Obno et aL~ 1995a).

1.3 SSF Process

According ta Mitchell and Lonsane (1992) the steps involved in an SSF are:

preparation of the solid substrate, steriIizatio~ preparation of inoc~ incubation in.

appropriate fèrmento~ maintenance of optimal conditio~ sampling and downstream

processing.

1.3.1 Preparation oftlle saUd sabstrate

The preparation ofa saüd substrate often involves a pretreatment ta decrease the

particle sizeorto increase the surfàceareaandavaiIabilityafnutrients to the microorganism

Many substrates require partic(e size reduetion ta he suitable for SSF. Particle size

is extremely important since it affects the surfàce ares. ta volume ratio ofthe particle and the

packingdensitywithinthesubstrate. GeneraIly, smallerparticIesizes providealargersurfàce

ares. for heat transfèr and gas excbange, however, there must be a balance reached in the

particle size. Ifthe partic(es are too smaIl they pack tagether tao tightly and ifthe particles

aretoo bïgtlx:n nmehofthesubstratcwiIllemaininaccessiblcto themicroorganism(Mitchen

et aL, 1992 and. Mudg~ 1986). Particle size reduction incIudes lD111ing~ grinding and

chopping.. Despite the importance ofparticIe~ onlya tèw investigations havebeen done

onthis tapie.. Pandey(l99Ia) studied the eftèct ofparticIe size ofthe substrate wheatbran

9



on gIucoamylase production in an SSF showing that smalIer particIe substrate gave higher

enzyme aetivity and Echevarriaet aL (1991) bave reported on the eflèct ofparticle size of

sugar cane in an SSF for protein enricbment.

Nutrient suppIementation is aIso another way ofsubstrate pretreatment. It may he

beneficial. in nontraditional tèrmentations ta provide supplemental media to initiate biomass

produetio~ induce enzyme synthesis~ provide baIanced growth conditions~ or pralong

secondary metabolite production (Mudge4 1986). The most frequent nutrients used are

(NH.hHPO", CaCI.t~O~ MgSO...7H10 and. KeL The addition of supplementary saüd

substrates aIong with the main substrate is aIso another way ofnutrient supplementation..

2.3.1 SterilizatioD

Although. SSF is often carried out non-asseptically~ in particuIar cases it may he

necessary to sterilize the substrate, the bioreactor, or the air used for forced aeration.. This

step is done in arder to sterilize,. or at [east pasteurize the substrate~ eliminating

microorganisms that mayspoilthe endprodu~ to destroyantinutritional tàctors that may he

harmful and to allow absorption ofwater into the substrate particles (Mudget,. 1986 and

Paredes-L6pezandHarry~ 1988). Sometimes the solidmediumrequires cooking for physical

modificationofsolidparticI~ softening and partialhydrolysis ofstarehes and proteins. The

cooking-sterilizationtemperatuIemost frequentIyused is 121°C and thetimevaries between

lS and. 60 minutes..

10
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2.3.3 lDoeulum

Thepreparationofasuitableinocuhun,eitherbytraditionaltechniquesorpurecuhure

technique, is necessary. For many SSFproc~ the inoculum cm he prepared and use<!

in the same wayas in Iiquidmedia. The evendistribution and the deosityofthe inoculumare

aJso important (Mudge4 1986 and Mitchen et al.'t 1992). Too [ow a density may give

insufficient biomass andpermit the growthofundesirable organjsms; too higha density may

produce too much biomass and deplete the substrate of nutrients necessary for product

formation.

2.3.4 Fermelltors

In a tèrmentation process. the bioreactor provides the environment for the growth

and activity of the microorganisms which carry out the biological reactions. During the

periodof fermentation, the bioreactor sbouId he capable ofpreventing the release ofinternal

biomassfmediainto theenvironmentaswellaspreventing foreignsubstances into the reaction

media (pandey, 1991b). An ideal fèl'1entor shouId have severa[cbaracteristics: inparticular

the material ofconstruction should be- nontoxic and able to withstand pressure (generaD.y

pressurized steamfor sterilization).

The design. ofSSF systems bas been for the mast part bighly empirical in nature.

According to Mitchenetal (1992), fur the pilot-plant and farge-scaIe fè' Ilenlal janofmoist

solid substrat~ some tàctors need to receive special consideration for the construction or

selection ofthe fermentation equipment: (1) inoculation, sampling and transfer techniques

must be simple; (2) homogeneity of culture medium is important to prevent particle
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aggIomerationand settlingorthesubstrateduring fènnentation; (3) appropriateaerationrate

and preventionofheat buiId-up; (4) equipm.ent steriIization; (5) bandHng must he simple; (6)

materials used for construction of the fermentation vessel and (7) low capital. costs and

operatingexpenses. Therearedifferent types ofreactorspresentlyusedfor SSF: tray~ packed.

~ rotating drum, stirred bioreaetor and others.

Tradional1y~mostSSFprocessesarecondueted inshallowtrays wherea relativelythin

layer is spread over a large horizontal area ta avoid over heating and to maintain aerobic

conditions. In these fermentors there is usuaI1y no mixing and no forced aeration although

the base ofthe tray may be perforated and air may he gent1y circuIated around the trays

(Mitchen et al., 1992 and Duran et al.~ 1996). The fermentor is usuaITy humidified by

humidifiers and the temperature is controlled by pIacing these trays ina controlledcabinet or

room. TraybioreactorshavebeenusedsuccessfWlyatIaboratory,püo~ semi-commercialand

commercial. scaIe (Danbresse et al, 1987; Ghildyal et al, 1992; Raghava Rao et aL, 1993).

Packed bec[ bioreactors are characterized by baving a static substrate supported on a

perforated base plate throughwhich forced aeration is applied. The temperature reguIation

is carried out by using a jacket with water thermostatically regoIated. They can be

advantageous for some studies such as screening ofstrains and they are relatively simple

a1Iowing for better process control Consequently~ many workers have used a packed bed

bioreactor, such as Laukevics et ai... (1984)~ Sato et aL, (1985); Gowtbaman et aI.~ (1995).

Disadvantages ofthis bioreactor incIudedif:IicuIties with the emptyiog offiœlprodu~non­

unifurm growth, paorheat removal and probIems with scaIe-up•
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In the rotating drum bioreactor the design is based on the use ofa drum-shaped

container mounted ona systemofroUers which act bath as support and as rotating devices

(Lonsane et ai., 1985). To ensure proper aeratio~ the air inIet and outlet shouId he situated

at opposite ends ofthe hottle. Microbial growth in these fermentors appears prolific and

uniform. Operation is simple and cleaning is &st. They present same problems such as

microbiaf contamination, medium. aggregation and heat build-up. Kargi and Curme (1985)

have studied the influence ofrotationaL speed ofa rotating drum fermentor on the rate of

ethanol fermentation and Reu et al. (1993) have studied temperature control in these

reactors.

Stîrred bioreactors have been used in SSF ta convert wheat straw into protein­

enriched feed (Viesturs et al., 1981). They are oftwo main types depending on whether the

axis ofthebioreactor ishorizontalorvertical Horizontal stirredbioreactors are quite simiIar

to rotating dmm bioreactors except tbat the mixing is provided by an internai. scraper or

paddIes. ratherthan byrotationofthe bodyofthe bioreactor. Verticalstirredbioreactors are

often subjected to forced aeratioo. They diftèr from packed bed. bioreactors by the filet they

are agitated, either continuously or intennittent1y.

OncethesubstrateispIacedintheappropriatefermentorand inocuIated 'J theselection

oftemperatureandtime for incubationwül.be guidedbythecbaracteristicsofthe cultureand

the kinetics ofproduct formation. The incubation time for enzyme production can vary

between30 hours andeightdays but inmost~ thetime empIoyedvaries between30 and

72hours•
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• 2.3.5 Optimal Conditions

The maintenance of optimal conditions in. SSF is not easy because the process

involves many parameters, such as type ofmicroorganism, substrate, type of reactor and

environmental conditions.

Accarate measurement ofvariables reJatedto biologicalactivity in SSF is difficultbut

most important. There is a Jack of good methods for these measurements and this is a

disadvantage in research on SSF compared to that on submerged fermentation (Smits et al.

1996).

Only a littIe work bas been done ta optimize SSF processes. Abullah et al. (1985)

havereportedontheoptimizationofthe conditions for SSFofwbeatstrawwithChaetomium

cellulolyticum. They estabIished the best pretreatment for the substrate and fermentation

conditions such as moisture conte~ incubation temperature and time and thickness ofthe

substrate.

2.3.6 Oownstream Processing

ThedownstreamprocessÏDgis necessaryinorderto isolate theproduetandto convert

the product to a foan which is acceptable to market. The unit operations involved are

separationofceiorsuspendedsoli({s. product isolation, produet purifieatio~ furmulationof

the product and etlluent disposaI. For SSFthere is an extraunit operationnecessary (when

compared to submerged fèrmentation) wbich is the Ieaching ofthe product from the solids.

The cmde extract obtained ftom the Ieacbing proœss. maycontain various soluble solids in

additionta theproductoÏmterest.. Itmaycontainsecondarymetabolit~ solubleconstituents

14



ofthe medium and a variety ofsuspended soüds such as finer particI~ microbial cells and

spores.

Enzyme recovery ftom SSF can he done by direct use ofthe product as source of

enzyme~ by dryïng, leacbing where the enzyme can he leached ftom wet or dried solids

yielding a crudee~ by precipitation and partial purification (Lonsane and~

1992).

2.3.7 Comparisoll witl1 submerged fermentation

[t is important to compare the advantages and disadvantages ofSSF with respect to

the conventional submerged tèrmentation. Severa! advantages of SSF over submerged

fermentation have been cIaimed by various workers (Cannel and Moo-Young~ 1980 and

Mitchell and Lonsane, 1992):

(A) The medium is relatively simpl~ coosisting ofan unrefined agricuItural produet

which may contain an the nutrients necessary for microbial gro~ 50 the substrate may

require Iess pretreatment in SSF than in submerged fèrmentation;

(B) Limited amounts of liquid waste to deal witb. consequently reduced cost of

waste treatment;

(C) The restrieted avaiJability of water may help to select against contamina~

especiaIIybacteria and~ ahhoughcontamjnarionby fimgi may be a problem. TheIow

moisture leveIma.y fàvor the productionofspecifie compounds whichmay oot be produced

or may he produced in Iowconcentration in submerged relillentation;
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(D) Aeration is easüy achieved as there are airspaces between substrate particles;

(E) The concentrated nature ofthe substrate means tbat smaller reactors cmhe used

in SSF compared to liquid tèrmentation to hold the same amount of substrate. Smaller

reactor volumes resuIt in lower capital and operating costs.

But according to Mitchell and Lonsane (1992) and Sargantis et al. (1993)t SSF aIso

present sorne disadvantages:

(A) SSF is restrieted to microorganisms which can grow at reduced moisture level

~ thereforet the range of possible processes and products is limited compaœd to

submerged fermentation;

(B) The solid nature of the substrate can cause problems in monitoring process

parameters. In additio~ it is very difficult to ensure even distribution ofany substances

added during thepro~ 50 e1fective control ofparameters such as pa moisture conten~

biomass and substrate concentration is dif:licuIt.

Cc) Many important basic scientific and engineering aspects inSSF are as yet poorly

charact~ growth kinetics are poorlycharacterized and there is insufticient quantitative

information to establish criteria for reactor design, scale-up and process optimization.

2~4 EnvironmeataI Parameters for Microbial Growth

Environmental conditions such as temperature~ pa water aetivityt aeratio~

concentration ofnutrients and produets significantly affèct microbial growth and product

furmation. fnsubmerged. culturesenvîmmrodal control is comparativelysimple becauseof
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the homogeneity ofthe suspension ofmicrobial. ceDs and ofthe solution ofnutrients and

products in the Iiquid phase.

2.4.1 Moisture

One ofthe diftèrences betweenSSF andsubmerged fermentationis that inthe former

the moisture content ofthe substrate is Iow~ resulting ina potentiallimitationto growth and.

metabolism of the microorganism (Xavier and Karanth, 1992). The concept of water

availability in the substrate is thus very important inSSF.. ThewateravaiIability is qllantified

bytheterm 'water aetivity' Ca.,..) whichrepresentsthe amountofunbound wateravaiIable in

the immediate surroundings of the microorganism (Ramana Murthy et aL, 1993). Av, is

defined as relative humidityofthe gaseous atmosphere inequilibrium with the substrate. It

isanimportantparameterbecause ft influencesmicrobialgro~ enzymatic and biochemical

processes.

The influence ofwater activity in some SSF processes is wen documented. Pandey

et al. (1994) bave reported on how 8w ofthe substrate affècts the growth and aetivity of

Aspergillus niger for glucoamylase production. Grajek and Gervais (1987) and Gervais et

al. (1988a) studied the influence of water aetivity of sugar-beet pulp on the growth of

Trïchoderma viride TS andthe relationship between the myœliaI growth and water activity

ofsubstrates. Gervais et aL (1988b) have studied the eflècts ofwater content and water

aetivityofcellulose substrate onthe growthofa fiJamentous fimgus PeniciHium roqueforti

and Gervais and Sarrette (1990) have reported. on the inflaence of water aetivity of the

mediumonaroma productionby Trichoderma viride grownonsolid substrate.
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The optimum moisture content for the cuItivation of microorganisms in SSF

processes isbighlydependent upon the water binding properties ofthe substrate (Prior etal.,

1992). BaeteriamainIygrowat bigber &w values (about 0.9) while the fiIamentous tùngi and

yeasts cao. growat lower8w values (0.6-0.7). Ingen~ the optimummoisture content for

growth and substrate unlization is between 40-70%, but this depends upon the

microorganismand substrate used for cultivation.

2.4.2 pH

The hydrogen ion concentration is a very important tàctor in SSF. It is wen known

!bat pH a.fiècts the physiology of~ thereby strongly influencing the growth of

microorganisms. The control of pH in SSF is very dif1:icult because of the problems of

achieving an equal distribution of acid or base solution throughout the solid medium..

Therefore, it is desirable that the microorganism used shouId have a broad pH range for

growth. Bacteria ingeneralhave a pH optimum between6.5 and 7.5 butcm grow between

pH 4.0 and 9.0. Most tùngi are able to grow in a wide pH range ofbetween 2.0-8.0, with

optimum pH in the region between3.8 and 6.0.

2.4.3 Temperature

Temperature reguIation is directIy related to water aetivity and aeration. The

optimumt.empetaturemrSSF processes dependsonthe typeofmicroorganism wljzed. For

exampIe:. fimgi usuaJIy growbetter in a temperatme range of2S-3SoC, with optimwn
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enzyme production at 3O-35°C. Bacterianonnal1ygrow better at bigher temperatures, 30­

4SoC and enzyme production is optimum at 35-37°C.

Temperature variations during SSF are correlated to the metabolic aetivities ofthe

microorganismandstronglydetermine the performance offermentation(Auriaet al. 7 1993).

High temperatures can cause moisture loss~ reduce or even stop vegetative growth and

product formation and induce nonproductive sporuIation. Law temperatmes are not

general1y fàvorable for growth of the microorganisms and can cause deactivation of

biochemical reactions (Moo-Young et aL~ 1983).

A limitation of SSF is the difficulty of removing~ due to the low thermal

conduetivityofthe solid substrate (Gervais and Bensossan, 1994). Controloftemperature

bas beenacbieved brevaporativecooling, cbanging the relativehumidityandother methods.

2.4.4 Aeration

Aeration in SSF process is needed for three main funetions: (1) to maintaÙ1 aerobic

conditio~ because the partial pressures ofO2 and CO2 in the gas enviromnent ofSSF are

critical fàctors for growth and produet formation; (2) to control substrate temperatme

becausethe Iowmoistureenvironment inSSFcreates djffjc:ukconditionsforheattransferand

temperaturereguJationand (3) to reguJatewatercontentla.ofthesubstrate7e02 andvolatile

metaboJites produced during metabolism

GhiIdyaletal. (1992) and Gowtbaman etal (1993) bave investigated the gaseous

concentrationinsolidstate fèrmentOlS asweD.as enzymeaetivityand.theirreJationship. The

required aerationratedependsonthemicroorganism~ theparticularoxygenrequiIement
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for growth and product synthesis on the nutrients suppli~ the amountofmetabolic heat ta

bedissipat~ thedegreeto whichC02 andothervolatiIemetabolitesareto beeliminat~ the

thickness of the substrate and its buIk density and moisture content (Prior et aL9 1992).

Therefo~ aeration must be optimized for each specifie substrate~ microorganism and

process.

2.5 Substrate - Potato Peel

Thepotatoofcommercebelongstoasingle~SolanumtuberosumL.(Hawkes~

1992). After maize, the potata is the most widely distnbuted crop in the world. [t is grown

in about 140 countries and most ofthe production is concentrated in the temperate regions

of the industriaIized countries (Beukema and Van der Zaag, 1990).

The patato is the MOst imPortant vegetable crop inCanada Canadjan production is

concentrated inP.El. (34%), Manitoba (17%)9 Québec (16%) and New Brunswick (13%).

Varieties of potatoes vary from province to province with Superîor as one of the main.

chipping and table varieties. In 1997/1998 CanadjaD potata production was 49 169,000

tonnes (AgricuItme Canada). Bythe year2000, Canada·s patata production is expected to

be 4.5 million tonnes. About 50010 ofan potatoes grown in Caœda are processed. During

the processing about lQ-2001O of the potata is discarded dming peeling, resulting in a

substantial waste disposai.problem(Arora et aL 9 1993).

Potato· is one ofthe world9s three most important sourcesofstare~ the others being

maizeand.wheat (Christensenand.Mad~ 1996). Coasequently~potato proœssing wastes
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are aIso camposed ofstarch, contafuing pieces ofpatata material that are rejected during

processing (poJman. et al.~ 1995).

Various studies bave beenconducted inarder ta transfarm. potato waste into useful

products for the food îndustry. This by-product bas been tested as a potential source of

dietary fiber inbread(Camire et aI.~ 1997) and phenolic campounds withantioxidant activity

(Rodriguez de SotilIo etaL~ 1994). Because ofthe Iowpriceofthis waste and the highstareh

content, itcauld aJso heusedas a source ofbiomass-derived. tèrmentable sugar for industrial

productionofc~ suchasglycerol andbiosurfàctants (poImanet al.• 1995) and inthis

particuIar study, for the productionof" ...amylase.

Stareh is a glucose polymer and is one ofthe most widely avaiIable polysaccharides.

Ofan the polysaccharides, starch is the only one universaIly produced in small individual

packets called granules. Potata bas the largest starchgranules witha diameter ranging ftom

15-100 Dm(Whistler and Danie4 1985). StaIchcomprises 65 ta 800At, typically about 75%~

ofthe dry weight ofthe patata. The chemical composition ofthe stareh granules is shawn

iD.Table 2.1 (Mitc~ 1984). Normalstarehescontainrougbly25%amylose. Amylosechains

ofpotato starchare long andarecomposedof glucose subunits. Theather fractionofstareh

is amylopectin, which is a ramified structure containing a substantial amount of œ-l~6

glycosidic linkages (Lee, 1991 and Lisinska and~ 1989)•
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Table 2.1

Water

Total soIids

Proteins

Fat

Carbohydrate

Ash

2.6 Mixed Culture

Chemical Composition ofPotato

Range (% br weight)

63.2-86.9

13.1-36.8

0.7-4..6

0.02-0.96

13.3-30..53

0..44-1.9

The modemfermentation industrybas beendominated by the pure culture approacb.

However~ recent years the properties ofmixed cultures have attraéted increasing attention.

Among the re8SOns for this interest is the exploitation ofdefined mixed cuhures for a range

ofbiotechnoIogicalpurpo~incIudingsingIecenproteinproduetionandbioconversion(BuII,

1985)..

A definedmixed culture involves the inoculationofthe substrate withmore thanone

pure~ 50 that bath microorganisms grow simuftaneously(Mitchen. 1992).. It seems

that theœ are many synergistic combinations of microorganisms that cm synthesize

substances not produced br pure culture or that canoperate tàster or more efficientIy than

do purecuhures (Haaset al.~ 1980). Some exampies ofprocessesemploying defiDedmixed
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culture in submerged fermentation are production ofethanol (Abate et aL~ 1996), Swiss

cheese (Reinbold and Takemoto9 1988)~ lysine (Fields et al., 1988)!t biosurfàctants from

molasses (Ghurye et al.~ 1994) and many others.

There is a great potential for the use ofmixed cuhures in SSF for enhancing the

produetivity and the rate ofbioreactions (Mitchell andLo~ 1992). A mixed culture

fermentation using bacterialandfungalculturesortwo diflèrent speciesofBacillusmayresuIt

in improved enzyme production (Lonsane andRa~ 1990).

SSF bas been used ta produce etbanol by using sweet sorghumcarbohydrates and a

mixed microbialculture ofFusarium oxysporum andSaccharomyces cerevisiae (Mamma et

al.9 1996), xylanase by oo-culturing Trichoderma reesei with either Aspergillus niger or

AspergiliusphoenicisinaS8Fonsugarcanebagasse(Gutierrez-CorreaandTengerdy~ 1998)

and to produce cellulolytic enzyme on sweet sorghumsilage inocuIated with Trichoderma

reesei LM-1 (aPeruvianmutant) andA.spergillus niger ATCC 10684 (Castillo et al.~ 1994)

and on sugar cane bagasse by a mixed culture of Trichoderma reuei LM-UC4 with

AspergiOusphoenicis QM 329 (Gutîerrez-Correa and Tengerdyt 1997).

The Iiterature shows that byusing a co.cuIture oftwo or more fungal strains ora 00­

culture ofyeast and fimgi in 88Ft there was an increase in the produetivity ofone enzyme

ora combinationofenzymes. But, therewas no evidencefor the ptevious use ofaco.cufture

oftwG bacteria strains or a co-culture ofa bacteria and a fimgus fOr enzyme production.

Thus,. in this work the potentiaI. ofusing a mixed. culture in SSF for the production of«­

amylase is a novel approach.
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• 2.7 Alpha-amylase

Alpha-amylases (174-(%-D-gIucan-4-gIucano-hydroIase~ E.C. 3.2.1.1) are

endoglucanases widelydistributed among animaIs,p~ fimgiandbacteria. Amylases have

been wen characterized through the study ofvarious microorganisms. They hydrolyze the

polysaccharide cbains consisting of œ-174-linked glucose residues., producing initially

oligosaccbarides ofvarious lengths and, insomecases, mahose and glucose as final products

(Virolle et aL~ 1990; Selvakmnar et al, 1996).

The worIdwide market ror industrialenzymes in. 1990 hadanestimated vaIue of$625

millio~with the U.S. as the largest sector (Guzman-Maldonado andParedes-Lo~1995).

About 62% ofthe enzymesproduced are applied inthe food industryand amylolytic enzymes

are among the industrialIy most importante~ being used in such processes as stareh

hydrolysis for sugar~ baking and brewing and are obtained from Aspergillus and

BaciHus species (N"tgamandS~ 1995). These enzymes have been produced tbroughout

theworIdbysubmerged tèrmentatio~however, thisprocess5 expensivedueto the presence

of the produet in Iow concentration and the consequent bandIing and disposai ofa large

volume ofwater during down-stream PIOcessing.

Interest in«-amylasebas been increasingdue ta the &ct that inthe stareh processing

industry~ acid-catalyzed methods are DOW being repJaced by enzymatic processes (Sïqueira

etaL, 1997). Consequently~asearchfàrthemostcost-eflèctivefè(llleJltationstrategyforthe

produetionofœ-amylase is desirahIe. SSF couId heIp overcome tbese probIems as the yieId.
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ofthe product can he many times bigher thanthat in submerged fermentation (Ramesh and

Lonsane,1981a).

2.7.1 Bacterial origin

Baeterial~ especialIy those belonging to the genus Bacillus, bave been used

throughout the worId for the productionofenzymes insubmerged fèrmentation (Stephenson

andHarwoo~1998). Baeterialcultures reported rorthe productionofŒ-amyJaseby SSFare

limited to the genus Bacillus (Babu and Satyanara~1995). These enzymes are used in

the saccharification of starch. They randomly attaek cx-1t4-glucosidic linkages in stareh

thereby leading to the production ofIimit dextrins. The uses ofthese amylases extend to a

varietyoffoo~ textile manufàcturing,brewing,~ paper, adhesiveandsugarindustries

(Fogarty et ai., 1914). It represents about 12% ofthe total sales ofworid enzymes.

Bacterialœ-amylasesproducedbyBaciHusspeciesarethennostableevenup to 110oe.

The commercia1ly produced enzymes have pH optima for enzyme aetivity at neutral or

slightly acidic pH ranges. These enzymes are widely accepted by the starch processing

industry for the hydrolysis of stare~ however, this is one of the most expensive unit

operations in the overall saccharification process due to the cast ofthe enzyme (Ramesh.

1988). Thepotentialfor theproduetionofbacterialex-amyfasebySSFbasbeendemonstrated

bymanyreports. RameshandLonsane{1989,1990, 1991) and Padmanabban etaL (1992)

. bave reported the characteristics and novel featmes ofthermostable «-amylase produced by

Bacillus licheniformis in SSF. The substrate utiIized for ex-amylase production br B.

licheniformiswasw&eatbrandueto thehighavailabilityofnutrientspresentintbissuhmate.
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AIso reported. was the critical moisture content of the medium and its control during

fermentation, and the pH optima. for the enzyme production at 6.0-7.0 with. temperature

optimum at 30-4SoC. AIso~ œ-amylase bas been produced by BaciOus megaterium (Ramesh

andLonsane~1987;Ram~1988) usingwheatbranasthesubstrate. TheleveIsofamyIase

production varied betweenspecies of Bacillusoverthe range of 9.2 to 337000 unitslg dry

substrate (Lonsane and Ramesh, 1990). The use of di:fferent substrates aIso resuhed in.

variations in the enzyme yields.

'J..7.2 Faugai origin

Filamentous tùngi have a number ofproperties wbich make them important both

scientifical1yand industrially. Industrially theyare important inarangeofappHcatio~ such

as for the productionoforganic aci~ antt"biotics and di:fferent types ofenzymes (Carlsen et

aL, 1996; Eriksen et a/., 1998). Amylolytic enzymes derived from filamentous fimgi have

been extensively investigated because oftheir importance during the starch saccharifYing

process at [ower temperatures. These enzymes have been round in several genera of~

butAspergillusspecieshavebeenrecognizedasanimportantsourœfOrindustrialproduction

(Alazard and Baldensperger, 1982).

Theaetionoffimgalœ-amyIasesisto breakdownœ-lt4 bondsofstarchmolecuIesmo

water soluble cbains ofmaIto~oligomers suchas dextrins and a sman quantity ofglucose

(Meyrath, 1966 andLonsane and.GbiI~ 1992). Theyhave Iowerthermostability, usuaI1y

op to SQ-60°C, as comparedta 9O-10SoC fur bacteriaI. «-amyIases. Among the amyIases,

cx-amyfase bas œaclJed particuIar importance since ft is now extensively used in bafdng,

26



•

•

bre~ the distilleryandplumnaceuticalindustries. The productionofthisenzyme through

SSF bas beenreported to present enormous potentiaI. and economic viability (Ahmed et aL't

1987).

Aspergillus oryzae is the species most ftequently used for «-amylase production in

submerged. fermentation (Laehmnnd et aL't 1993; Spohr et al.'t 1998) and in SSF. Chou and

Rwan (1995) bave studied the production of «-amylase on various riee extrudades and

steamed rice. Maximum ex-amylase activity was 69 unitslg dry matter after 72-84 hours of

cuItivation.. Other reports inc1ude the production of «-amylase by A. oryzae grown on

polyurethanefoams(Torrado etaL, 1998; Murado etal., 1997),rice (SilvaandYang, 1998;

Narahara et al., 1982) and wheat bran (Nakadai and Nasuno, 1988).

There are aIso sorne otherAspergillus species that produce ex-amylase. Sudo et al.

(1994), studied the Production of «-amylase by Â. kawachii on nce and compared with

submerged fermentation. Michelena and CastiIIo (1984) bave reported on the productionof

amylase brA. foetidus using rice flour as a substrate.

1.8 SUrfaetaDts

Surlàctants or sudàce active agents are substances which alter the conditions

prevailing at ïnterfàces. In other words, surfàctaDts are amphiphiJic molecules that tend to

partition prefèrentialIyat the inter1àces betweenfluid phases ofdiflèrent degrees ofpolarity

andhydrogenbonding~suchasoillwaterorairlwaterinterfàces~ 1996).Thehydrophobie

group, usuaIlya hydrocarlx>nchain, tends ta be repelled bythe water, wbiIe the hydrophiIic
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group tends to remain in water (Rosenberg~1986 and. Parkinson, 1985). Because ofthese

properti~surfàctants find applications in anextremely wide variety ofindustrial processes

including emulsification for emuIsion polymerizatio~ foaming for food processing,

detergency~ wetting and phase dispersion for cosmetics and textü~ dispersing and

solubilizationof agrochemicaIs (L~ 1996 andDesaiand Banat, 1997). Surfàctants are one

ofthe most versatile process chemicals.

The surfàctant market is around 10 billion dollars per year and their demand is

expected to increase at a rate of35% per year toward the end ofthe century. The majority

of synthetic surfàctants are chemically derived from petroIeum feedstocks. However,

interest inmicrobial produced surfàctants bas increased due to their potential as lytic agents

in biological syst~ diversity~ environmentalIy friendly nature, and their potential

applications in the environmental protection, crude ail recovery, health care and food

processing industries.

Biosurfàctants are produced as metaboJic by-products bybact~ yeasts and fimgi.

They are not only potentiaJly as eflèctive but ofièr sorne distinct advantages over the more

common synthetic surfàctants. Microbial surfàctants present remarkable specificity and are

consequentlysuitedto newappHcatio~ theybave effectivephysicochemicalproperties(low

intertàcial tensions and critical micelle concentrations), cmhe less sensitive to extremes of

temperature,. pH,. or saIinity" generally have lower toxicity, higher biodegradabi1ity and the

ability to be syntbeWed trom renewable fèedstocks (Cooper, 1986, Parkinso~ 1985,

MuDiganandGibbs, 1993, DesaiandB~ 1991)~

In this, research the biosurlàctant ofinteœst is surlàctin,. a Iipopeptide produced. br
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Bacülus subtilis ATCC 21332 by submerged fermentation in a glucose and mineraI saIts

medium. It contains seven amino 8Cids bonded to the carboxyL and hydroxyL groups ofthe

14 carbon acid (Figure 2.1). It is known to he one ofthe most powerful biosurfàctants.

capable oflowering the surfàce tension ofwater beIIow 30 mN/m (Cooper et aL, 1981,

Sheppard and Cooper, 1991) and acting as an antibiotic by solubilizing major components

ofmicrobialcenmembranes. Sheppardetal (1991) baveshownhowsurfàctinproducesion­

selectivechannels inbIack lipidmembranes. More recently, surfàctinbas beenalso produced

by SSF using okara as substrate and by recombinant Baeil/us subülis (Ohno et al, 1995~

1995b).

Synthetic surfàctants have beenused insubmerged fermentation and SSF to increase

enzyme aetivity. The additionofnonionic surfàctants resu1ted ina marked increase inyields

ofthe enzymes cenulase~ amy~ sucrase. p-I-3...glucanase
t xylanase~ p...gIucosidase, pmine

nucleo~ benzoylesteraseand ligninases (Reeseand~ 1969; Sukanet aL, 1989;

Gashe, 1992; pnsba lkar et al., 1995; Pardo~ 1996; JIguer et al., 1985). Other enzymes that

bavetheir produetivities improved bytheadditionofsurfactants areph~which bas been

produced in canoJa meaI during the SSF process using Aspergillus ficuum (Ebune et al,

1995)~ at Iow concentrations, surfàctants enhance Iipoxygenase aetivity (Sunivasuluand

Rao, 1993).

Enzymatic hydrolysis ofbagasse was acceIerated by pretIeatment with 3.33% wt

nonionic surlàctant. The enzymatic hydrolysis rate increased because ofm increase in the

sUIfàce area ofcellulose accessible to theenzyme compared to those pretreated with.water•
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Figure 2.1 Structure ofthe Iipopetide surfàctin fromBacillus

subtilis ATCC 21332.
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This effect is based on the fàct that surlàctant makes hydrophobie degrada.tion products

extractable by water (Kurakake et aL,. 1994). Effects of surlàctants on enzymatic

saccharificationofcellulose have aIso beenstudied by Ooshima etal., 1986. From this work

il was concluded that nonionic, amphoteric and cationic surfàctants enhanced the

saccharification process. Hene et al., 1993, have aIso reported on the effect ofsurfàctants

on cellulose hydrolysis. showing that Tween80 and the biosurfàctant sophorolipid increased

the rate ofcellulose hydroLysis by as much as seven times.

2.9 Biofilm

According ta Costertonetal. (1995), biofilmsaredefinedas matrix-enclosedbacterial

populations adherent to eachother and/or ta surlàces or interfilces. This definition includes

microbial. aggregates and tloccuIes and aIso adherent populations within the pore spaces of

porous media. Biofilm.consists ofliving cells and extraeeIlularproduc~ main1y composed

ofpolysaccharides. The structureofthe biofiIm.is held together by bioPQ!ymers synthesized

by these microorganisms attached ta the substratum. This material acts Iike a glue for the

biofilm structure entrapping nutrien1S and protecting the cells tram a hostile environment

(Wtrtanen and MattiJa-Sandho~1993 and Zottolo and Sasahara, 1994).

Microbial biofiIms, especiaIly bactetia4 accumuJate as a consequence ofthe abüity

ofthemicrobes ta adsorb ta asurfàce (termed.as subsb:atum)~ replicat~ produceextracelIuIar

po~ and metabolize nutrients and substrates dissolved in the surrounding fluid phase

(B~ 1994). Biofilm formation is osuaIIy cansidered to he detrimentaI, but, it can &Iso
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serve beneficialpurposes in naturaland insorne moduIated orengineered biologicalsystems

(Brading et ol.~ 1995~ Characklis and Marshall. 1989)..

Sorne examples of microbial processes that bave provided economic or process

advantage brbeing carriedout innaturalbiofiImineIud~hiofilmreactor used in fermentation

process for acid acetic production; in wastewater treatment for degradation of soluble

organic or nitrogenous waste; in the microbial decomposition ofcellulose tibers; in ethanol

production; and in polysaccharide productio~ which is critical to the formation ofthe gel

matrix surrounding eeUs in biofilms.

On the contraryt biofilm formation cao. aIso cause proble~ such as: formation of

undesirable deposits on industrial equipment thereby reducing the rate of heat transfer;

increased fluid frietional resistanee; plugging; corrosion; and other types ofdeterioration..

The evaIuationofbiofilmfonnationbas been perfonnedaccording to the substra~

Iiquid~ carbonsourcet pH and hydrodynamic paramet~ including fIow rate (Little

et oLt 1991).. Manyofthe conchJsions about biofilmdevelop~compositio~distribution

and relationship to substratumbave beenderivedfromscanning electronmicroscopy(SEM)..

According to Ladd and Costerton (1990) SEM can reveal some detaiIs about the

mechanism(s) ofattaehment such as individual ce~ micro coloni~ fibriDar~ and

condensed polymerie material coating the cel& Lindsayand Holy(l997) have used SEM to

evaIuate Iaboratory-grown. bacterialbiofiIms.. Another technique used for studying bio~

is epifluorescence image~ described in detaü byWJItaœnet aI.~ 1996 and WIrtanen

and MattiIa.-Sandho~1993. In this wade biofilm formation on the solid substrate was

studiedby SEM.
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CHAPTER3

MATERIAL AND METHOOS

3.1 Quantitative Experimental Methods

3.1.1 SSF on ground potato peel

3.1.1.1 Microorganisms

Aspergillus oyrzoe ATCC 10Il, Aspergillusfoetidus ATCC I0254~Boeillus subtilis

ATCC 21556 and BaeiOus subtilis ATCC 21332 were obtained from the American Type

CultureCollection(Rockville, Maryland), storedonslantsofagar ina refrigeratorat4°C and

subcuhured every 30 days•

3.1.1.2 Inoculum preparation

Aspergillus oryzae ATCC 1011 was grownon sJants ofmalt agar (DIFCO~ Detroit).

The culture was kept in a refiigerator at 4°C and it was subcultured every 30 days. The

liquid medium ofAspergillus oryzae for SSF was prepared using 1.5% (w/v) malt extraet

(DIFCO, Detroit), sterilized and inocuIated with the culture. The f1asks were incubated ina

shaker (G-2S ShakerIncubator, NewBrunswick Scientific~ NJ., USA) at30ClC for 48 haurs

and 200 rpIll,- prior to the use inSSF process. AspergillusfOetidus ATCC 10254 was aIso

grown.onsIants ofmah agar. It was then transferred to a sterilized liquid mediumwithmalt
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extrac~ 20 gII; glucose~ 20 gIl and peptone~ 1.0 g/l and grown. in. a shaker at 30°C for 4&

hours at 200 rpm.

Boeil/us subtilis ATCC 21556 was transfèrred ftoma nutrient agar slant and grown.

for 72 hours at 30°C ina sterile nutrient medium CODtaining: beefextraet,. 3.0 g/l; peptone~

5.0 g/l and 1.0% potato starcb. Baeil/us subtilis ATCC 21332 was grown for 72 hours at

30°C in a glucose mineral salts medium. (Cooper et al. 1981).. The glucose was sterilized

separately and mixed with the minerai salts jus! before inoculation with cells grown on agar

plates. For bothBaciIlus strains the 500 mL tlasks containing 250 ml ofmedia were placed

in a shaker incubator at 200 rpm (G-25 Shaker Incubator~New Brunswick Scientific, NJ.~

USA).

3.1.1.3 Substrate preparation

Patato peel was used as source ofstareh.. Potatoes from a variety caIled Superior

were hought tlom a local market. They were~ peeled by band and the peels ground

into smaIl particles with a blender (Proctor-8üex 10 SpeedBlend. Master) for 20 seco~to

about 3 mm dîameter. The moisture content ofthis substrate was in the range of78-80%

on a wet basis.

Barley was obtained ftom a local market. As barIey is a substrate with lowmoisture

content (Il%)~ it was necessary ta soak: this product in distiIIed water in a proportion of5

volumes ofwater (based on the weight ofbarley). The time ofsoaIdng was 3ho~ after

which.the moisture contentofthe product was between4()O1O to 45% anawet basis. Orange

peelwas aIso testedas asolid substrate for the process.. The oranges were~ peeled
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by band and. the peelsground into smallparticleswithabIenderto about 2 mmdiameter. The

moisture content ofthis substrate was in the range of75-80% on a wet basis.

3.1.1.4 Fermentation proœss

The fermentation process was carried out in. perforated stainIess steel trays 322 cm

inl~ 17.8 cminwidthand 6.4 cm indepth.. In the bottomofthese trays there were three

holes~ 4.1 cm in diameter~ spaced 5 cm. apart to alIow for air circulation. PIaced on the

bottom of each tray was a perforated stainIess steel~ with 1.6 mm hole 5ÏZe. A 250 g

quantity ofthe substrate was spread on this mesh and the tray covered with aluminum roil

Refer to Figure 3.1.

The trays were sterilized in an American Sterilizer Company (U.S.A) autoclave at

121°C and 15 psi for 60~ coole<!, inocuJated with a lOOA» (v/w) preparation ofa pure

culture or~ whena mixedculture was used,. 10% (v/w) ofeach culture. Also acldedwas the

synthetic~Tween80~ Tween20 andSDS~or~ thebiosur1àctantproduced

by Boeil/us suhtilis ATCC 21332.

Tween 80 and Tween 20 are two nonionic surfàctants aIso known. as

polyoxyethylenesorbitan monooleate and polyoxyethylenesorbitan monoJaurate sorbitan

respectively. LaurylsuJ1àte sodium salt (SDS) is ananionic surfàctant..

The ttays were incubated inclosed chambers (Conviron CMP 3244~ Wmnipeg) with.

automatic controloftemperature (30°C)~ relative bmnidity (9()OI'ct) and withunifurmupward

air tlow. Samples were taken every 12 hours (about 5 g)•
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Figure 3.1 Tray fermentor showing (a) the tray with tbree hores and

the perforated mes&; (b) mesh pIaced on the tray with

and without the ground potato peels.
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3.1.1 Growth OD agar plates

ThegrowthonagarplatewasusedtoestimatetherateofgrowthofB.subtilisATCC

21556 andB. subtilis ATCC 21332 bythemselves,. withorwithout theadditionofTween80~

and ofa mixed cuhure ofthese two B. subtilis strains in the presence or absence ofTween

80..

Plates containing either potato dextrose agar (PDA) or plate count agar (FCA)

(DIFCO,. Detroit) were inoculated with 0.2 mL ofeachculture (pure or mixed), spread with

a glass rad over the PDA and PCA plates. The plates were incubated at 30°C for 72 hours.

Samples were taken every 12 hours and the biomass was washed from the agar plates with

distilled water and poured into pre-weighed aIuminum dishes. The dishes were dried in an

ovenat 104°C for 24 hOUIS and the biomass dry weight calcuJated in g.

3.2 Analytic:al Methods

3.2.1 pH

The pH was measuredafter suspending l g ofwet fermented solid in9 mL ofdistilIed

water. This dilution was thenmixed and the pH measurement obtained with a combination

pH electrode and a pHiion meter Accumet Model2S (Fisher Scientifi~ U.S.A.)•
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3.2.2 Moisture COlltent

Every 12ho~ l g of fermented solid was sampled and dried in anoven (Isotemp

~ Fisher Scientific Co.) at 104°C for 24 ho~ and its weight was measured for the

caIculationofmoisture content. Moisture content was caIcuIatedbased onweight Ioss using

the following formula:

MC(% wet basis) = «W[-WJIW.) x 100

where~

Wt=is the weight ofthe substrate before drying (g);

W2: is the weight ofthe substrate after drying (g)•

3.2.3 Enzyme extraction

Alpha-amylase was extraeted byusing a leaching process. The leaching process was

established after studying the eftèct ofthree diftèrent solvents on enzyme recovery. The

solvents includedtwo concentrationsofNaO(O.5% (wlv) and l.()OIO (w/v» anda phosphate

bufièr (10 mM). One gramoffermented substrate was washed with 9 ml ofeach solvent

for three hours at roomtemperature. The mixture was fiItered ina wet cheese clothand the

Iiquidcentrifuged.ina table top centrifuge(IntemationalEquipment Companyt modelHN-St

U.S.A.) at 3000xgfor 20 minutes. The cIearsupematantcontainedtheenzymeextractwbich

was then analyzed for enzyme aetîvity.
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3.2.4 Enzyme activity

Alpha-amylaseistypicaIlyquantifiedbymeasuring thedegradationofstareheithervia

the amount ofreducing sugars produced or from the amount ofstareh which is hydrolyzed.

Different methods to determine ex-amylase aetivity bave been reported. Car1sen et al.~ 1994

descn"beda ftow-injectionanalysis (FIA) systemformeasuringa-amylase. V trOlle etal.• 1990

reported a method for ex-amylase assay wmch relies on the reduction ofturbidity that occurs

upon digestion ofa starch suspension..

The methodology used in this work was that ofBemfeld (1951),. a colorimetrie

method basedonsaccharifYing aetîvity. Inthis methodstarehwas hydro[yzed to mahose and

the reaction was stopped by adding 3.5-dinitrosaHcyIic acid. The complete methodology

inciuding the Iist ofreagents is descnèed in the enzymatic assay ofa-amylase (EC 3.2.1.1)

from Sigma Cbemical Co. (St. Louis). The concentration ofmaltose was determined from

a standard curve based on absorbance at 540 Dm obtained using a spectrophotometer

(NOVASPEC II~ Cambridge, England) (FIgUre 3.2). One unit ofenzyme is defined as that

amount required to liberate 1.0 mg ofmaltose ftom stareh in three minutes at pH 6.9 and

20°C. Enzyme aetivity was obtained and expressed in unitslg solid.

3.2.5 Biomass estimatioD.

Biomass is a tùndamental parameter in the cbaracterization of microbial growth.

However9 direct deterrninationof biomass in SSF is very difticuIt due to problems with the

separationofthe microorganism from the substrate (Mitchen et aL,. 1992).
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Figure 3.2 Standard curve ofmaltose based on absorbance at 540 Dm

used for determination of«-amylase activity.
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3.2.5.1 FUDgal Biomass EstimatioD.

Fungi penetrate deep into the intra and intercelluIar spaces in the substrate by

mechanical and enzymatic means and firmly anchor themselves to the substmte for optimum

attack (Figure 33). This makes the separation ofthe fimgaL mycelia. from the residual saUd

substrate di:ffic~ and consequently direct estimation of biomass is not feasible (Ramana

Murthy et aL<t 1993b). Because ofthe difficulties associated with direct measurement of

biomass in SSF systems, most ofthe methods reported in the literature are indirect ones.

Thus can he based on gIucosarniœ content (Ride and Drysdal~ 1972't Aida et al.'t 1981't

Matcham et aL~ 1985)'t ergostero[ content (Desgranges et aL~ 1991a) or protein content

(Raimbault and~ 1980). On-Iine monitoring methods have aIso beenreport~ based

on carbon dioxide evoIution rate and infrarecl. (Desgranges et aL, 1991b) or visible Iight

reflectance (Ramana Murthy et al., 1993b)•

ln this wo~ the methodology chosen for determination offimgaL growth was the

gIucosamine (chitin) content. Chitin is a poly-N-acetyIgIucosamine with the monomers

connected by cx..1-4 links in. a straight chain and is one of the most frequently occurring

polymers in fimgaL waIIs.

The accuracy ofchitin assay techniques for detennination offungal biomass in. any

tissue depends uponhavinga reIiable conversion filetor for relating gIucosamine content to

unit dry weight ofmycelium. The quantitative Iiberationofglucosamine by hydrolysis ftom

themyceliumis necessarypriorto the estimation. Therearediftèrentmethods forconversion
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Figure 3.3 Scannîng electronmicrograph ofAspergillus grown on

ground patato peel: (a) xSOO magnifieation,

(b) xlOOO magnffication.
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of chitin to gIucosamine~ each invoIving either an acid or aikaJine Ilydrolysis. In tbis

experiment, the Ride and DrysdaIe"s method (1972) was used. This method is based on

alkaline depo1)metàationand deacetyfationofthe chitin. The gIucosamine is then estimated

by an assay with 3 methyl-2-benzothiazole hydrazone. By using a spectrophotometer

(NOVASPEC Il) at 650 nmtheopticaldensity was detennined and the ghIcosamine content

converted to mglg dry substrate with a standard curve construeted from a stock solution of

glucosamine (Figure 3.4). This was then converted ta biomass based on a standard curve

obtained from a pure culture ofÂ. oryzae ATCC 1011 or A.foetidus ATCC 10254 grown

in a submerged fermentation.

3.2.5.1 Bacterial biomass

Measurement ofbacterial biomass in SSF is important to he able to monitor the

bacterial groWlh.as wen as to establish a correlation with «-amylase production.

The technique evaIuated was the plate count method. A series ofdilutions (up ta

10·1~ were prepared from 1 g oftèrmented substrate in 9 mL of 0.1% (w/v) peptone

solution. The tubes were vortexed for 5 seconds. Then, 0.1 mL were obtained with an

eppendorfpipette (10pL-lOOJ1L) and spread with. a glass rad over a 9 cm plate count agar

petridis&. The plates were incubatedat 30°C tbr 72 hours and the individual colonies were

counted..
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Figure 3..4 Standard curve ofglucosamine based on absorbance

at 650 Dm used for estimationoffungal biomass..
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3.2.6 Recovery ofsurtàctin

3.2.6.1 From submerged fermentatioll

Surfàctin was obtained for addition to the various experiments as part ofcen-free

liquidofB. suhtilis ATCC 21332 grown fOr 72 homs inaglucose and mineralsalts medium.

3.2.6.1 From SSF

A quantity of0.5, l, ~ 5 and 10 g ofsolid tèrmented substrate were placed in tubes

with 10 mL ofdistiIled water and mixed ina vortex (Fisher Scienti:tic Model K-55o-G)9 and

centrifuged (IntemationalEquipment COmpanY9 modelHN-8, U.S.A.) at roomtemperature

for 20 minutes at 3000xg. The supematantwas thenfilteredand the surfàcetensionmeasured

using a FISher Tensiometer (Madel 20)•

3.1.6.3 Analysis ofsurfilctin

According to Sheppard (1989) surtàctin can be assayed indirectIy by measuring

surfàce tensionofthe sampIes. The theoreticalcriticalmicene concentration(CMC) cm be

determined by piotting surtàœ tension as a fùnction ofdifièrent proportions of the cen

iee broth obtained in submerged fèrmentatiOD. Surlàœ tension measurements were done

using asudàce tensiometer in dynesfcm.(mN/m) witha 6 cmdiameter platinum ring (Fisher

Scientific, U.SA •ModeI20) employingthe principleofDuNuoys ringmethod. Thebroth

proportion at wbich the surtàœ tension started rising abruptly was denoted CMC and

corresponds to approximately 10 mg/L ofsurlàctin. (Sheppard,. 1989). The düution fàctor

required to reachthe CMC œpœsents the qwmtity ofsurfictinpresent inthe een-tiee broth

4S



• andneeds to he detennined (CMet
) to convert the broth proportioninto aetual.quantities of

surfilctin (w/w).

3.3 QuaUtative Experimental Methods

These analyses were done in arder to investigate the mechanism of action of

surtàctants in the SSF process and ta help in understanding the interrelationship between

surtàctants.. soIid media and microbial ceUs.

3.3.1 ScaDDîng electron microscopy (SEM)

TheSEManalyses were donc inanattempt ta observe how the microorganism grew

and its pllysical relationship with the substrate. The samples were ftom SSF ofboth ground

andslicedpotatoes. A SSF processonsIicedpotatoeswasconductedjust forthese analyses.

Samples taken for SEM anaI.ysis were presetVed ovemight in a fixative solution of

2.5% gIuteraIdehyde in0..1 Msodiumcacodylate buftèr. The fixative was removed and the

samples were washed with 0.1 M sodium cacodylate buftèr once and then preserved in this

same buffer until the sampIes were prepared for SEManalyses as descnëed below.

The preparation ofthe samples fOr SEM W8S done in four steps: washing~ freezing

in Iiquid nitrog~ fteeze-drying and coating. The samples were tirst washed with 30%

ethanol three times for 5 minutes eac~ fonowed. br 2 washes with 50% ethanol and finaIIy

one wasbing with 7(lOIO- ethanoL This was done inarder to wash. out the fixative mm tfle

sampIes. ThesesampIesweœthenpIacedinathermanoxslidewilhdoublesidedtape. Using
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• tweezers, the samples were immersed on liquid nitrogen at ...162°C for about 10 seconds~

pIaced on disposable sterile cryogenie polypropylene viaIs and then immersed in Iiquid

nitrogen at -180°C until the fteeze drying step. Twenty tour hours before the SEM~

the samples were freeze-dried in. a tloor model freeze.drier (Labcanco, Fisher Scientific).

The fteeze-dried samples were mounted on stubs and pIaced in the Hummer VI

Sputter Coater (ANATECH LTD) for AulPd coating. The coating of6 samples took about

15 minutes. Once the samp[es were coat~ they could then he examined in a JSM-840A

ScanningMicroscope(JEOL, USA) at 10 kV acceleratingvoltage. Pictureswere takenusing

50~ 1000x and 3500x magnffication with a Polaroïd camera.

3.3.1 Diffusivity tests

The fonowing di:ffusivity tests were done to verify ifthe presence ofsurfàctant was

aftècting the mobility orthe microorganisms, nutrients or produets in the SSF process-.

3.3.2.1 DitYusivity ÎI1 solutioa

This test was done inorder to evaIuate the eflèct ofdiffusivity oftwo diflèrent dyes

in an aqueous solution in comparison to a surfàctin solution with a surfàce tension of30

mN/ID. The dyes used were safranin and crystal violet.

The experiment was condueted in triplicate by adding either distilIed water or

surlàctin solution to petri dishes, thenadding a drop ofone ofthe dyes to the center ofthe

petri dishes and tüning how long it teok fOr the dye to diffilse throughout the diffetent

solutions.
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3.3.2.2 Diffusivity in plate couat agar (PCA)

Plates containing plate count agar were prepared with 0.3%~ 0.5% and 1.0% (v/v)

basis ofTween 80 and O.5%~ LO%~ 2.0% and 5.0% (v/v) basis ofsurfactin solution. Two

ml ofcrystalviolet were added ta the centerofeachplate and the diffusivityofthe dye was

observed for 24 bours and compared with plates without surfactant.

3.3.2.3 Diffusivity in potato slice

Slîces ofpotatoes were prepared byadding surfàctant on the surface and then by

adding two mL crystal violet for evaluationofthe diffusivity ofthis dye ona stareh material

in the presence and absence ofsurfàctant. The amount ofsurfactant added was based onthe

weight ofthe potato slices.

3.3.3 Colony Cormation oCIL subtilis ATCC 11556

Plate count agar (peA) plates were prepared with diflèrent concentrations of

surlàctinsoIutionandTween80 to evaluate the growthofB. subtilis ATCC 21556 whenthis

strainwas inoculated inthe centerofeachPCAplate. The controlplates did oot contain any

sur1àctant.

Tween 80 wu added during the PCA preparationat 0.1%~ O.2%~ 0.3% (vlv) basis.

SurlàctinwasaddedatO.s%~l.()O"~2.0.%andSJ)% (vlv) basÎS. The brothwassteriIizedand

the plates were prepared in triplicate.

BaciOus subtilis ATCC 21556 previously grown ina liquid nutrient brothmedium.

fur 72 bours at 300e was used to inoœJate the plates. ThepIates werekeptat 30°C for 96
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hours and the growth shape was evaIuated every 24 hours. The same experiment was

condueted with the plates pIaced in a shaker at 200 rpm.

3.3.4 Starck film Cormation

Thestudyofstarehfilmformationwasdone to evaluate thedifferent interactionsthat

couid be occurring inthe SSF betweenstarchl~ stareblsurfilctant, enzymelsurfà~

enzymelwater~ surtàctantlwater or starch/water.

Stareh filmwas formedbyusing two different types ofstarehandat two temperatures

(30°C and 100°C). In the studies ofstareh film formation at 30°C~ 1.0% and l ()O~ soluble

patato stareh (Sigma ChemicaL Co•., St. Louis) and purified potato stareh powder were

stirred for 60 minutes and allowed. to settIe for 30 minutes before film preparation. The

solutions wereaIso heated up to 100°C andthencooled to 30°C withstiIringandsettIed for

30 minutes.

Ditlèrent combinations ofsurfàctants and amylase enzyme were used for this study.

Tween 80 was added on a vollvol basis at O.l%~ O.S%~ 1.0% and 2.()OA. Surfàctin solution

was added on a broth voVvoI basis at 1.oo".. 2.0%, 5.oo/o., 10% and 20%. Amylase (Sigma

ChemicalCo.., St. Louis) wu added at either 10 pL or 20 pL,. corresponding to 178 to 351

unfts. One unit ofenzyme is defined as that amount required. to liberate l.0 mgofmaltose

from stareh in.three minutes at pH 6.9 and 20°C.

The stareh films wete prepared by adding 10 (1L ofeach solution to the top ofthe

sIïde. ThesIideswereairdrled tbr24homsandthenobservedunderalightmicroscopeusing

phase conttast objectives at a total magnificationofx300 Diastar (Reichert-Jung).
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CHAPTER4

RESULTS AND DISCUSSION

4.1 PreHminary studies

The primaryobjective orthe pre1iminarystudies was ta evaluate the potentialofthree

difièrent substrat~ potato pee4 barley and orange peel ta he used in a SSF process for the

production orthe enzyme œ-amyIase. Secondly, a screening ofme different microorganism

was done in arder ta select two ofthem for fùrther studies. Among these IDÎcroorganisms

there were three bacteria and two fungi. The strains ofbacteria were Baeil/us liehenifOrmis

ATCC39326,BaciIlussubtilisATCC21556andPseudomonassaccharophilaATCC 15946.

The tùngal strains were Aspergillusfoetidus ATCC 10254 and Aspergillus oryzae ATCC

1011.

The choice ofthese microorganisms was based onthe filet that theyare aIl knownta

he œ-amyIase producers. AIso, some ofthem &ad already been used in SSF for «-amylase

production but in diftèrent substrates from the three mentioned above.

Potato peeland barleyare substrates nch in starehand consequentlyhave potential

for œ-amyIase production. In. addition, patato peel is one of the fargest wastes ftom food

processing being generated inCanada According ta Agriculture Canada, about SO% ofail

potatoes grown in Canada are processed. In 1997/98 the amount to be processed was 2.1

millionto~ and the wastes geœrated varied between 10-15% ofthis amount. Due ta

enviromnentalconcems,.1hereuse ofthiswaste mrtœproductionofavaIue-added product
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for the fOod industry would he of great interest. Orange peels were tested due to the &ct

that there isa large amountofthis waste intropicalcountries. Only inthe southeastofBraziI,

75 million tonnes oforanges are processed 8DDnaIly (Barreto de Menezes et al.. 1989).

Orange peels are not astarehysubstrat~ they present Iow proteinandbighcellulosecontents

but they bave beenused inSSF for the productionofother produets suchasbio~ metbane

and pectinase (Srüatha et al., 1995, Garz6n and HOUIS, 1992).

The preliminarystudies conducted withorange peels were not successfuL There was

littIe or no cc-amylase production. The triaIs withBaciHussubtilis ATCC 21556 resuIted in

the productionof6.0 units of«-amylase perg ofsolid after 72 hours offennentation. When

using Aspergillus oryzae ATCC 10119 the highest yield found was 16.2 unitsI g ofsolid.

Asperginusfoetidus and Badllus licheniformis were not tested. Wlth barley, even though

some amylase was produced, the sampIe bandJing ofthis snbstrate became difficult and the

drop in moisture content during the SSF process aJso became a drawback. ConsequentIyt

potato peelwaschosenas thesubstrate forthis research. Thepreliminaryresults withground

potato peelwereonaverage 30 to 40 units ofenzyme per g ofsolidwhen inocuJated withB.

subtilis ATCC21556 or Â- oryzae ATCC 1011.

The fi.ve microorganisms were bought ftom the Amerlcan Type Culture Conection

(ATCC).. They were first grown in their respective agar medium wbich was specified by

ATC~ then ftom the agar slants they were grownin the Iiquid medium in sbake fIasks.

Am:mgthe~Pseutlomonassaccharopmla was discarded inthe beginning of

thescreeningdueto ils slowgrowtb, taIdng 5 days to produce0.40 gILofbiomass in Iiquid

medium. B_licheniformisproduced0..70 gIL ofbiomass in72 homs..~ B. subtilis
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aIso reached its maximum biomass concentration in 72 ho~ but. was able to produce

around LO g/L. It was decided to pursue tbis study with B. subtilis~ due to the large

amount ofwork aIready done with B~ licheniformis in SSF and to the challenges ofusing B~

subtilis in SSF, a microorganism that bas been extensively studied in submerged

tèrmentationfur theproductionofimportantenzymes (FogartyetaL, 1974). AIso~ therewas

a better chance ofsuccess fur co-culturing two Baci/lus species.

Aspergillusoryzae and Â. foetidus grew very wenon the agar slants as weR as in the

liquidmedia. When inthe Iiquidmediathese two Aspergillusspecies grow ina pellet format.

80thfùngi aIso grewvery weil whenused for SSF and the choice ofthe species offungiwas

done ailer some preliminary studies with both, as shown in the following section.

4.2 Pure cultures

4.2.1 Aspergl.!lus

AspergiOusoryzae andA.foetidus have the potential ofproducing ex-amylase inSSF

using riœ as a substrate, as aIready descnëed in. Section2..7.2.. SSF ofthe two Aspergillus

straiDswascarriedout in.tœtIa.yfèrmentorwith250 g ofgroundpatato pee4 inocuIatedwith

10% v/w medium previously grownfor 48 hours ina Iiquidmedimnto a biomass content of

4.0 gfL forÂ.. foetidus and 0.4 gIL forA.. oryzae.. The trays were pIaced in. the incubator at

30°C and 90% RH.. Samples ofapproximateIy S g were taken every 12-24 hours and then

analyzed.
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For pHandmoisture conteI14 the analyses were perfbrmed right after sampling. AIl

the pH and moisture content analyses for both strains were done induplicate and. the resuIts

shawn. in rtgUte 4.1 are the mean values. The pHand moisture content analyses were done

inorderto monitor changes in the substrate due ta metabolicaeti.vity.. The initial pH ofthe

potato peel after inoculation with A. foetidus as wen as for Â. oryzae,. was 6.0. Over the

course ofthe SSF the pH decreased to~ reaching a final value ofbetween 4.5 and 4.8. This

change may have been caused by the secretion ofmetabolic by-products such as acetic or

ractic acid.

The initial moisture content for the peel inocuIated with A.. fôetidus was 79.9%,

rernaining relatively constant until48 haurs and then dropping ta 67.4% after 72 hours and

ending at 63.2% after 120 heursoffermentation.. For the peel inoculated wïthA. oryzae the

initialmoisture content was 673o/~ and with only slight variations in this parameter during

the K4 hours oftèrmentation.

Other analyses. such as biomass and «-amylase aeti.vity were done at the end ofthe

tèmlentation after ail the samples had been conected. In the first 48 hours offermentation

the colonies ofbothAspergillus strains spread O'Ver the entÏre surlàce ofthe substrate. The

coloniesofA. oryzae were Iightyellow(FIgUre4.2) andthe onesftomA. foetiduswere black.

Due ta thedifliculties ofseparatingthebiomassfromthe fermented substrate~ a methodology

to determine fimgal biomass for the two strains wu established. An ana1ysis for the

gIucosamine content was chosen as a couelation for biomass due ta the filet that it is a
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Figure 4.1 The change in pH and moisture content during the SSF of

Asperginus.fôetidus (top) and Aspergillus oryzae (bottom)

on potato peel
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Figure 4.2 Growth ofAspergillus oryzae on ground potato peel

after 48 hours (top) and at zero hours (bottom)•
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cbaracteristic component ofthe fungal cen wail Insorne cases~ gIucosamine may comprise

up to 60% ofthe dryweightofthe fungalcenwallbut it is not found inmeasurable quantities

in patato. Ta calculate the fungal biomass in an SSF process it was necessary to obtain a

conversion filetor between glucosamÙ1e and biomass dry weight for eachone ofthe species.

The conversion filetor was caIcuIated as the meang1ucosamine content ofthe liquidcuItured

myceliumduring the periodofgrowthwhenalinearcorreIationexistedbetweenglucosamine

and mycelium dry weight (from four samples obtained between 0 to 120 hours of

fennentation). The amount ofglucosamine was calculated. according to the methodology

already described in Section 3.25.1 and using the standard curve ofglucosamine in Figure

3.4. The values obtained from submerged fermentations ofA. jOetidus and A. oryzae are

showninFIgUre 4.3. Using thesevalu~ the conversionfàctor caIcuIated forA.foetiduswas

0.0021 mg glucosaminelmg dry weight and for A. oryzae the conversion tàctor was 0.0195

mg gIucosaminelmg dry weight. Using these conversion fàctors, itwas possible to calculate

the amount ofbiomass being produced. during the SSF ofbothAspergillus species when

grown on ground potato peel Figure 4.4 shows the increase Ùl the amount ofglucoS8lDine

content measured during the SSF process..

4.2.1.1 Enzyme reeovery from ail SSF with AspergiIlIISoryr.ae ATCC 1011

For the deterrninationofœ·amyfase. activity~ three difiètent soIvents were studiedmr

the extraetionofthis enzyme. The solvents usedwere NaO at two diftèrentconcentrations

(0.5% and 1.0% (wlv» and 10 mM phosplmte buftèr.. Tbese three solvents were chosen

basedonpreviousworkwbeIe«.amyJasewasextraeted ftomdi:flèrentsubstratestbanpotato
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Figure 43· Correlation hetW'een.~ weigfrt ofmycefunn :me! giucosamine content
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Figure 4.3 Correlation between dry weight ofmyceIium and glucosamine content

in submerged fermentations ofA.foetidus (top) andA.. oryzae (bottom).
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Figure 4.4 Changes in glucosamine content during an SSF withA. foetidus (top)

andA. oryzae (bottom).
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peeland ftomeliftèrent sources ofmicroorganisms. SodiumchIoride bad beentested for the

extraction of this enzyme in. a SSF of rice with Â. oryzae (Chou and R~ 1995).

According ta Ramesh and Lonsane (1990), 10 mM phosphate buftèr is anoptimum so[vent

forœ-amylaseextractionfroma SSF ofwheat bran withBacillus species. InFJgUIe4.5 the

mean values are shown for the leaching of patato peel of A. foetidus and Â. oryzae

respectively. Forbothspecies the highestenzymeaetivitywas obtainedwhenNaCI was used

as the solvent. The peak ofenzyme aetivity obtained for A. foetidus wu 49 unitslg solid

after72 hoursoffermentation. Oneunitofenzyme is that amount required ta h"berate 1.0 mg

of maltose from stareh in three minutes al pH 6.9 and 20°C. The hest solvent was 0.5%

NaC~ fonowed by 1.0% NaCI and phosphate buftèr. Â. oryzae produced maximwnenzyme

activity, 66.9 unitslg solid after60 hours offermentationand tbrough ail thesamp~ LO %

NaCI was the best solvent. There wu littIe or no difference in enzyme activity when using

either 0.5% NaCl or phosphate buflèr.

At this point it was decided to wode with only one of the Aspergillus straîns.

Aspergillusoryzae was chosenbecause itprovided higher «-amylaseactivity and is aIso weil

knownasoneofthe most important sourcesofcx-amylase insubmergedfermentationas wen

as nan. SSF ofriee and wheat bran. The work withA.. oryzae will he described in detail

Iater.
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Figure 4.5 Enzyme yields resuhing from leaching SSF samples with

0.5% (w/v) and 1.0% (wfv) NaCl and 10 mM phosphate

buffer during an SSF with A.fiJetidus (top)

and A. oryzae (bottom)•
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4.2.2 Badl111SsubtilisATCC 21556

Bacillus subtilis ATCC 21556 was the specifie bacterial strain chosen for this work

to evaIuate the production of(X-amylase in an SSF using patato peel as the substrate. This

strainwas previously grownina Iiquidnutrient mediumfor 72 hours before utiIization inthe

SSF process. The amount ofbiomass produced after 72 hours was between0.9 to 1.0 g/L.

The volume ofinoculum added to the process was again 10% v/w and the SSF incubation

wu done at 30°C and 90% RH. In the beginning ofthis work B. subtilis and Aspergillus

strainswere incubated inthesamechamberroombut there wascrosscontaminationbetween

them. For this reaso~ the experiments were subsequently condueted at diftèrent times.

The pH and moisture content ofthe potato peel inoculated with B. subtilis ATCC

21556 was monitored over 84 hours offermentation. Since bacterial growth was not as

visible as the fimga1gro~ samples were coIlected every 12 hours 50 the process could he

followed more closely. The pH ofthe substrate was essentiaIly constant throughout the 84

hours of tèrmentation proeess. starting at a pH of 6.3~ increasing up to 6.5 and at the end

ofthe process, 6.2. The moisture content varied between 76% and 690,4. rtgUœ 4.6 shows

the pH and moisture content ofthe substrate. By monitoring sorne ofthe environmental

parameters ofSSF~ pHandmoisturecont~ Îtwaspossible to veriiYthe process waswen

controlIed.. Theoptimum pH for hacterialgrowili. is between6.5..75 whichwas the range of

pHmeasuredthroughout theprocessfbrthis pureculture. Moisturecontent isakeyelement ­

for regulating and optimizing SSF. The optimum moisture content for the growth and

substrate ntt1imion is between40-70010 but depends uponthe microorganismand substrate
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used for cuItivation (Prior etai. 1992). In tbis particular~ the moisture content was kept

in this range by controlofthe relative humidity in the stJIr01mding air.

4.2.2.1 Enzyme recovery from an SSF witll Bacillus suIJtilà ATCC 21556

Once the process was wen controned, the eftèct ofsolvents on bacterial ex-amylase

recovery was evaIuated. The leaching process was established after studying three different

solvents tOr recovery ofenzyme. Among these solvents were 0.5% (wlv) NaC~ 1.0% (w/v)

NaCI and 10mM phosphate buffer.. In rtgure 4..6~ the results from the various leaching

processes are shown. Among the three solvents tested for enzyme recovery~NaCl provided.

the highest enzyme recOVery9 28..5 unitslg solid. There was no signfficant difference in the

resuIts obtained from0..5% NaCland 1.0% NaCl but there was a 28% increase in the enzyme

yields when compared to phosphate buffer. For an subsequent ex-amylase analyses with B.

subtilis~ l.oo" NaO was used for enzyme recovery.

4.2.2.2 Bacterial growth

The bacterialgrowthbasedonplate countsofviableceUs couIdnotbedeterrnfneddue

to ditlicuIties in.separating the biomass fromthe fexmented substrate. Severa!attempts were

made using diflèrent approaches but~ the- most frequent resuIto~ even with

dilutions up to 10-1
«). was that the nmnhtt ofcolonies was too numerous ta count (TNTq.
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Figure 4.6 Moisture content and pH measurements (top) and enzyme

yield from Ieacbing withNaCl and phosphate buftèr

(bottom) during a SSF with Bacillus subtilis

ATCC 21556 on potata peel
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4.1.3 Bacülussu1ltilis ATCC 11332

This particular strain ofBacillus subtilis is a known producer ofthe biosurfàctant

known as surfàctin. Two of the objectives of tbis work are completely reJated to this

microorganism Surfàctinas a componentofcen-fÏee brothwas aclded to the SSF processes

using either A. oryzae ATCC 1011 and B. subtilis ATCC 21556 to verifY its effect on

enzyme productio~ and this was compared to using this strain as a co-culture with A.

oryzae ATCC 1011 andB. subtilis ATCC 21556.

Surfàctin was produced. by B. subtilis ATCC 21332 grown in a submerged

fermentation ofa glucose and mineraIsahs medium for 72 bours in500 mL f1asks containing

200 mL ofmedium sbaken in a temperature controlled incubator. After separation orthe

biomass the amount of surfàctin present in the cell-free bro~ was determined by the

procedure describedinSection3.2.6. The surfàce tension(mN/m) was plotted as a function

orthepercentageofcell-ftee brothafterdilutionwithdistiIled water. The dilutionfàctorthat

correspondedto theCMC valuewasameasurementof theamount ofsurtàctininthe original

cell-free broth and was designated as CMCl
. The CMCl value in this Figure 4.7

corresponded to 6.7 and wu used for the conversionofthe volume ofcen-free broth into

mg of surlàctinIg ofsolid based on a concentration of 10 mgIL ofsurtàctin at the CMC

(~ 1989). The CMC'l was determined for every submerged fènnentation ofB.

subtilis ATCC 21332 and was found to vary between6.25 and7.0 (withaCMCl of6.7 the

estimatedconcentrationofsurtàctin in.the brothwould he 67mgIL and iflO mL wereadded

to 250 g ofsubstrate this corresponds to 0..00268 mglg or 2.68xl()-4010 (w/w».
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Figure 4.7 Determination orthe critical micelle concentration

(CMC) in a sample ofcen-free broth from

B. subtilis ATCC 21332•
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This strainofBacillus is not wenknownas anamylase producer but, it was decided

to test tbis strainduring a SSF process by monitoring pH and moisture content, «-amylase

production as weil as the production ofsurfàctin .

VariatiODS inpHandmoisture content and sur1àctin recoveryareshown. inFigure4.8

These resuIts are the mean values oftwo experiments. In the fermentation process usingB.

subti/isATCC21332 thevariationinpHwasbetween1.5 and7.8. The variation in. moisture

content was between 77% and 65%. For B. subtilis ATCC 21332 the drop in moisture

content ofabout 11% whichcan beexplainedbythe hypothesis that the surfàctant produced

by this strain released adsorbed moisture ftom the substrate.

Figure 4.9 shows the recoveryofsurfàctinfrom O.5~ 1.2.5 and 10 g offermented

solid. This methodology was developed for the determinationofsurfàctinproduction inSSF

according ta the amoUDt ofwater used to recover the surlàctin per g ofsubstrate. It shows

the results obtained by measuring surlàce tension as a function ofproportion of extraet,

calcnJatingtheCMCt andconverting thesevalues to mg surfàctinlgsubstrate.. This particuIar

graph shows the results obtained after 24 hours offermentation using a pure cuhure ofB.

subtilis ATCC 21332.

The results for ex-amylase production show that there was Iittle production ofthis

enzyme by this strain. The highest enzyme activity W8S obtained after 72 hours of

tèrmentation, with a mean vaIue flom three repJicate experiments of 12.7 unitslg solid.
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Figure 4.8 Change in. pH and moisture content during the SSF of

B. subtilis ATCC 21332 on potato peel
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4.2.3.1 Surtàctin production by B. su1JtilisATCC 21331 in aa SSF

The production of surlàctin by a pure culture of B. subtilis ATCC 21332 is aIso

shown inFJgUIe 49. At zero hourof SSF~I()o1Q(v/w) B. subtilis brothcontaining 62 mgIL

ofsurlàctinwas added. This value was the amount ofsurlàctin produced after 72 hours of

growth ofB. suhtilis ATCC 21332 in a submerged culture ofglucose and minerai sa.Its

medium. Duringthe 55Ft surtàctinproductionreached 1.1 mglg ofsubstrate after72 hours.

4.2.4 Efrect ofsynthetie surfactants

The synthetic surfàctants used were Tween 80~ Tween 20 and sns. The purpose of

usingthese commercialsur1àctants was to verifY their eftèct onenzymeproduction inanSSF

process using groundpotato peel withB. suhtilis ATCC 21556 or wïth.A. oryzae ATCC

1011. Two diflèrent concentration ofsurfactants were test~ 0.05% and 0.10% based on

v/w ofthe substrate. Theywere added to the inocuIum onder sterne conditio~ mixed for

30 minutes for complete soIubilization. Table 4.1 shows the surlàce tensionofthe inoculum

after the additionofthe various surfàctants.

Table 4.1 Surfàce tension (mN/m) after addition ofsudàctants.

fnocuIum: A. oryzae ATCC 1011 B. subtilis ATCC 21556

Surlàctant conca (v/v): 0.5% l.oo" 0.5% 1.0010

Tween20 42 40 40 39

Tween80 47 44 44 44

SOS 42 42 42 38

• 6&
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Figure 4.9 Surfàctin recovery from a sample obtained after 24 hours

(top) and production (bottom) during a SSF

with Bad/lus subtilis ATCC 21332.
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The results ftom the addition of0.05% and 0.10% Tween 20~ Tween 80 and SDS

withA.. oryzae are shown in Figure 4.10. The data shawn are the mean values obtained

tromthree experlments. Refèr to Appendix 1 for the standard deviatioDS.

Whenadded to A. orzyae ATCC 1011 st 0.05% concentration, the resuIts show that

Tween 80 is the surfàctant which provided the highest enzyme activity. The maximum (1­

amylase activity found was 390 unitslg so~ about 6 times higher when compared to no

surfàctant addition. Using Tween 20~ the maximum aetivity found was 233 unitslg SOÜ~ a

3.5 foId increase and with SDS the amount ofenzyme produced was doubled. It was round

that at 0.10% concentration ofsurlàctant there was no significant difference between the

results obtained at 0.05% concentration.

Figure 4.11 shows the resuIts ofthe additionofTween20~ Tween 80 and sns added

to a SSF with B. subtilis ATCC 21556. These resuIts are aIso the mean values obtained

from three experiments. When added to B. subtilis ATCC 21556 Tween 80 at 0.05% and

0.10% (v/w) resuIted inthe highestenzymeactivitywbichcorresponded ta a 6 fOld increase

over that ofthe contm~ whichcorresponds to thegrowthofB. subtilis ATCC 21556 with

no surlàctant addition. Tween20 and SDS at 0.5% and 1.00" were aIso able to increase the

enzyme aetivity by 5 and 4 foId respectively.

Tween 80 and Tween20 bave been in use fOr sometime in submerged fermentation

to assist bacterialgrowth byincreasing the permeabilityofthe ceUs. It bas been suggested

that surlàctants may act in the cen membrane afiècting the production and release of

microbial enzymes. The anionic~SDS~ resuIted in the Iowest enzyme aetivity~

perfIaps due to ils proteindenaturing afriIity~
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FIgUre 4.10 Amylase production fIom an SSF withAspergillus oryzae

in the presence ofTween20, Tween 80 and SOS at

0..05% (vlw) (top) and 0.10% (v/w) bottom.
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FIgUre 4.11 Amylase production ftom an SSF with B. subtilis ATCC

21556 in the presence ofTween 20~ Tween 80 and SDS at

0.05% (v/w) (top) and 0.10% (v/w) (bottom)•
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4.2.5 Eff'ect ofsurfactill concentrations

Surfactin was previously produced in a submerged fermentation of glucose and

mineral salts mediumand recovered from the brothafter removing the ceDs. To he added in

the SSFproc~ thecen-free brothwas autoclavedandadded intheinoculumat O.5%~ 1.O%~

2.0% and 5.0% (vlv). These values have been converted to the real amount of suriaetïn

present in the broth based on surfàce tension measurements. The caIcuIationofthe amount

of surfàctin added ta the process bas aIready been descnëed in section 3.2.6. After the

conversion. these values were 5 ngIg, Il nglg, 20 nglg and 54 nglg (w/w) ofsubstrate and

correspond to theamountofsurfàctinadded inthe SSF process. Table4.2 shows the surfàœ

tension measurements ofthe inoculum ailer addition ofthe different concentrations ofcen­

tree broth containing surfilctin were added to the inocula ofA. oryzae ATCC 1011 and B.

subtilis ATCC 21556.

Table 4.2 Surfàce tension (mN/m) ofinocuJa after additionofsurtàctin Moth.

Brothadded (v/vOl'o) A.oryzae B.. subtilis

05 66 40

1.0 64 39

2.0 54 36

5.0 52 37
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FIgUre 4.12 shows the effect ofsurtàctin concentration on the enzyme yield by A.

oryzae ATCC 1011, thedatapointsaveragedftomthreeexperiments. Tberewasaninerease

in fimgal amylase activity with surfàctin addition but Iess ifcompared to the addition of

synthetic surfàctant Tween 80. The bighest enzyme aetivity was found when Il ngIg of

surtàctin was added to the pro~ 196 unitslg salid corresponding to mincrease of2.8

times over the controL This modest, although. significant increase compared to the contro~

could be expJained by the filet that surfàctin is known ta possess fimgicidal aetivity and this

couId bave inhibited the production ofthe enzyme (L~ 1996).

On the other band, when surfàctin was added to the process with B. subtilis ATCC

21556, it was found to be very effective (FIgUre 4.13). The bighest enzyme aetivity wu

obtained with 20 ngIg ofsurfàctin up ta 72 hours offermentation wbichcoIIeSPOnded to an

increase ofl0 fold when compared ta the control The other concentrations aIso increased

ex-amylase activity 8.5 ta 9.5 fold wbich indialted that the useofthebio~surfàctin

bad a greater effi:ct with B. subtilis than the synthetic surlàctants.
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FIgUIe 4.12 Eftèct ofthe addition ors ngfg, Il nglg, 20ng1g

and 54 nglg of surfàctin on amylase activity in

an SSF withA. oryzae.

75



•

. .
012243648607284

Time (hours)

• Control ;~~~ 5 nglg D Il nglg

.20 nglg IIDlillIIso Dglg

~ 200 wr------~----~.­-=z ISO -1--- --1

~....-§ 100 -.I---------Ih-__ ~""--.I."
'-"
4i}
z
S 50 ...a.-------I~~:I
~e
-< 0~............~u.+o•

•



•

•

•

FlgUIC 4.13 Effect ofthe additionof5 ngfg, Il nglg.20 nglg

and 54 nglg ofsurfàctin on amylase aetivity in an

SSF withB. suhtilis ATCC 21556•
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4.3 Mixed culture

The addition ofsurfàctin did result in an increase in enzyme aetivity with bothA..

oryzae and B.. subtilis and there are only few reports in the Iiterature describing the use of

a mixed cuhure in a SSF to srimnlate enzyme production. Taking into consideration these

fàcto~ it was decided to study the eifect of adding the surfàctin-producing strain ofB.

subtilisto both rel il entationproc~withAspergillus and Bad/lus.. A 250 g quantity of

groundpotato peel(80% initialmoisturecontentand pH6.0) wasadded to the traytèrmentor

and the trays were autoclaved at 121°C for 60~cool~ inocuIated withacombinationof

either A. o1'%J'ae and B.. subtilis ATCC 21332 or B. subtilîs ATCC 21556 and B. subti/is

ATCC 21332 for the mixedculture condition. The trays were incubated inclosedchambers

with automatic control oftemperature (30°C)~ relative humidity (90010) and with uniform

upward air flow. Samples were taken every 12 hours.

4.3.1 A. DryzJœ aad B. sllbtilisATCC 11332-

Figure 4.14 demonstrates the variations in pH and moisture content. The initial pH

was 6.6~ dropping to S5 after 84 &ours offeunentation. The moisture content was 71.6%

in the beginning ofthepro~ increasing to 80.5% in 24 bours oftèrmentation tinte and

then dropping to a final value of663%. Figure 4.14 aIso shows the profile for ex-amylase

production. The maxi.nnnt enzyme yields doubIed when a mixed. cuIture wu~ going

ftom 67 to 139 unitsfg soIid.
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FIgUre 4.14 pH and moisture content ofthe substrate (top) and amylase

aetivity (bottom) obtained from a mixed culture SSF of

A. oryzae and B. subtilis ATCC 21332•
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• 4.3.2 B. subtiIis ATCC 11556 and IL sll1Jtil& ATCC 11331

In this SSF process with a co-culture of two Baeillus strains the potential for

enhancing both cc-amyfase production and surfiIctin was investigated.

Figure 4.15 shows the changes inpHand moistme content for this co-culture as weIl

as the values obtained for (X-amylase aetivity. The pH ofthe substrate inocuIated with this

mixed culture was about 7.5 during the entire process. The moisture content was initially

79% increasing up to 84% at 36 bours offermentation and then decreasing ta reach a final

moisture content of 72%. The highest enzyme activity was found after 72 hours of

fènnentatio~288 unitslg solid, whichcorresponds to a 9.5 ibid increase incomparisonto the

highest value obtained ina SSF process with a pure culture ofB. subtilis ATCC 21556.

The yields obtained. from enzyme aetivity indicated that (X-amylase production by a

defined mixed bacterial culture oftwo strains of B. subtilis was much greater than by the

pure cultures of the same species of B. subtilis (Figure 4.16). A defined mixed culture

involves the inoculation of the substrate with more than one pure culture~ 50 tbat bath

microorganisms grow simuItaneously (Mitche~ 1992). By using a defined mixed baeterial

culture there may be a synergistic eftèctproviding better growthand produet formation. In

this particuJar case~ one ofthe B. subtilis~ ATCC 21556 is a weIl known «-amylase

producer and the other strain, ATCC 21332 is better known as surfàctin producer.
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Figure 4.15 pH and moisture content orthe substrate (top) and amylase aetivity

(bottom) obtained from a mixed culture ofB. subtilis

ATCC 21556 and B. subtilis ATCC 21332.
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Figure 4.16 Comparison in enzyme production between a co-cuhure

of two strains ofBacillus and the individual strains in SSF•
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4.3.2.1 Surtàctîll produetioa bya co-eulture oC Bacillus strains

The recovery ofsur1àctin. ftom this co-culture was done bythe same procedure with

the pure culture ofB. subtilîs ATCC 21332. Figure 4.17 shows the results for the recovery

ofsurfàctin after 24 hours of fèrmentation from 0.5, 1.0, 2.0~ 5.0 and 10 g of fermented

substrate (using 10 ml ofwater ineachcase) as weil as the increase in sur&ctinproduction

by the mixed culture during the fermentation time. The results in Figure 4.17 show an

increase insurlàctinproductionina mixedcuIture ftom 62mgIL atzero houroffermentation

(inocuIum) to 1.41 mg/g substrate at 72 hours. 80th proce5SeSt mixed and pure cultures

produced biosurfàctant in quantities comparable to and even higher than that ofsurfàctin

production in submerged culture wbich was on average 0.8 mg/mL ofbroth (Cooper et al.~

1981). The yields ofsurtàctin. obtained by the mixed cuhure in SSF were higher than that

ofthe pure culture of B. subtilis ATCC 21332 in SSF, however, these yields were Iower

than that ofSSF using Okara as substrate~ reported to be between 1.8-2..0 mglg wet weight

ofsubstrate (Obno et al. 1995~ 1995b).

4.3.3 Co-eafture ofBlICillus witll TweeD 80

Thisexperimentwas doœ inorderto evaIuate iftheadditionofa syntheticsurfàctant

inthe co-eulture process wouId aIso heIp ta improve enzyme aetivity.. The values shown in

FJgUre4.18 arethemeanvaluesoftwo expetiu tems. 1twasobservedthatenzymeyieldswere

increased even more in comparison to a co-culture with no addition ofsurJàctant. The

enzyme aetivity reached the value of342 tmitsfg so~ a tùrther increase ofI8%. This
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Figure 4.17 Surfactin recovery froma SSF process after 24 bours (top) and

surfàctin production (bottom) using a mixed culture

ofBacillus subtilis strains.
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Figure 4.18 a-amylase activity obtained from a SSF with a mixed culture oftwo

BaciOus strains afterthe addition of1.0% (vlv) Tween 80 to the inocula.
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couId be due ta a cnmnlative eflèct ofthe biosurfactant whichwas released in the process~

with the additionofa synthetic sudàctant.

4.4 Bacterial growth OR agar plates

Estimationofthe biomass fur the SSF with bacteria could oot he established due ta

the difficuIty ofseparating the cells from the substrate. This information wouid he ofgreat

value for establishing a reIationsbip between surfàctant addition and growth, enzyme

production and aIso biofilm formation. The alternative~ was ta quantify the eftècts of

growth conditions on biomass production using more uniform solid substrates. The

substrates used were plate count agar (PCA) and patato dextrose agar (PDA). The

procedure forthese experiments was descnëed in Section3.3.5. The experiments were done

in triplieate and samples for evaluation ofbiotiIm formation were kept for SEM analyses•

Figure 4.19 shows the kinetics ofgrowth ofB. subtilis ATCC 21S56~ B. subtilis

ATCC 21332andamixedculture ofthistwo BacilluswithorwithoutadditionofTweenSO.

The resuIts on bathPCAand PDA plates bave shown that the highest amount biomass was

obtained with mixed eu1tuIe with Tween 80 addition, funowed by B.subtilis ATCC 21556

with Tween 80 and then the mixed culture with no surlàctant added. UnfortunateIyt the

evaIuation ofbiofilm formation br SEM auaIyses was not possible due to probIems in. the

sampIe preparation. A tbick biofilm couIdbe seenverycIearlyontheagarpJates byeye~

during the sample preservation in the buffer7 the biofiIm became detached from the agar•
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Figure 4.19 Growth kinetics on PDA plates (top) and PCA plates (bottom)

with a pure culture ofB. subtilis ATCC 21556 (P)~ B. subtilis ATCC 21556

plus Tween 80 (PT), B. subtilis ATCC 21332 (PS), B. subtilis ATCC

21332 plus Tween 80 (pST), mixed culture ofthe two Bacillus

strains (M) and the mixed culture plus Tween 80 (MI).
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4.5 Qualitative results

These qualitative experiments were done in arder ta investigate the mechanism of

surfàctant action. A number ofapproaches were taken. The di:ffùsivity tests were done to

evaluate the eflèct ofthe presence ofsurfactant in a solution, on plate count agar and on

patato slices. The experiment onplate count agarwithB. suhtilis ATCC 21556 was done

to veritY the etfect ofsurfàctant on colony formation. Other qualitative experiments done

were scanning eIectron miCIOSCOPY to observe the growth ofthe cells and their interaction

with the substrate and stareh film formation to study various interactions in the process.

4.5.1 DitTusivity tests

The resuIts obtained from these tests were generally limited to observatio~with few

orno quantitative results. These observations willbedescnëedwiththe maximumofdetaiIs.

The first experiment was clone onpetridishescontainingwater and/or surlàctinsolutionand

byadding dyes. This solutionwas thecell.-ftee brothobtained ftom the growthofB. subtilis

ATCC 21332. Benne the beginning ofthee~ thesurfàcetensionofthe brothwas

measured and it was round to be 30 mN/m. When the dyes, either safianinorcrystalvioI~

were added to the surtàctin solutioD, the di:ftùsion was much sIower in comparison to the

ditlùsion in water. When the dyes were added to the aqueous soIutio~ the dyes would

diflùse ;l1l1l1ediately. wheIeas, for the dyes to ditlùse compIetely over the surfàce ofthe

surfàctin solutionwould taIœ around 20 minutes.
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Theother experiment was done by adding dye on plate count agar with andwithout

surfàctant. After 24 hours ft was observed that the dyes did oot move when injected on the

agar with no surfàctant or lower concentration ofsurlàctants, such as 0.5% and 1.0% for

surfàctinand 0.3% and 0.5% for Tween 80.. However, as the concentrationofsurfiIctant in

the agar plates were increased. a clear zone was funned around the point at wbich the dye

was injected.. The plates were kept for at least 24 hours more and it was observe<! that the

diameterofthe clear zone increasedoverlime. These results were confirmed by performing

an experiments in triplicate.

The Iast diffusivity test was done onsIices ofpatato. The potatoes were sliced and

weighed for the additionofthe surfàctant ona v/wbasïs.. Surfàctinbrothat 1.0%. 2.0% and

5.0% and Tween 80 at 0.3%, 0.5% and 1.0% were added on the surfàce of the sliced

potatoes. The results were observed and compared to slices ofpotatoes without surlàctant

addition. Two mL ofcrystalvioletwere addedta the surfàce ofthe sliced potatoes. Onthe

slices with~ the dye net only spread aIlover the surtàce but aIso infiltrated into the

starch materiaL The same resuhs were obtained with Tween 80. On the contraIy, on the

slices with no surfàctant the dye seemed ta infiItrate oolyon the injection point and did oot

spread.

88



•

•

4.s.z Colony Cormation ofB. subtilis ATCC 11556 on plate count agar (PCA)

The experimentsonplate count agar (PCA) were done to vemythe eflèctofdifferent

surfàctant concentrations onthe growth ofB. subtilis ATCC 21556 when the culture was

inoculated at the center ofeach PCA plate. The same experiment was done under two

diftèrent conditions. One experiment was on a shaker (New Brunswick Scienti:ti~ New

Jersey) at 30°C and. 200 rpm and the other at 30aC with no rotation ofthe plates.

Whentherewasno sbakingmovemeIl4 fromthepointwheretheinoculumwasadd~

the colonies wouId grow forming a circle. The diameter ofthis circle was measured over 24y

48y 72 and 96 haurs ofincubation. Table 4.3 shows the values obtained. The presence of

surfàctants bad a positive eftèct on the growth ofthis microorganiSJ1\ especiaIly surfàctin

after 72 hoursy with. the diameter ofthe colony over 7 times that orthe control

Table 4.3 The diameter ofcolonies B. subtilis ATCC 221556 grown on agar plates

89•

No sur1àctant

Tween

Surfàctin

Diameter ofcolonies (mm)

Conc(w/w) 24hours 48hours 72hours 96hours

5 6 9 10

0.1% 7 Il 12 12

0.2% 9 18 30 40

03% 10 10 Il Il

0.5% 4 7 20 23

1.0% 8 10 40 4S

2.0010 9 8 60 65

5..0% 10 10 68 72
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When the plates were shaken,. it was not possible to measure the diameter of the

colo~ since they grew indifferent shapesailover tbeplates. One exampleof this growth

pattern can he seen inFtgUIe 4.20.

4.5.3 Scanning eleetroD. mieroscopy

The purpose ofthe work done with the scanning electronmicroscope was an attempt

to observe the physical interactiOIlbetween the microbes and the tèrmented substrate over

the tèrmentation tÎIl1e. One important aspect ofthis studywas the sample preparationwhich

bas aIready been described in Section 3.3.1. Scanning electron micrograpbs were made on

control substrates without bacteria, such as patato starehand patato skin to verify the main

components of these two substrates and to better understand the components of the

fermented samples. An the samples were scanned at 10 kVaccelerating voltage and with

magnification ofx200, XSOO~ lOOOxandx3S00. The samples were composedofthe contrais,

the controls with addition of either Tween 80 or surfàctin, ground or sliced fermented

substrates inocuIated with a pure culture of B. subtilis ATCC 21556 with and without

surlàctant additio~ a pure culture of B. subtilis ATCC 2133~ or a mixed culture ofthese

two Bacillus strains with and without surlàctant addition.

45.3.1 SEM ofgroand patato skiDs

MicrographsofthegroUDdpotato skinsareshowninFIgUIeS4.2I and 4.26. FIgUre

4.21 shows the growth ofB. subtilis ATCC 21556.. Picture (a) is the micrographtaken at

xSOO magnffieationandpictme (b) istheoœtaken.atx3500 magnffication.. It iseri:feDtthat
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Figure 4.20 After 48 hours ofgrowth ofB. subtilis ATCC 21556 on Plate

Count Agar (FeA) with 0.1% Tween 80 (a) and 0.2% Tween 80 (h)

added and the plates shalcen at 200 rpm.
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Figure 4.21 Scanning electronmicrographs ofsample obtained after

48 hours ofSSF ofground patato peel inoculated with

B. subtilis ATCC 21556 at magnifieation

ofx500 (a) and x3500 (b)•
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the bacteria are covering the entire surfàce ofthe substrate. This was observed even after

24 hours offelllmœtÏOn. rJgUre8 4.22 to 4.24 showthe accumulation ofB. subtilis ATCC

21556 cells with addition ofTween 80 and. surfàctin. At thispo~ an interesting pattern

starts to he evident. In Figure 422, which is the one with Tween 80 added ta thepro~

there is cIearly a formation of a thin biofiIm covering the baeterial mass. The same

characteristic could be seen in Figures 4.23 and 4.24~ the samples in which celIs were grown

in the presence of~wherea biofiImis aIso evid~ afterbath48 hours and 72 hours

offermentation.

The mixed cuhure micrographs are shown inFigures4.25 and 4.26. The tirst figure

shows two diffèrent fermentation~ indicating that significant growth is evident 24

hours ailer the beginning ofthe process. The bacteriaare growing very close to each ather

andno biofilmwas visible tmtiI 72bours. Figure 4.26 shows the mixedcuhure after 72 hours

offermentation. One important characteristic ofthe culture seen in the micrograph taken at

:<3500 magnifieation (Figure 4.26(b» is the presence of long cbainsofbact~wbich isone

ofthe characteristics ofthe growthofB. subtilis ATCC 21332.

The micrographs of the ground peel provided evidence of an unexpected

phenomenon0CCUIIing inthe SSFpro~ the biofilmfonnation.. UnfortuœteIy~ it was not

clear whether the bacteria were growing on the skin or ifthe growth was confined to the

starehy material AIso, it couid DOt be seen ifthere was penetrationofthe bacteria under

the snrlàce ofthe substrate. To cIaritY some ofthese questio~ it was decided to conduct

anSSFprocessonthesurfàceofslicedpotatoes. BymakingIongitudinal.eutsofthesamp~

it wu possible to check: fOr penetratio~ to examine the skin separately ftom the stareh
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Figure 4.22 Scanning electron micrographs ofthe ground patato pee~

showing the growthofB. subtilis ATCC 21556 with Tween 80

after 48 hours offèrmentation at magnffieation

ofxIOOO (a) and x3500 (b)..

94



•

•

•



Figure 4.23 Scanning electron micrographs ofthe ground potato pee~

showing the growth ofB. subtilis ATCC 21556 withsurfàctin

after48 hours offermentation at x3500 magnifieation.
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Figure 4.24 Scanning electron micrographs ofthe ground patato peel.,

showing the growth ofB. subtilis ATCC 21556 with surfàctin

after 72 bours offennentation at xSOO magnification (a)

and x3500 rnagnffication (b).
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FtgUre 4.25 Scanning electron micrographs ofthe ground patato pee~

showingthe growthofamixedculture ofB. subtilis ATCC 21556

and B. subûlis ATCC 21332 after 24 hours (a) and 48 homs (b)

offeililentatio~ bothat x3500 magnffieation.
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FtgUIe 4.26 Scanning eIectron micrographs ofground potata pee4

showing the growth ofa mixed culture ofB. subtilis ATCC

21556 and B. subtilis ATCC 21332 after 72 hours

offermentation at xSOO magnffication (a) and

x3500 magnffieation (h).
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• granuI~ to compare with controls tbat had not been inoculated~ finally, to bave

miCIographs taken from two other conditions: the growth ofa pure culture of B. subtilis

ATCC 21332 and the addition ofTween 80 to an SSF with a mixed bacterial culture.

4.5.3.1 SEM orthe coDtrols

Micrographs ofthe contrais (not inocuJated) are shawn in Figures 4.27 and 4.28.

Figure 4.27 shows the surfàce ofa patato skin and the surfàce ofthe cut patato sliee. The

sIdnseems to be very irreguIar, withcracks. The sman white dots are likely to be artefàcts

fromthe SEMpreparatio~forexampleduringthe placement orthe samples in thethermanox

sHde, or ice crystaIs ftom the fteeze drying. The surfàce ofthe patato sHce, byeo~ is

smooth and reguJar and the ceDs are more compact with sman spaces between them. This

pattern couid be noticed an over the surfàce of the sample. Figure 4.28 shows the same

control with addition ofTween 80 and surfàctin on the surfàce ofthe patato slices. The

control with Tween 80 reveals sorne cen degradation and Iarger spaces between the eeUs.

This degradationofthe structure ofthe cells is even more evident on the micrograph ofthe

controlwith surfàctin (4.28 (b».

4.5.3.3 SEM oCslic:ed potatoes

A sbofpotato œil. tented byB. subtilisATCC 21556 is presented inFigure 4.29.

Themicrographonthetop (a) shows a longitudinal eut. Onthe Ieftbandsideofthepi~

is theviewofthe surfàce andthe otherhaIfis the eut down through the sli~ reveaJing that

there was no bacterialpenetration.. Thegrowthmevidentonly onthesurfàceofthesamples..
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Figure 4.21 Scanning electron micrographs ofthe surfàce ofa potato skin (a)

and orthe potato slice (b) at xSOO magnffication without

inoculation ofbacteria.
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Figure 4.28 Scanning e[ectron micrograpbs orthe surfàce ofpotato slices

with addition ofTween 80 Ca) and surfàctin (b) at xSOO

magnffication without inoculation ofbacteria.
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Figure 4.29 Scanning e[ectronmicrographs ofthe surfàce ofpotato slices

inocuIated withB. subtilis ATCC 21556 after 48 bours offermentation

showing: (a) verticaleut with top ofsubstrate on the Ieft band

side ofthe picture at xSOO magnffieation and

(h) top view atxlOOO magnitkation.
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Figure4.30 showsmicrograpbstakenofthe potato slices inocuIated withB. subtilis

Arcc 21332. The pictures reveal extensive biofilm formation after bath48 and 72 hours.

The baeteriaaIe apparentlyattaehedto eachother and embedded in the substrateundemeath

the biofiIm. The same phenomenon is reveaied in Figure 4.31, which shows a longitudinal

cut ofthe potato inocuIated with B. subtilis ATCC 21556 plus Tween 80, as well as the

surlàce view. Figure 432 shows two more micrographs ofthe same two conditio~

iIIustrating the very dense eell packing on the sur1àce after 48 hours offermentation.

The additionofsurfàctin to the potato inocuIated withB. subtilis ATCC 21556~ aIso

resulted in significant biofiIm. formation and the mîcrographs reveal how the bacteria grow

under this biotiIm (Figure 4.33 (b». Seen~ are the surfàce views that aIso show

degradation ofthe structure simiJar ta the control with surfàctant addition.

FIgUreS 4.34 and 4.35 shown the growth ofthe mixed culture in the absence and

presence ofTween 80 respectively. InFigure 4.34 the micrographs are ofsampIes taken at

24 and 48 hours of fermentation. At 24 ho~ the bacterial growth covers the stareh

granulesandagain~the bacteriagrewveryclosetogether, aIthoughatx500 magnffication

the biofilmis DOt clearly visible.

Onthe 'other~with the presence ofTween80 onthe sampIe inFigure 4.35 the

biofilm is spreadand shown to he over the entire~ embedding the bacteria. The side

view ofthis sample (a) demonstrates oncemore tbat there was no bacterialpenetrationand

growthwas limited to the sudàœ..

ThephenomenonofbiotilmfonnationwasobservedbySEMonthesampIesthatwere

associated witb. the presence of surfàctaDts. such as Tween80 and the additionor
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Figure 4.30 Scanning electron micrographs ofthe surfàces of potato

slices inocuIated with B. subtilis ATCC 21332 after 48 hours (a)

and 72 hours (h) of fennentatio~bath at x3500 magnffication..
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FIgUre 4.31 Scanning eIectron micrographs ofthe surfàces ofpotato slices

inoculated with B~ subtilis ATCC 21556 plus Tween 80 after

48 haurs offermentation showing: (a) sicle viewat

x200 magnffication and (b) top viewat

=<3500 magnffic.ation.
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Figure 4.32 Scanning electton micrographs ofthe surfàces patato slices inocuIated

with B. subti/is ATCC 21332 (a) and B. subti/is ATCC 21556

with Tween80 (b) after 48 hours offimnentation, bath at

1600 magnification.
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FIgUre 4.33 Scanning eIectron micrograpbs ofthe sur&ce ofpotato slices

inoculated with B. subtilis ATCC 21556 plus sur&ctin after 48 haurs

offermentation at xSOO magnffication (a) and x3500 rnagnffication (h).
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Figure 4.34 Scanning eIectron micrographs ofthe surfàce ofpotato slices

inocuIated with a mixed culture of B. subti/is ATCC 21556 and

B. subti/is ATCC 21332 after 24 hours (a) and 48 hours

(b) offermentation, both at xSOO magnificatiOIL
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Figure 4.35 Scanning electron micrographs ofpotato slices with a mixed

culture of B. subtilis ATCC 21556 and B. subtilis ATCC 21332

and Tween 80 after 48 hours offermentation showing:

(a) side view at x200 magnitieation and

(h) top view, at x:3S00 magnifieation.
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production ofsur1àctin. Th~ there is anapparent correlation between biofilm formation
.

and the SSF conditions in which the enzyme aetivity reached high Ievels.

The mechanism of how the sur1àctants increased enzyme production could he

related to the formation ofthis biotiIm. In the next results to he shawn, the interactions

between starc~ enzyme, water and surtàctant in the absence of microbial cells will he

discussed.

4.5.4 Starcll film formatioll

The procedure for this experiment was described in Section 3.3.4. The analyses of

these expetÎD1ents were done byusing matrices to evaluate pietuIes taIcenofthe starehfihns

wbichwere observedatx300 magnfficationwitha phasecontrast Iightmicroscope. The films

were produced using diiferent conditions ta study the interactions between starehlenzyme,

starehl~ enzymeIsurfàctant, enzymelwater, surlàctantIwater, stareh/waterat lOOoe

and at 30°C, with 1.0% and 10% stareh solutions.

Thematrixes were constructedma3x3 format and the studywas clone bycomparing

the variations in two parameters at a time and assigning points ta relative diftèrences that

were observed. There were twelve poSSIble comparisonspermatrix. Table 4.4 describes an

example of the composition ofa matrix by showing how the amoUDt ofsurfàctant and

enzyme incIease on horizontaland. verticallinesrespectively~ a constantconcentration

ofstareh. rtgUre 4.36 shows the diagramofa matrix as wen as the how the grade points

were distributed (ttom Xl to xu).. The matrices were ana1yzed by compariDg two pietures

side by side on the matrix in eithera horimntaI.or verticaldirection. For exampIe~Xl
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Figure 4.36 Diagram. ofa 3x3 matrixwith the nine pietures (a to i)

showing the grade point distribution (Xl to xtJ.
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represents the points givenas a~orthe comparison betweenpieture (a) and picture (h)•

The grades and values givenare shown inTable 4.5. A complete Jist with the description of

theconditions used to produce individual films (a-i) for eachmatrixispresented inTables 4.6

and 4.7.

Table 4.4 - Example orthe elements contained in a 3x3 matrix

(a) 1..0% Starch (b) 1.0 % Starch (c) 1.0% Starch

(control) 1.0% Tween 80 2..0% Tween 80

(d) 1.0% Starch (e) 1.0% Starch (t) 1.0% Stareh

10 ~Amylase 1.0% Tween 80 2.0% Tween 80

10 pL Amylase 10 ~AmyIase

(g) 1.0% Starch (h) 1..0% Starch (i) 1..0% Starch

20 ~AmyIase l..()OAJ Tween 80 -
2.00A Tween 80

20 ~AmyIase 20 ~Amylase

Table 45 Grade points according to the degree ofdifference

between the observed films.

Grade Point

No d.i:ftèrence

Slight diflèrence

Significant diftèrence

Largedifference
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• Table 4~7 Individual films ftomFigures 4.41 t()4.44

Figure 4.41 Figure 4.42 Figure4~43 Figure 4.44

(with heating) (at30og (with hearing) (at30°C)

a 1.0% starch 1.0% starch 10% starch 10% stareh

b 1.0% stareh 1.00A. starch 10% starch 10% stareh

10% surlàctin l00h surfàctin 10% surlàctin 10% surfàctin

c 1.0% stareh 1.0% starch 10% stareh 10% stareh

20% surfàctin 200At surfàctin 20% surlàctin 20% surfàctin

d 1..0% starch LO%starch 10% starch 10% stareb.

10 pL amylase 10 pL amylase 10 JÙ. amylase 10 J1L amylase

e 1.0% stareh 1.0% starch 1()oA. stareh 10% stareh

10% surlàctin 10% surfàctin 10% surfàctin 10% surfàctin

10 JÙ. amylase 10 (JL amylase 10~ amylase la ~amylase

f 1.()OJ'o starch 1.0% starch 1()O!'o starch 10% stareh

20% surlàctin 20% surlàctin 20% surfàctin 20% surfàctin

10 IlL amylase 10 J1L amylase 10 pL amylase 10~ amylase

g 1.0010 stareh 1.00" starch 100!'o starch 10% stareh

20 pL amylase 20 pL amylase 20 pL amylase 20 J,tL amylase

h l.oo"· stareh 1.0% stareh 10% starch 10% stareh

10010 surfàctin 10% surlàctin 10% surfàctin 10010 surfàctin

20 ~amylase 20 pL amylase 20 Jd. amylase 20 ~amyIase

i l.oo" stareh 1.00/& stareh l ()oA. starch 10% stareh

20% surlàctin 20% surfàctin 20% surlàctin 20% surfàctin

20 ~amyfase 20~amyJase 20 ~amyJase 20 J1L amylase
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Figures 4..37 to 4.40 show the films produced with. LO and 2.0% (v/v) Tween 80

added to the starch solutions. The eftèct of heating and no heating with 1.0% starch is

iIIustrated in Figures 4.31 and 4.38. Figures 4.39 and 4.40 show the eftèct of 10% starch

with heating and no heating. Table 4.8 shows an. exampIe ofhow the grade points were

attnlmted on the matrix with 1.0% starc~ Tween 80 with heating and no heating (Figures

4.37 and 4..38) to study the different interactions. A smnmary of grade points for each of

theother matricesare given in Appendix 2. The interactionbetweenstarehlsurlàctantlwater

is represented by the som of the grade points Xt~ ~ x,p Xs~ Xr, and Xs and the interaction

between starehlenzymelwater is represented by the sum ofX3~ ~~ ~ Xt~ Xu and Xll.

Table 4.8 Scores attributed ta the interactions (Xt to xuJ on the matrix

with 1.001'0 stare~ Tween 80 and heating.

Starchlsur1àctant/water Stareblenzyme/water

Heating 30°C Heating 30°C

Xl 3 2 x3 2 2

XIz 1 2 ~ 1 1

X. 3 3 ~ 1 2

Xs 2 1 xlO 2 1

X7 3 3 Xu 3 1

X"tt. 2 l X12 2 2

Total 14 11 Total Il 9
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Figure 4.37 Matrix showing films produced ftom 1.0% stareh solution and

Tween 80 with beating. Concentration ofTween80 increases from

right ta Icft and concentration ofamylase increases from top to

bottom. Picture (a) represents the contro~ no Tween 80

and no amylase (bar = 100 J.UIl)•
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Figure 4.38 Matrix showing films produced from 1.0% starehsolution and

Tween 80 at 30°C. Concentration ofTween 80 increases from

right ta left and concentration ofamylase increases from top to

bottom. Pieture (a) represents the contro~ no Tween 80

and no amylase (bar = 100 J1D1)•
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Figure 439 Matrix showing films produced from 10% starch. solution and

Tween 80 with heating. Concentration ofTween 80 increases ftom

right to left and concentration ofamylase increases from top to

bottom. Picture (a) represents the contro~ no Tween 80

and no amylase (bar =100 ~).
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Figure 4.40 Matrix showing films produced from 10% starehsolutionand

Tween 80 at 30°C. Concentration ofTween 80 increases ftom

right to Ieft and concentrationofamylase increases ftom top to

bottom. Picture (a) represents the control, no Tween 80

and no amylase (bar = 100 J.UIl)•
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For this particuJarexampI~ the final. scoreobtained inthematrix fromFIgUIe 4.37 for

the interaction between starehlsurfàctantlwater was 14 and for the interaction between

starcblenzyme/water the final score was t L It should he noted tbat for each interaction the

minimum. score that cm he obtained is zero and the maximum is 18. The total scores

obtained from the SUIn ofXl to Xt2 for the interactions on an the matrices with Tween 80 are

shown in Table 4.9.

Table 4.9 Scores obtained from the matrices with Tween 80

by comparing their components

Interaction: Starehlsurfàctantlwater Starcblenzymelwater

LO%stareh 14 Il
with heating

LO%stareh 12 9
with no heating

10%st8rCh 12 6
wfth heating

10% stareh 10 8
with no heating

Totals 48 34

Table 4.10 shows an example ofthe individual scores given when the matrix ftom

Figure437with l.OOIQ stareh, Tween80 andbeatingwas comparedta thematrixfÏomFigure

4.39 with. l()olf.~ Tween 80 and heating and the matrix from FIgUre 4.38 with l.OOIQ

stare~ Tween 80 and no beating was compared 10 the matrix from FIgUre 4..40 with 10%
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• stareh and no hearin~ to veritY the effect of stareh concentration on film formation with

heating and no heating.

Table 4.10 Comparison between 1.0% stareh and 10% starchwith Tween 80

Grade points

Pictures compared 100°C 30°C

a 0 0

b 3 2

c 3 0

d 2 2

e 3 l

f 2 2

• g 2 2

h 3 2

i 2 2

Total 10/27 13fl7

Table 4.11 shows the total scores for the comparison between pictures of films

prepared using heatinglno heating and between pictures of films prepared using diffèrent

stareh concentrations. For examp~ picture (a) in FJgUIe 437 which corresponds to the

matrixwith 1.0% stare~ Tween 80 and heating wu compared to pictme (a) inFJgUIe 43&

which shows thematrix with l.OO" starch, Tween 80 and no heating to veritY the effi:ct of

heatingonthestarchfilmmrmation..ThistabIeshowstheoverallscoresoftheeflèctofstaIch

121



• concentration on film. preparation by comparing the matrices with 1.0% stareh and 10%

starc~ Tween 80 with heating and the matrices with 1.0% starch and 100,4 stareh with no

heating. The etlèct ofheating on fihnpreparationwas done brcomparing the matrices with

1.0% staIch and Tween 80, with heating and with no heating and the matrices with 10%

stareh and Tween 80 with heating and with no hearing. The maximum score that can be

obtained in this comparison is 27.

Table 4.11 Scores ofthe 3x3 matrices comparing the matrices with Tween 80

Eflèct ofstarch concentration on

film preparation

Effect ofbeating on film

preparation

1.()oJ'o Starch 10% Stareh

•
20/17 13117 2211.1 20117

The matrices representing the films produced in the presence ofsurfàctin are shown

in Ftgmes 4.41 to 4.44. Figures 4.41 and 4.42 correspond ta heating and no heating

treatments on a 1.()01'o stareh solution and Ftgmes 4.43 and 4.44 show the eftèct ofheating

and no heating on a 10% starch solution. Tables 4.12 and 4.13 summarize the scores

obtained from an anaIysis ofthese matrices and they were constructed tbnowïng the same

procedure described in the examples above withTween 80.
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FtgUre 4.41 Matrix showing films produced ftom 1.0% starch solution and

surfàctin with heating. Concentration ofsurfàctin increases from

right ta Ieft and concentration ofamylase increases from top to

bottom. Pieture (a) represents the contro~ no surfàctin

and no amylase (bar = 100 ~).
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Figure 4.42 Matrix showing films produced from 1.0% stareh solution and

surfàctin at 30°C. Concentrationofsurfàctin increases from right

to left and concentrationofamylase increases ftom top ta

bottom. Picture (a) represents the contro~ no surfàctin

and no amylase (bar = 100 ~).
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FIgUre 4.43 Matrix showing films produced from 10% stareh solutionand

surfactin with heating.. Concentrationofsurfàctin increases trom

right to left and concentration ofamylase increases from top ta

bottom.. Picture (a) represents the control, no surfàctin

and no amylase (bar = tOO pm).
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Figure 4.44 Matrix showing films produced from 10% stareh solution and

surfàctinat 30°C. Concentrationofsurfàctin increases tram right

to Ieft and concentrationofamylase increases from top to

batton Picture (a) represents the contro~ no surfàctin

and no amyfase (bar = 100 J.1IIl)•
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Table 4.12 Scores ohtained from the matrices with surfàctin by

comparing their components

Interaction: Starchlsurfàctantlwater Stareblenzymelwater

1.0% stareh 10 10
with heating

I.()O,'o stareh 13 Il
with no heating

10% stareh 9 9
withheating

10% stareh 10 9
with no b.eating

TotaL. 42 39

Table 4.13 Scores ofthe 3x3 matrices comparing the matrices withsurfàctin

Effect ofstarchconcentration on

film preparation

Effect ofheating on film

preparation

1.0% St8rCh 10% Stareh

21117 17127 19117 21/27

•

The resuIts from the matrices of films, furmed from 1..0% starehsolutionand Tween

80 with and without b.eating~ have shawn that the iDteractions between starehl

surlàctantlwater present bigher scores than that of the interactions between

stareblenzyme/waterCatotalof48 comparedto 34). Duringthe filmformationwithhearing,

overall the scores demonstrated a highervalue incomparisonto no beating.. Onthe other
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~ the diftèrence in the scores for starchlsurfàctantlwaterand starcblenzyme/water were

about the same~ diftèrlng by only 3 points. On the matrices with films formed from a 10%

starch solution the diftèrence between the interaction of starehlsurlàctantlwater and

starchlenzymelwater was more clearly shown in the heating treatment with a difference of

6 points. The evaIuationofheating on the effect ofthe concentration ofstarch have shawn

a diflèrence of3 points in the scores between 1.0% and 10% starch solutions. During the

evaluation of stareh concentration on the eflèct ofheating, a larger diftèrence between

heating and no heating wasfo~ a total of7 points.

Onthe matrices showing films produced inthe presenceof surfàctin, the resuIts have

shawn Iittle di:fièrence between the interactions of starcblenzymelwater and

starehlsurfilctantlwater and aIso between heating and no hearing. For the studies on the

influence ofbeating on the etlèct ofstarch concentratio~ the same pattem found in the

evaIuation orthe matrices with Tween 80 wu observed.

From these resuIts it can be said. that film formation wben no heating was used was

more sensitive to relative interactions in the presence of Tween and surfàctin. The

interactions wbichresulted in the highest scores were stareblsurfàctantlwater•



• 4.6 SUMMARY AND SYNTHESIS

The major experimental findings ofthis study canhe summarized as follows:

• The additionofsurfàctants to the solid substrate fermentation ofpatato peel

signüicantly increased ex-amylase production ftom both B~ subtilîs ATCC

21556 and A. oryzae ATCC 1011.. Synthetic sufàctants were effective in

increasing the enzyme yieldsofbothfùngaland bacterialex-amylase. Onthe

other band, surtàctin was much more effective in increasing the yields of

bacterial ex-amylase in comparison to fungal ex-amylase and this can be

justi:fied by the fungicidal activityofsurfàctin.

• Co-cuIturing with a biosurlàctant producer~ B. subti/is ATCC 21332 withor

without Tween 80 add~ aIso significantly increased (X-amylase productio~

especiaIly from the other strain ofB. subtilis. During the SSF with the co­

culture it was possible to veritY and to compare the production ofsurtàctin

withaSSF ofapurecultureofBacinussubtilis ATCC 21332.. The potential

ofSSF for the production ofthis biosurfàctant inyields comparable to those

obtained insubmerged tènnentationwas demonstrated..

• Surtàctants didnot improve the dit1ùsivityofdye at aïr-water intedàœs but

did increase difiùsivity of dye at solid. potato-water înterfàces. In. the
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experiments clone with the plate count agarand potata slices, the results have

shown tbat the various concentrations of surfactants did increase the

diffùsivity ofthe dye.

• Surlàctants incteasedthe rate ofcolony growthand biomassaccuTDnlarionon

agar plates.

• SEM indicates that surlàctantswereassociatedwiththe produetionofbiofilm

duringtheSSF ofpotato starehandapartialdegradationofthesurlàœofthe

stareh granules.

• Surfàctants appeared to interact strongJywithstareh insolutionand affected

the structure ofstareh films produced in the absence ofmicrobial cells.

Basedonthese findinW\ the mechanism bywbicllsurlàctantsaffect the solidsubstrate

fermentation process is proposed ta involve two phenomena: an increase in. the rate of

spreading or mobilityofthe colonies over the surlàœ orthe substrate and a degradationof

the surtàœ ofthe starcfJ.liberating substrate formicrobial attaek. The resuIts ofthese two

phenomena are i:ocreasedbio~ incteasedenzyme productionand the formation ofa thin

filmoverthe surlàœ ofthe bacterialcoloDies.
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Diftèrentsurtàctantscan producea greateror Iessereffi:ct inthe systemstudied here•

However~ thebio~ surfàctin, is the most effective ofthose tested and there is the

distinetadvantageofproducingsurfàctinandenzymesimuJtaneouslyftomaco-cultureofthe

two strains of B. subtilise

The association between surlàctants and the presence ofa biofiIm is of particuIar

interest since it mayhe that interfàcialphenomenaplayan important raIe in the establishment

ofbiofilms. Further insight into this phenomenon may help not only in improvetnents in the

rateofsolidsubstrate degradatiOD, butaIso in.thedesignor modifieationofsurfàce conditions

to prevent biofilmformation.
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CHAPTERS

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

5.1 Costs Analysis

One ofthe advantages ofusing SSF for the productionofenzymes is said to he the Iow cost

ofthe process. This could be true~as some costs are likely to he Iower (Table 5.1). The

reports avaiIable onthis subject usuaI1y discuss the economics ofthis process in developing

countries except for Iapanwhichbas experiencewith large scaIe productionofkoji. Relative

advantages for the EuropeanorNorth Americanenzyme industIy to adopt SSF technology

must he evaIuated on a case by case basîs.

Table 5.1 Approximate costs ofan SSF process in comparison

to submerged fermentation

Costs Lower Moderate ~._..

Substrate x

Nutrients x

Plant x

Capital equipment x

Opetatiug costs x

Waste disposai x

Product recovery x
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The substrate for solid substrate fermentation may he a waste, aIthough it will

generally bave some value, for example, as animal feed. For its ose in the SSFproc~ it is

necessary ta pretreat the patato pee~ such as with size reductioll, grinding and/or the

removal ofchemicaJs that will add costs- to the process. Addition ofnutrients may not he

necessary in this process, aIthough yields may he further improved. On the other band the

cast for the construction of the industriaI plant may be a problem for this process.

Depending onthe type ofSSF equipuentseIect~ itmay he necessary to buiIda larger plant

incomparisonto the space used ina submerged fermentation, aIthoughthe castofequipment

used in an SSF should be lower. Another drawback ofan SSF process are the operating

casts including Iabor and maintenance. The SSF process is generally Jabor intensive and

requires more human resources. One ofthe mainpositive features is the reduction inwaste

disposaieven thougb,. the product recovery couId be more expensive. There~ stül the need

for a purificationofthe product but in the SSF leaching is a necessary extra unit operation.

Enzyme recovery could be eliminated ifthe enzyme couId he used in conjunction with the

fermented substrate and biomass.

s.z Sammary and ConclusioDs

This study was aimed at the evaluation of the use of an SSF process for the

productionoffimgal andbacterial cx-amyJases using patato wastes as the starehy substrate.

Theprincipalemphasis was pfacedoninvestigatingtheefli:ctsofsurfàctantsontbisproc~

incIuding the production orthe biosudàctant~ the formation ofa hiofilm and the
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development ofa theory that couId explain the mechanism ofsurfàctant action inan SSF..

The fonowing conclusions may he drawn:

1.. There isa potentialfur theproductionofboth bacterial.andfungal amylasesusing

an SSF process wfthground patato peels as the sole substrate. The values obtained for the

production of œ-amylase ftomA. oryzae ATCC 1011 and B. subtilis ATCC 21556 were

roundto he inthe same rangeofvaluesobtained inpreviousworks usingdiffèrent strainsand

substrates.

2. The addîtionofO..OS% and 0..10% (v/w) ofthe synthetic surtàctants Tween 80~

Tween 20 and SOS incteased the enzyme aetivity up to 6 times in comparison to no

addition. When the same synthetic surfàctants were added to the process with B. subtilis

ATCC 21556 the enzyme aetivity increasedby up to 5..7 tîmes. In the presence ofdiflèrent

concentrations of surtàctinsolutio~ftomS nglgto 54 nglg (w/w)., œ-amyfaseactivityfrom

B. subtilis ATCC 21556 was even higher., withup to a 10 fold increase inthe enzymeyieIds

when 20 nglg (w/w) surfactin was added to the process. However~ when surlàctin was

added to the tèrmentation of A. oryzae ATCC 1011., the enzyme yields ooly increased a

maxin .Dm of2.S fD~ perhaps due to the iàct that surfàctinpossesses fimgicida[ properties.

This property was evident ftom the reductïop. in problems with contamination in the

proœsses containing surfàctiIL
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3.. The use ofa mixed culture is an alternative process to adding surlàctants. From

the two mixed cultures studi~ the two strains ofB.. suhti/is with and without the addition

ofTween 80 bave shown to he very eflèctive in. increasing the enzyme aetivity.. The yields

of«-amylase increased between lOto 11.5 fold incomparison to a pure culture ofB.. subti/is

ATCC 21556. On the other~ the enzyme production obtained with mixed culture of

A. oryzae ATCC 1011 andB.. subtilis ATCC 21332 onlydoubled incomparison to a pure

culture ofA. oryzae ATCC 10Il.

4. In the SSF processes that either used bath strains ofB. subti/is or a pure strain

of B. subtilis ATCC 2l33~ there was aIso theproduetionofthe biosurfàctant surfàctin.

The yields ofsur&ctin obtained by the mixed culture were higher than tbat of the pure

culture of B. suhti/is ATCC 21332 and were comparable to the ones obtained ftom the

productionofsur&ctin ina submerged fermentation with the same strain.

5. The studies done with the SEM have shown that biofilm formation seems to he

associated with an the increase in enzyme activity and is reJated to the presence of

surfàctants in the process. The biofilmappears to entrap the bacteria and, consequentIy~

a more inrimate relationship between the cens and the substmte may deveIop~ resuIting in

higher nutrient avaiJability for bacterial growthand higber productionofcc-amylase•
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6. Themecbanism ofactionofthe surfàctant is most Iikely related to the interaction

between the surfàctantandstarehas mediatedby theabsorbedwateronthesubstrate, andan

increase in the rate offormation ofthe colonies over the surface ofthe substrate.

5.3 Contributions to Imowledge

1. Investigation ofthe addition ofsurlàctants on an SSF process using B. subtilis

ATCC 21556. The synthetic surfàctants Tween 20, Tween 80 and SOS as well as the

biosurtàctant~ were tested. The interaction between the surfàctants and the

substrate,. a starehy materia4 bave shawn ta improve the enzyme yields considerably.

2. Theuse ofamixedbacterialcuhurebas suggested that there is a synergisticetlèct

between the two Bacillus strains increasing bath the ex-amylase and the production of

surfactin in comparison to pure cuItures.

3. Basedon the analyses usingSamning ElectronMicroscopy(SEM) ft is proposed

that biotiImformation occutring in the SSF is associated with the presence of~

which consequentlyt resuIts inhigher biomass and enzyme activity•
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S.4- Reeommeadatioas Cor filrtfter study

This work does oot claimta have optimized œ..amylase production. Eventhough. in

this wo~ enzyme yields increased as much as 10 foId wben surfàctants were aclded and/or

when using a mixed culture, there is a lot ofpotential for further work in the area ofSSF

withstarehymateriaL Forexamp[~thereare opportunities for studies withdiflèrent starchy

mat~ diftèrent types ofsurlàctants as weIl as, the use of mixed bacterial cultures from

diflèrent sources to enhance enzyme produetivities..

The detemrination ofa reliable method for growth ldnetics with bacteria in an SSF

shouId he studied in more detaü.. This parameter would give tùrther insight ma how to

increase enzyme yieIds and for purposes ofprocess control

BiotiIm formation is an extremely important phenomenon in many diverse systems..

The mecbanism offOrmation as weRas the composftionofthe biofilmmanSSF process with

starehymaterial shouId be verifiedand studied in relation ta the compIex physical-chemical.

interactions occurring between thece~ substrate and surfàce active agents..
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Appendix 1- Experimental Data

1. The eff'ect ofsyathetie surtàetamts on Cl-amylase produeed by A. Dryzg.e
ATCC 1011 (UDitsfg salid)

SOS Tween20 Tween80 No surfàctant
Time (hours) (0.05%) (0.05%) (0.05%)

Mean SO Mean SO Mean SO Mean SO

0 0 0 0 0 0 0 0 0

12 0 0 74.6 3.4 56.0 0.6 9.9 LO

24 58.3 0.8 113.9 1.8 93.0 4.1 22.3 1.3

36 70.8 1.9 130.4 2.2 189.1 3.2 29.0 1.7

48 91.4 3.0 171.1 5.2 314.0 5.1 51.1 3.6

60 100.7 3.7 233.2 3.1 3853 5.6 66.9 4.1

72 1183 0.8 134.8 1.8 389.4 5.7 34.5 2.7

84 - - - - - - 33.6 0.8

SOS Tween20 Tween80
Time (bours) (0.10%) (0.10010) (0.10%)

Mean sn Mean SD Mean sn
0 0 0 0 0 0 0

12 0 0 77.0 1.6 59.0 3.6

24 39.4 LI 116.2 3.9 91.4 2.8

36 69.2 2.9 144.8 3.9 188.9 2.8

48 80.3 1.3 137.5 3.3 309.8 5.9

60 cn..7 3.5 149.8 1.5 350.9 3.4

72 1105 3..1 110.1 3.3 378.7 5.8

S4 - - - - - -
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1. The efreet ofsynthetic surfactants on «-amylase produeed by B. su1Jtilis
ATCC l1S56 (unitslg solid)

SOS Tween20 Tween80 No surfàctant
Tùne (hours) (0.05%) (0.05%) (0.05%)

Mean sn Mean sn Mean SD Mean sn
0 2.8 0.1 20.9 1..6 18.4 Li 3.4 0.2

24 25.9 0.8 77.0 1.4 82.9 1.4 95 0.4

36 47.6 2.2 92.0 1.6 98.9 3.7 14.7 0.6

48 55.2 2.2 106.8 2.9 135.9 5.3 21.3 0.6

60 97.4 0.8 118.4 1.4 1375 2.4 22.8 0.8

72 120.5 2.4 163.8 3.3 169.9 2.2 30.2 1.6

S4 107.1 2.9 125.0 2.2 147.7 S.7 23.1 1.4

SOS Tween20 TweenSO
Time (hautS) (O.lOOA) (0.10010) (O.l00J'o)

Mean sn Mean SD Mean SD

0 16.0 0 29.5 0.8 16.1 O.S

24 34.4 2.9 100.4 3.6 90.0 2.9

36 45.3 3.7 108..6 2..4 113.3 4.2

48 88.2 7.0 112.6 5.1 116.9 2.2

60 81.7 2.2 143.4 5.9 114.2 1.6

72 119..8 1.4 121.0 2..4 134..0 3.7

84 100..0 2.2 120..3- 2.2 136.0 3.7
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3. The effect ofsurCaetîn CODeelltration. on. «-amylase produœd by
IL SlÙJtilis ATCC 21556 (anitslg so6d)

0.005 0.011 0.020 0.054

Mean sn Mean SD Mean SO Mean SO

0 29.9 2.2 36.2 3.7 18.9 1.6 25.9 3.6

24 43.9 2.8 90.9 2.9 45.1 2.9 70.0 2.2

36 91.5 4.5 139.0 2.4 117.6 2.9 100.4 2.8

48 183.4 5.9 204.1 43 144.0 3.7 168..0 4..9

60 205.0 4.5 220.3 5.7 257.6 2.8 261.1 3.3

72 234.3 4.5 252..9 5.7 306..7 6.2 266.4 4.3

84 261.4 5.9 260.4 4.5 298.6 1..6 293.8 6.4

4. The effect orsurfàctin CODœatratïoll OD «-amylase produc:ed by
A. oryzJlt! ATCC 1011 (unitsfg solid)

rime 0.005 0.011 0.020 0.054

Mean sn Mean SD Mean SD Mean sn
0 72 0.3 6.8 03 4..0 0.2 5.1 03

24 27.5 1.3 53.9 1.6 66..6 1..1 50.3 0.6

36 57.6 1.3 83.5 1.8 142.3 1.1 100.7 1.4

48 98.9 05 196.1 0.8 147.8 2.2 190.5 3.6

60 146.9 2.7 171.6 1.2 174.2 22 117.7 2.5

72 82.7 15 144.7 2.2 127.3 1.7 123.1 1.1

84 74.7 13 90.6 0.7 90.6 1..6 49.5 0.6
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• 5. The efl'eet ofmixed culture 011 the productioa of(I-amylase (uDitslg solid)

6. «-amylase produeed by B. subtilis ATCC 21332 (UDitslg solid)•

•

Time (hours)

o

12

24

36

48

60

72

84

Time (bours)

o
12

24

36

48

60

72

84

161

Mixed bacterial
culture

Mean SD

14.3 0.7

76.4 3.2

103.4 2.5

166.7 6.3

231.1 3.2

258.5 1.7

288.2 4.6

223.4 2.8

«-amylase br B. subtilis 21332

Mean sn
2.7 O.S

3.5 0.3

5.5 0.4

6.3 03

7.6 0.6

9.8 0.2

12.7 0.6

9.9 0.6
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7. œ-amylase concentratioD resuIting (rom the leaching procas with A. oryz,ae ATCC
1011 aDd B. SIl1Jtilis ATCC 11556 (uoits! g solid)

Â. oryzae ATCC 1011 B. subtilis ATCC 21556

Time NaCI NaCl Phosphate NaCl NaCl Phosphate
(haurs) 0.5% 1.0% bu1fer 0.5% 1.0% bu1fer

12 6.4 9.9 6.2 3.6 2.9 1.8

24 13.3 22.3 8.3 9.6 9.5 7.2

36 14.2 29.0 12.0 14.6 12.5 8.4

48 30.4 57.0 29.3 22.3 18.0 15.8

60 37.9 669 36.8 25.6 22.0 18.5

72 17.8 345 15.5 28.5 27.6 20..4

84 13.9 33.6 12.3 26.6 26.1 18.2

8. Reeovery ofsurfactùl (rom a mÎIed bacterial culture and from a pure culture ofB.
subtilis ATCC 11332 (mglg substrate)

(*) Mixe<! bacterial culture B. subtilis ATCC 21332

1 0..06 0..05

2 0.24 0..12

5 0..32 0.38

10 0.48 0..65

20 0..78 0..74

*mL waterl g substrate
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• AppeDdix1-Scorespen to the interaetioDs (Xl to xt:zl c:ompoDents
OD: the matrices

1. 10°" Starch, Tweea 80

Starchlsur1àctantlwater Stareh/enzyme/water

1000 30°C IOOoe 30°C

XI 3 2 Xl 1 1

~ 2 0 Xt5 1 0

X. 2 3 Xe, 1 2

~ 1 2 XIO 0 1

Xr 2 1 Xu 1 2

2 2 x 2 2

Total 11 10 Total 6 8

2.1.0% Starcla~SlIrfaetïn

Starchlsur1àctantlwater Starcblenzyme/water

100°C 30°C 100°C 300e
xt 1 2 X] 2 3

Xz 2 2 ~ l 1

x.. 1 2 XC) l 1

Xs 2 3 XIO 2 2

XT 1 2 Xu 2 2

Xe 3 2 x,., 2 2

Total 10 13 TotaI 10 11
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3. 10o~ Starch, SurCactin.

Starchlsurlàctant/water Starchlenzymelwater

1000 30°C 100°C 30°C

Xl 2 l Xl 1 2

Xz 2 3 ~ 2 l

~ l 2 ~ 2 1

Xs 2 2 xto 2 2

x.r 1 l xll 1 l

Xa 1 1 X,.,. 1 2

Total 9 10 Total 9 9

4. Comparisoll betweell heatiDg and no heatiag, Tweell 80

Pietmes 1.0% starch 10% stareh
compared (Fig. 4.37/4.38) (Fig. 4.39/4.40)

a 0 0

b 2 3

c 3 3

d 3 1

e 3 2

f 2 3

g 3 2

h 3 3

i 3 3

Total 22rJ.7 20127
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s. Comparisoll betweeD. heating and no fteatïDlt 51lnactin

Pietures 1.0% starch lO%starch
compared. (Fig. 4.41/4.42) (Fig. 4.43 /4.44)

a 1 2
l: 2 20

c 2 3

d 2 3

e 2 3

f 3 2

g 2 2

h 2 2

i 3 2

Total 19127 21127

6. Comparison between 1.0% starch and 10°" starch, SUrfaCtiD

Pietures compared Heating 30°C
(Fig. 4.41/4.43) (Fig. 4.42/4.44)

a 2 1

b l 1

c 2 2

d 2 3

e 2 2

f 3 2

g 3 3

h 3 2

i 3 1

Total 11127 17127
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