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lB.slnrcT

This thesis reports a study of the ethanolic fermentation of
D-xylose and wood hydrolyzate bo ethanol by the yeast pachysolen
tannophilus with a view to developlng an effective ug,e of renewable
hemi-cellurose hydrolysis products from Nry Zealand forest blomass
residues. 

.

Iniflal work briefly addressed the problsn of findlng a suitable
yeast frcm natural habitats suitable for the fermentation. Soon after
that work commenced literature reports suggested that prelimlnary
conversl0n of pentoses by enzymatic means was a possibility.
consequently, this aspect of converslon was considered and rejected.
one reason for thls was that literature waa drawlng attention to the
pentose f ermenting characteristics of paehysoren tannophilus.

Laboratory scale studies demonstrated the yeast pachysolen
fannophilus to be capable of ferrnenting the hexose and pentose sugars
present in the hydrolyzate. The yeastrs specific growbh rate in the
hydrolyzate could be lmprovect by neutrallzlng the lnhibibory substances
with 2 8/I of anhydrous sodiun sulphite. Ethanol has an inhibitory
effect on growth but can also be readily assimtlatecl by the yeast.

Fermentation studles with gyration speeds of 50, 1OO and 2OO

r.p.m. showed that oxygen was a crltical paramefer affectlng growth
and elhanol produetion. Bateh fermentat,ion expertments were pursued to
examine this oxygen phenonenon more closery. cell growth, substrate
upfake rate and cultwe pH responded strongly to the suppry of oxygen.
However, productlon of ethanol acecrnpanled cell growth only in Late
rr exponentl alrr phase.

Fermentatlon characterlstlcs were established under contlnuous
culture at an aeratlon rate of 0.37 L/I.min and values obtalned were a.S

follows; maxlmun specific growth rate, 0.046 h-1; blcrna.ss yierd, o.04
e/ei ethanol yleld, o.1T g/gi Ks varue, 13 e/L and Ki values, 0.5
e/L.



A redox pobentlal controlled chemostat study revealed that

steady-state culture poised at -50 mV exhlbited a 55fi lncreased ethanol

concentration and Bf decreased xylitol concentraflon over the val.ue

observed without redox conbrol.

With a knowledge of D-xylase fermentatlon as established in these

batch and chemostat experiments, it hraE possible to consider more

detailed aspects of the fermentation which would be applicable to
process develognent. Questions addressed lncluded which strain of

Pachysolen'tannophilus should be used, whab quantlty of inoculum was

necessary, what lnteractions existed between f ermentation variables.

Statistically designed experiments were enployed to answer these

questions. Empirical models so developed revealed that ethanoL yield
has a tinear relationship with initial substrate concentration. These

models have given some lnsight into how environmental factors affect
the ethanolic ferrnentation by this yeast and have also indicated the

optimal conditions required for an effective fermentabion of wood

pent os es .

These important fermentation process variables were established

and are expected to be useful ln moving the process from laboratory

scale as carried out here to a pilot plant scale of operations. The

values established were temperature, 28o or loler; initlal mediun ptt

for ethanol productlon, 5.6 to 5.8; substrate concentration used can

be up to 80 g/l of pentoses; minimun inoculum densiLy, 5.5 g/I ey
welght cells and NRRL Y-2461 was reccmmended as the best strain to

achieve the fermentation. The pre-treabment of fhe prehydrolyzate by 2

g/L of anhydrous sodiun sulphite was hlghly desirable in order to

enhance growth and fermentation rates.

The research has shown thab Pachysolen tannophilus ls capable of

fermenting pentose fractlon of wood hydrolyzate and that the optimal

condltions for this fennenbatlon w111 lead to signiflcant utillzation
of wood sugar. However, ln the completely mixed reactor systans used

in these experiments, the ethanol yielcts obtalned were not as

attractlve as those observed for hexose fenmentations under similar
conditions. Thls, it ls felt, points to the greater difficulty the

yeast experiences ln fenmentlng pentoses and lt also suggests the need

to lnvestigate the value of other reactor formats at some future date.

l- l-
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In New Zealand, the largest quantlty of crop resldue ccmes from

the forestry sector. In 1977, about 3 mlllion cubic metres of

collected wood resldues were used for woo&chlp export, donestic fuel
and pulp production (Harris eb al, 1979). It has been predicted bhat

an additlopal 6 million cublc metres of sawmlll resldue from a swplus
supply of 10 million cubic mebres of timber wlll be avallable per annun

by the year 2000 (Mackie, 1982b).

A parallel issue to that of the potential of rapidly aceunulating

forest resldues is that of New Zealandrs need to beccme self-sufficlent
1n energy production.

There are compelling economic and strategic reasons for New

Zealand to develop her forest blcnass as a renewable feeclsbock and

alternatlve f ue1 resource.

These reasons are eunmarlzed as follows :

Extenslve land availability for forest development.

An existlng and efficlent forest developnent and

utlllzatlon progranme.

An inexhaustible supply of wood and forest resldues.

Satisfactory soll types and plentlful water supplles.

Intenslve consuner demands for ltquld fuels.
Increaslngly unfavowable otl prices coupled wlth llquld
fuel dependenL eeonomy.

The sense of teehnical feaslblllby to provide alternatlve
fuels to replace those cumently derlved fron lmported

o11.

The none renewabllity of traditlonal energy supplles
(coat , BB and oil),

Vulnerabllity of the long:haul sea routes to dlsruption
by poliLieal or other forces.



Therefore, wood materials must be considered as an effective
renewable resource for produclng liquid fuels and a means whereby New

Zealand may move towards an lndependence from imported J.lquid fuels
thus alleviallng hen payment debts incurred in buying lmported oil.
Appropriate teehnology mwt be developed to convert this resource to
liquid fuel material-s such as ethanol and/or butanol.

In eonsidering wood as a renewable energy resource, a variety of
methodologies exist' by which energy, locked into the carbon skeleton of
the macromolecules comprising rrwoodrr, can be extracted. Of particular
interest in this discussion will be woodrs carbohydrate fraction and

its exploitation as a raw material cpnvertible to liquid fuel.

Pentose is one of the mqjor earbohydrate fnacfions derived frcm

hemicellulose (chiefly xylan), which may constitute up to 40[ dry
weight of the total conposition of the plant bicmass, wood and

agricultural residues. Hemicelluloses of the plant cell-walls are, by

definition, short branche&chain heLeropolysaccharides being a mixture
of hexosans and pentosans. They are relatively easily hydrolyzed in
the Laboratory. D-xylose and L-arabinose are the m4jor constltuents of
the pentosans while D-glucose, D-mannose, and D-galactose are the
significant constituents of hexosans (Timell, 19611 and 1965).

In wood , the amount, structure and eomposition of hemiGellulose

varies widely, depending on the type of tissue and on plant variety.
Table '1.1 summarizes informatlon on the composition of the carbohydrate
present in different woody plant materials, such as hardwoods and

softwoods with high and Icu xylan content respectively.
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Table 1.1 Carbohydrate Conpositlon of Hardwoods and Softwoods

Source: Tarkow et al. (1963); Mackle (1982b) *

Major Ccmponents ( [ Oven-&y welght)

Speci es
1

GIuean
2

Xylan
3

Arabinan

Aspen
PopOl us tremuloi des

Beech
Fagus grandifolia
White blrch
Betula papyrlfera

Yellow birch
Betula lutea
Eucalypts x
Eucalyptus regnans

Whl fe
Thqj a

White pine
Pinus sbrobus

White spruce
Picea glauca

Monterey pine x
Pinus radiata

cedar 45.2
occi dent a1 1 s

57.3

47.5

4q.7

\6.7

49. 6

44.5

45.0

u3.2

1 6.0

17.5

2u.6

20.1

18.1

0.4

0.5

0.5

0.6

0.3

1.3

1.2

1.6

2.8

7.5

6.3

6.8

7.3

1 Glucan : Polysaccharlde conposed of condensed glucose unlts.
2 Xylan : A pentosan composed elther entlrely or almost

entirelv of D-xvlose unlts.
3 Arabinan : A pentoian composed of condensed L-arabinose unlts.- (Whistler and Corbett, 1957)

Hydrolysis of herni cellulose by chemical method.s, whi ch has been

recentty revie*ved by Mackie (1982b), produces primarily D-ry1ose'

L-arabinose and D-glucose as the mqJor sugar ccmponents. Softwoods,

partieularly Pinus radlata, constltute the mqjor proportion of the Nen

Zealand commercial forests. Softwood hydrolyzate eontalns soluble

carbohydrate of which 12 Eo 15f {e aldopentoses (t{hitworth, 1976 and

1977) (see TabI e 1.2) . These sugar constituents can be used as

fermentable substrates by many micro-organlsms for fermenbative

bioconversion to llquid fuel produets.



TabIe 1.2 Sugar Ccmposltlons of Softwood

Aci d Hydrolyzate Llquors

Mackle (1 982b)

(Pinus radiata)

Sugar
PrrhydroJ-yzaLe

! of total
9Ugar

Hydrolyzate

$ of total
suSar

gr8/r

Arabi nose

Xyl ose

Mannose

GaI acfose

Glueose

2.5

5.9

12.0

3.4

6.8

7

18

38

10

21

9

20

42

12

23

0

0.9

1.3

0.3

20.0

Negll gi b1 e

3-5
5-7
1-2

87-90

Total 30.6 100 22.5

Within 20 years New Zealand may be produeing annually as much as 9

million cublc metres of forest residues sultable for acid hydrolysis to
carbohydrate material. Frcrn softwoods, it may be expected that
approximately 50% of the dry blcrnass ean be recovered as fermentable

carbohydrate. Ib can be calculated that 0.45 milllon tonnes per annum

of carbohydrate may be avallable for conversion to liquid fuels by

micro-organlsms. If, for example, yea.st 1s wed to produce ethanol'

and if wood sugans could be converted to ethanol with the sane

efflciency as brewerfs yeasts eonvert malt sugars to ethanol, then New

Zealand might produce 0.18 mlllion tonnes of ethanol per year. The

question arlses though, can it be done ?

In thls thesis, the micnobiologlcal conversion of wood pentose,

particularly D-xylose, to ethanol ls the principal lnferest of bhe

study. Through these studies i! is hoped that this lmporfanb questlon

can be answered, oF alternatively, that these studles will provide

details of the nature of the fermentatlon which will help in
forrnulating an answer to this above question.

100
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2.1 INTRODUCTION

NEIIH OF LITEilr|NE

The commercial production of ethanol by yeast fermentation of wood

waste or sulflte waste liquor recelved attentlon in the 1 9tl0s

(Ericsson, 19\7; Harris et aI., 1948i Leonard and Hajny, 1945). The

interest diminished during ihe 1950rs, as cheap and readily available
sowces of 1lquld fuels and other organic ccmpounds became available
from the rapidly expanding petrochemical industrles. Hotever, after
the petroleun price increases ln 1973, the production of chemieal

feedstocks and llquid fuels by fermentation from renewable resources

has received considerable interest.

Early fermentabion studies on the conversion of woody bicxnass to
ethanol considered only the cellulose fraction, and bhe hemicellulose

f raction was wasted (Harris et al., 19118; Leonard and Hdny, 191{5).

In order to make fhe bicrnass converslon economlcally feaslble, it is
essential that the hemicellrilose fractlon also be converted efficiently
into ethanol (Rosenberg, 1980). In bhis revlen , atfentlon is paid to
the hemicellulose fraetlon which ls ccmposed of pentose sugars. This

has until recently been regarded as nonfermentable by yeasts (Barnett,

1976; Prescotb and Dunn, 1959). Attention will also be drawn to the
general concepfs of metabollsm of penfoses by mlcno-organisms. This

review also attempts to muster all the lnformatlon concerning bhe

current advances in the area of bloconverslon of pentose sugars'

directly or lndlrectly, by yeast(s) to ethanol durlng the past five
years (mld 1979 -mid 198q). In particular, emphasls ls placed on the
yeast, Pachysolen tannophllus, calIed noddil by two French Scientlsts
twenty seven years ago (Boidln and Adzet, 1957).

2.2 MICROBIAL PENTOSE CONVERSIONS

The overall metabolic events and blochemlcal detalls relating to
the microbial converslon of pentoses to ethanol have been lntensively
revlened by Jeffries (1983a); Kosarlc ei al.(1983); Rosenberg (1980)

sl



and Wood (1961). Generally, the mlcoblologlcal oonverslon of pentoses

can be concelved as proceedlng in three clearly deflne sfages:

Stage 1 : The eonverslon of the pentose to the phosphorylaled

keto sugar intermedlate (penbulose-5-phosphate) .

Stage 2 : The conversion of the phosphorylated keto sqar to
pyruvate.

Stage 3 .: The conversion of pyruvate to fermentatlon end-

produets of lnterest as llquld fuels such as ethanol.

This process ls sLumarized ln Figure 2.1 whlch in slmpllfied form

depicts the metabollc stages for the conversion of pentoses to a

neutral end-products, e.g. ethanol. Unforturately, the converslon 1s

not qulte as slmple as this figure would lndicate as there are

characterlsttc problans assoclated with the varlous types of

miero-organism (for example bacterla, fungi or yeasts) which one may

wish to employ for the fermentatlon.

Flgwe 2.1 The Converslon of Pentoses to En&produets

PENTOSES D-XYLULOSE
-5-

PHOSPHATE

PYRUVATE
END

PRODUCTS
(e.9. ethanol)



2.2.1 Bacteria

This <liseussion is restricted io ihe conversion of pentoses to

ethanol by bacteria. The reader is referred bo Wlegel (1980) for
information concerning ethanol produetion from other substrates. Most

of the pentose-ferrnenting, ethanol-produclng baeterla convert pentoses

to pyruvate via a comblnation of penlose-phosphate and Embden-Meyerhof

pathways (lforecker, 1962) (i.e. through metabolic Stages 1 and 2 of

the scheme as described above). This pyruvate ls then eonverted by

anaerobic metabollsm to multlple enfrproduets (stage 3). Enfrproducts

include alcohots (e.g. butanol, ethanol, isopropanol and

2,3-butanediol), organic acids (e.g. acetic, butyric, formic and

lactic acid), ketones (e.g. acetone), and Sases (e.g. hydrogen and

carbon dioxide). Thls varl ety of en&produet results frqn the

activities of numerous bacterla. Pathways for formation of pyruvafe

are illustrated in Flgwe 2.2. Those bacteria fermenting g;Iucose

and/or xylose to ethanol may also produce acetone, 2r3-butanediol'

butanol and a vari ety of organi c aei ds a.s shown 1n Table 2.1 .

Recently, the bacterial conversion of pentose sqars to acetone and

rrbuLanol (VotesXy and Szczesny, 1983), and 2,3-butanediol (Jansen and

Tsao, 1983; Yu and Saddler, 1982 a and b; Yu and Saddler, 1983; Yu,

et al., 1 982) and to a mixtune of ethanol, lactate and acetate

(Flickinger, 1980) by clostridia has been deseribed and ean be clted as

indicative of the widenlng and renewed lnterest in pentose

f erm ent at i ons .

From Tabl e 2.1, it 1s clear that baeterlal fermentatlons of

pentoses seldcm yield a clean en&producb. It would seem that for the

present moment at least, no known naturally occuring bacteriun is
sulted lmmediately for lhe pentose to ebhanol fermentatlon. More

recently, Weimer et aI.(1984) studled the anaeroblc converslon of

6-deoxyhexoses (L-nhamnose, L-fueose and D-fucose) to 1,2-propanediol'

aeetone, ethanol, hydrogen and carbon dloxicle by Baclllus macerans.

Esser and Karsch (1984) also llsted out lhe advantages and

disadvantages of the ethanol producing bacteria in the feu"mentablon

industry. They concluded that the formation of relatively hlgh amounts

of organlc acids by the thermophlllc baeterla was one of the maln



Table 2.1

End Products Formed During the Conversion of Glucose and/or
Xylose by Selected Bacteria

Fermentation Products
(moles produced per mole carbohydrate consumed)

Bacterium

Acetone 2,3-butanediol Butanol Ethanol Acids

Aeromonas

hvdrop_hila

glucose 0 0.5 0 0.5 0.05
xylose 0 0.4 0 0.5

Bacillus
macerans

glucose 0.3 0 0 0.9 0
xylose 0.1 0.6 0

Bacillus
polvmyxa

glucose 0 0.7 0 0.7 0.02
xylose 0 0.4 0 0.5 0.08

Clostridium
acetobutvlicum

glucose 0.22 - 0.56 0.07 0.18

Clostridiurn
thermohvd ro- suI f ur i curn

glucose 0 0 0 f.0 1.0

Spirocheata

litoralis
glucose 0 0 0 t.f 0.4

Zymomonas

nobilis
glucose 0 0 0 1.8 0
xylose00000

a Strainer and Adams, 1944 e l{eigel et al. ' L979
b Northrop et aI., 1919 f HespeII and Canale-Parole' L970
c Adams et a1., 1945 g Swings and de Ley' L977
d wood, FoF



dlsadvantages in bacterlal ethanol produetlon. Whlle these mixed

product ferrnentations may appear problematlc to the lndustrial sector,
there could be conceivably scrne value in having a number of products of

lndustrial importance arislng from the single ferrnenlation.

2.2.2 Mycellal Fungi

Several fiLamentous fungi belonging Lo the genera Fusarium (Batter

and lrlilke, 1977; Gibbs et al., 1954; Suihko and Enarl, 1981; White

and Willa,rnan 1929 a and b), Mucor, Rhizopus (Gleason, 1971; Perlman,

1950; Ueng and Gong, 1982) and Monilia (Gong et al., 1981d) are known

to ferment D-xylose to ethanol. A number of these genera produee

ethanol together with acetie acid and traces of lacLic aeid. However,

the main drawback in utllizing these moulds is thelr sLcbr fementation
rate (Batter and tlilke, 1977; Suihko and Enari, 1981; Ueng and Gong,

1982). Fwthermore, Fusariun is known to be inhibited by lignins and

phenolic compounds found in the wood hydrolyzate (Wiley et aI., 191{1).

Flgure 2.2 PaLt:rltays Used by Bacteria for the Formation of End-products
(A) tne mlxed acids and 2,3-buLanedlol
(B) acetone, butanol, butyrlc acid and isopropanol.

Source : Rosenberg, 1980.
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2.2.3 Yeasts

In those yeasts capable of converting pentose to ethanol the

mechanlsm generatly follows the three previously deflned stages (

Figure 2.1). Details of these stages can now be discussed. Yeasts and

other prokaryotic micro-organisms exhibit fundamentally different
metabolic mechanisms in the early stages of pentose assimilati.on.

Yeasts (e.g. Candlda uttlis, Pichia quercuun) metabollze the pentose

through an oxidafiorrreductlon reactlon whereas, in most bacteria, an

iscrnerization of pentose to keto sugar occurs (Barnett, 1976;

Charknavorty et a1., 1962; Suzukl and Onishi, 1973). Furthermone, in
yeasts, D-xylose can be reduced to xylitol by an NADPH-dependent

D-xylose reductase (E.C. 1.1.1 2.1., aldose reductase). Xylitol may

either accumutate (Debus et aI., 1983) or be cafalyzed funther, belng

oxidized to xylulose by an NAD-dependent D-xy1itol dehydrogenase (8.C.

1.1.1.9., D-xylulose reductase) as descrlbed ln Figr.ne 2.3. Both of

these enzymes are active in Pachysolen tannophilus (Smiley and BoIen,

1 982) . Phosphorylation of xylulose to xylulose-5-phosphate follcrus and

bhe pentose phosphate is then converted bo pyruvate through both the

pentose-phosphate and EmMen-Meyerhof metabollc pathways. Thus, 1n

pentose-fermenting yeasts, these sugars are ultlmately converted to
xy1itol, ethanol, glycerol, acebic acid and carbon dloxide (Barnett,

1976; Gong, 1983; Gong et a1., 1981a). This process is stmmarized ln
Flgure 2.4.

A general comparison of the pentose metabollsm by yeasts with that
of bacteria and mycellal fungi is shown ln Table 2.2. Ib ls apparent

that fhe lnitlal stages of prokaryote and eukaryote catabollsm are

profoundly dlfferent regardless of the en&products formed. OnIy a f ew

exceptlons to this generalization have been reported amongst the

yeasts. (ttof er et 9., 1971i Tanoyeda and Horitsu, 1964). The Lwo

step oxldation-reduction reactlon whlch converts D-xylooe to D-xylulose

has been recognlzed as an essential meehanlsm for D-xylose assimilatlon
in yeasts (Barnett, 1968; Onishi and Suzukl, 1969; Jeffrles, 1983a).

Albhough this generallzed route for D-xylose metabollsm by yeasbs (as

described in Figure 2.4 and Table 2.2) has been demonstrated to proceed

unden aerobic conditlons, there haO UeeriPreports of yeast ferrnenting

D-xylose (Barnett, 1976).
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Table 2.2 General Conparlson of Pentose ( D-XyIee ) Metabollsm

of Bacterla, Yeasts and MycellaI Fungi

Sfage 1 Stage 2 Stage 3
0rganisms

Xylose
Xyl ul ose-5-P

XyIulose-5-P
Pyruvate

Pwuvate- En(FProduct (s )

Bacterl a

Yeasts

c
Iscmeri zatlon

c
Oxi dati on-

Reductlon

c
Oxi dation-

Reductl on

Pentose Phosphate
+

EmbdenMeyerhof

Pentose Phosphate
+

EmbdenMeyerhof

Penfose Phosphate
+

Embden-Meyerhof

a
Ethanol + Mlxed

Aei <ls
Ethanol + 2,3-

butandiol
Ethanol + Aeetone+ Butanol

Ethanol

b
Ethanol

+
AceLi c and
Lacbic acids

b

Myceli al
Furgi

a

b

c

as descnlbecl Flgure 2.2

as descrlbecl Flgure 2.4

as descrlbed Flgure 2.3
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2.3 INDIRECT ALDOPENTOSE FERMENTATION :

ENZYME LINKED PENTULOSE FERMENTATION

The evidence from literatrre suggests that D-xylose f ermentatlon
is not a common phencrnenon among the yeasts. Barnett ( 1 976)
investigated D-xylose utilization in 434 strains of yea.st capable of
ethanolic fermentation of glucose and/or sucrose to fincl that only 214

strains utlllzed the pentose aerobicalry and that none dicl so

anaerobically. As descnibed in Figure 2.3 fhe metabollsm of pentoses

involves the formation of the lntermedlate D-xylulose uslng the
enzymatic mechanisms outlined in Table z.z. This knowledge has

stimulated research lnto the evaruatlon of D-xylutose as a possible
substrate for ethanolic fenmentatlon. The rationale proposed by Wang

et a1. ( 1 980a) wa.s that D-xylose would be eonverted through an

enzymatic procees to D-xylulose which wourd then be fermented by a

yeast cu-Lture to efhanol. This proposal has much merit. However, lf
the vast pentose resources of waste wood are to be utirized
effectively, then the chosen technology for such a conversion of
D-xylose to D-xylulose bo ethanol must be appropriabe to the magnltude
of the task.

2.3.1 Conversion of D-xylose to D-xylulose

XyIose lsomerase, (i.e. D-xylose keto-lscrnerase, E.C . 5.3.1 .5,
also known as glucose isonerase), eatalyzes the reversible
lsomerization of both D-xylose to D-xylnlose and D-glucose to
D-fructose. Thls enzyme has been reviewed extensively ln recent yeare
particurarry in the context of hlgh fructose syr.ups (Bueke, 1977i
Chen, 1980a, b).

D-xylose isomeraae ls produced 1n many bacteria 1n response to the
presence of D-xylose. Mitsuhashl and Lampen (1953) first demonstrated

that eell-free extracts of Lactobacillus pentosus (later calted
Lactobacillus plantanum) grown on D-xyl.ose contalned an enzyme capable
of convertlng D-xylose to D-xylulee. Later, this same enzyme wae

demonstrated 1n Pseudomonas, lscrnerizlng D-glueose to D-fructose
(Marshall and Kooi, 1957). Subsequently, 1t was successfully employect
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in a full lndustrial process to produce sweeteners (e.9. fructose, iD

the forrn of high fructose corn syrup) as a eucrose replacement (Abbott,

1978; Antrim eb 4., 1979i Bucke, 1983 ; Fullbrook and Vabo, 1977;

Mermelstein, 1975) .

D-xylose isomerase is an intra-ce11uIar enzlrme. Factors which

influence its stabllity, reaetlon rate and the equllibriun are

temperatwe, pH, dissolved oxygen and the presence of cofactorg such as
++ ++'Co**, Mn** and Mg**. The optimar *l and temperabre for the

lscrnerlzatlon depend on the source of the enzyme. Generally, however,

isomerizatlon of xylose to xylulose by D-xylose isomerase is carried
out at 50-700 under sftghtly alkaline conditions ln bhe presence of
divarent eations such as Mn**, co** and Mg** (chen, 1980 a,b). These

optimun reaction conditions muust be considered when designing

techniques to link iscrnerizatLon wlth fermentation. In considering any

large scale isomerase appllcation, two funther factors must be

consi dered;

Firstly, the concentration of D-xyIulose in the equilibrim mixture

which ls available for fermentatton.

Secondly, the availability of the iscmerase enz1me, ln quantity, lts
eost, stability and lf it can be recovered.

With regard to xylulose concentratlon, the isqnerlzatlon does not

favoun xylulose and at equlltbrlun eorne 75'8ON of the xylose wlll
remai n unconverted (Ueng et dI . , 1 981 ) . However, the presence of

borate in the reactlon mixlure shifts the equllibriun to favour

D-xylulose. Mltsuhashi and Lanpen (1953) observed tha! the presence of

borate (2 mlcro-mo1es per ml ) 1n the lscmerlzation mlxbwe made

possible an increase in the ketose conbent to 40-45[ of the total
sugar. Slmllar resrrlts were claimed by Sleln (1955). There, the
presence of borate (0.02 moles per ml) shlfted the equlllbrlwt to yield
60-651 xylulee as compared wlth 161 xylulee ln its absence.

Recently, Hslao ef a1.(1982) used 0.3 moles per mI of sodium

tetraborate to achieve a maximun converslon yield of 80[ to xylulee
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from xylose. Because of problems wlth borate recovery there ls some

cloubt as to the ccmmercial acceptability of such a system (Gong, 1983).

A non-chemical xylulose preparation bechnique lnvolving isomerizatlon,
precipitation and microbial utillzatlon of xylose has allowed the

preparatlon of pure xylulose syrups (Chiang, et al., 1981b).

With regard to the avallabllity, cost and stability of the

isomeraser.both soluble and lmmobillzed forms of the enzyme are

available in ccmmerciaL quantities fron NOVO Industry, Inc., Dermark as

Sweetzyme A and a and from Miles Laboratories, Inc., U.S.A. ag

Takasweet. These iscnerases are er:rrently produced for the produetlon

of high fructose syrups. No detailed costing has been found to date ln
litenature. However, a tentative evaluation in terms of additlonal
cost per kg ethanol attributable to use of enzyme had been prepared by

Larsen (1981) ano ls collecLed ln Appendix 1.

The additional cost of 10 fo 30 cents per kg of ethanol produced

was calculated. These costs, albhough tentative, indicate that enzyme

converslon of xylee to xylulose may be an economic proposition if
moderate activities and enzyme usage were to be obtalned. Further:nore,

little informatlon on the durablllty of fhe enzyme in wood hydrolyzate

or in the presence ethanol sesns avallable. These are further topics
needlng investl gation.

2. 3.2 D-XyL ulose Fermenf ation

Wangts lnvestigafion of D-xylooe metabollsm by yeasts has shown

that nlne out of eleven cultures tested grew aerobically utlllzing a

catabollc pabhway lnvolving D-xylulose (Wang and Schnelder, 1980; Wang

et a1.,1980b). Thls knowledge has stimulated lnterest ln using

D-xylulose as a fermentatlon substrate. Several yeasts were shown to
ferment D-xylulose and produce ethanol. (Gong et al., 1981b;

Jeffries, 1981a and Ueng et g!., 1981; Sulhko and Poutanen' 198q).

This phenonenon suggested to Jeffri es (1 983a) tha! the

reductlve/oxldative conversion of D-xylulose may be the regulating or

rate-llmitlng metabolle stage 1n yeasts. Pretreatmenb with the enzyme

xylose iscrnerase, o8y overcome thls metabolic defecf by eonverting
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D-xylose to D-xylutose extra-cellularly. The subsequent uptake and

fermentation to ethanol of the lscrnertzation product 1s metabolically
uncomplicated. Much lnterest has been expressed 1n this possible

approach for the ccmmercial appllcatlon of pentose ferrnentatlon.

The success of an isomerase linked fermentation will also depend

upon the ability of fhe chosen yeast to ferrnent xy1ulose. An early
report on D-xylulee utlllzation by yeasb was presenbed by Onishl and

Suzukl (1969) who naned 128 stralns of yeast which would do so.

However, the flrst reports of an ethanolic fermentation using

D-xylulose were provided by Wang et aI. (1980b) and Wang and Schneider

( 1 980) . e.g. Schizosaccharcrnyces pqnbil NCYC 132 when grown on

D-xylulose, produced ethanol in amounts similar to that produced when

grown on glucose. Furbher detalls on the topic soon follcned (Gong et

al., 1981b; Jeffries, 1981a; Maleszka and Sehneider, 1982a; Suihko

and Drazic, 1983; Ueng ef 4., 1981) and data f or 7 strains of

Saccharqnyees specis, 8 strains of Schizosaccharomyces specles, 6

strains of Candida specles and of specles of a fwther 7 genera became

avallable (Gong et al., 1983).

The optimun conditlons for xylulee fermentation need to be

considered if the fermentation ls to be linked to lscrnerlzation of

xylose. Slmultaneous lsomerizatlon and fermentablon may be lmpractical
as the two processes have different optlma, viz: SI 7.0 to 8.0, 27-3Oo

for the xylulose fermentation (Sulhko and Drazic, 1983; Jeffries,
1981a) and 60-650 and pH >7.0 dependlng on the enzyme (Fullbrook and

Vabo, 1977i Gong, 1983) for the lscmerlzatlon step. Gong (1983) has

ltsted characterlsties that govern the converslon of D-rylulose to
ethanol by yeasl.

2,3. 3 Isomerizatlon Llnked Fermentatlon

l{lth the idea of the lncorporatlon of the xylose lscmerase to
lscmerize aldopentose (1.e. D-xylose) to pentulose (i.e. D-xylulose)
and fwther convert to ethanol by a numbers of yeasts, like
Saccharcmyces, a nunber of researchersr work has been briefly
srmmarlzed in belcn Table 2.3.
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Table 2.3 Ethanol Productlon frcrn Xylulose by Yeasts Grown ln
Batch Culture

Ethanol Produced ( E/L ,
ReferenceSpeci esl

Strains D-Xylulose D-XyIose

3o )-
carlsbergensls 1 3.9
26602

Saccharcrnyces

cereviSi ae

2q860

Saccharcrnyces

eerevisiae 1 0.0

a

Gong et al.
(1981b)

b

Chen

( 1 983)

(Bakerts yeasb)

Saccharcxnyces

cerevl sl ae

10.8

* (50)

16.6

* (13)

Hensen 2.399

Saccharqnyces

cerevi si ae 20.5

( Bat<er I s yeast )

Saccharcmyces

cerevlsiae 17.0

K.W. No.1

Torula utllls 17.2

Heneb 2.281

Candi da

0

0

tropi calis 4.6

ATCC 1639

Candi da

broplcalls Mac 6 4.4

Schi zosaccharmyces
pombe ATCC 2473 4.1

c

Jeffrl es

(1981a)

* Inltial substrate concentratlon ( gL )

a 28o/2 days

b 300/2 days

c 27o/3 days
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2.II DIRECT ALDOPENTOSE FERMENTATION

2.\.1 UslnS Naturally 0ccurrlng Yeasts

In the early SOrs a study by Wang et al. (1980b) of yeasts

capable of fermenting ketopentose to ethanol aroused many researchersr

interest in the posslbility of dlrect fermentation of aldopentoses

instead of. kebopenfoses to ethanol. Later, the same Sroup at the

Research Council of Canada, reported having discovered a specles of
natwalty occurring yeast bhab conld convert D-xylose directly into
ethanol (Schneider, 1981a). This yeast was ldentifled as Pachysolen

tannophilus. Simulfaneously with this report, Jeffries (1981b)

reported that Candi da tropi calis ATCC 1369 produced ethanol from

D-xylose unden aerobic conditions. Maleszka and Schneider (1982a)

screened 1 5 D-xylosrfermenting yeasts for their ability to convert

D-xytose to ethanol under rrsemi-aeroblcrf conditions. They f rther
demonstrafed differences in ethanol productlvlby between yeasts.

Pachysolen tannophilus produced bhe hlghesb ethanol concentratlon (9.7

g/I), follored by Candida guilliermondii (\.5 S/L) anO Candida terebra
(3.0 g/1). The ethanol concentatlon in these cultLres was unaffected

by nitrogenous supplernentation of the medlum. Gong et aI.(1983) Lested

20 strains of Candida belonglng to 'l 1 species, 21 stralns of

Saccharcmyces belonging to I species and 8 strains of

Schizosacchanornyces pombe. The results showed that the m4jority of the

Schlzosaccharcrnyces pornbe strains tested produeed ethanol at

concentratlons ranglng from 1 to 5 g/L and also xylltol frorn D-xylose.

Particular strains of Candlda bIankll and Candida tropicalis produced

ethanol in the highest concentratlons. Margaritls and Bajpal (1982)

described eight strains of Kluyveromyces marxlanus' capable of

fenmenting lhe aldopentose dlrectly to ethanol under aerobi c

condltions. du P"eez and van der Walt (1983) also reported a strain of

Candida shehatae able to fermenE 90 S/L D-rylose dlrectly to ethanol

within 40 hours under aerated conditlons. Sakano and Mlkata (1983)

screened 4 strains of Pichla stlpitls, a straln of Candlda shehatae and

Candlda steatolytlca. They found that statlc cultwes of Pichla
stipltis and Candida shehabae produced 11 !o 18 e/I of ethanol after 5

days of lncubation, but the recyeled cells could produce 18 8/L of
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ethanol from 50 g/L of D-xylose after 2 days of lncubablon.

2.4.2 Using a Yeast Mutant

The develognent of a yeast mutant capable of fermenting penfose to
ethanol has been reported (Gong et al., 1981e). A slrain of Candida

tropicalis wa.s used to prepare bhe mutant. To the authorrs knowledge,

no similar yeast mutant has been desq"ibed 1n the literatrre. However,

the screening of both wild types and mutant yeasts continue.

2.U.3 Using Yeast Strains Impnoved by Recornbinanb DNA Methodology

Recent advances 1n molecular genetic techniques should facilitate
the construction of a suitable yeast capable of the rapld and efficient
conversion of D-xylose to ethanol. The incorporation of, for example,

the D-xylose lscmerase genes frcm a bacteritm lnto one or several

species of Saecharomyces species (which are capable of fenmenting

D-xylr.rlose) is one approach (Wang et dI., 1980b). To date, the

isolatlon and charaeferization of an Eseherichia coli plasmid bearlng

the D-xylose iscrnerase gene has been ccmpleted (Ho et a1., 1983;

Lawlis et aI. , 1 984; Maleszka et a1. ,1982ai Wocha ef al., 1 983). The

next stage will be to introduce this plasmld lnto appropriate yeasts

and to test bhe replicability, stabillty and expresslon of the gene.

Beyond this stage of development 1s the possibility of an artlflcial
(synthesized) D-xylose isornerase gene. With yeasts, success has

already been achieved in building 11near plasmids for incorporatlon
into the yeast chromosome (Mr.nray and Szostak, 1983). These techniques

may possibly be applicable bo the lscmerase gene now that lt has been

eharacterlzed and Saccharomyces cerevisiae has been suggested as a

suitable reclptent (Sutnfo and Drazle, 1983). Protoplast fuslon has

been abtempted between Cancllda utills whlch may conbaln isomerase

actlvlty and Saccharomyces cerevlslae but bhe fwion product was

unstable and segregated lnto parental types (reported by Sulhko and

Drazlc, 1983). Another approach has been the reconsbrucllon of the
presenb haplol d Pachysolen tannophilus to poIyplol d and aneuplol clg.

Maleszka et 4.( 1983a) , James and Zahab (1983) recently obtalned a

number of triploid and a tetraplold stralns and elaimed lhat lncreasing
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chromosome number lmproved aspects of ethanol productlon fron D-xylose.

2.5 BI0L0GY 0F Pachysolen tannophilus

The yeast Pachysolen tannophilus was originally lsolated from

concentrated tannlng llquors extracted from broad-leafed trees
(Castaqqq vesa and Acacia mollissiqq) and was first designatect by

Boldln and Adzet (1957). The yeast remained scxnewhat obscre and

attracted little interest until the early 1980's. 0n1y a limited
description of fhe yeastrs biology will be presented in thls work as a

recent nevievr is available (Kr.rtzman, 1983).

2.5.1 Morphological Descrlption of Pachysolen tannophilus

When Pachysolen tannophilus was grown at 25o on Yeast Morphology

Agar f or 3 days (l,liekerham, 1970), the cells were ellipsoidal to
spherical, measwed (1.5 -5.0) X (2.0 -7.0) pm and produce one or
occasionally two bud.s per cel1. The coloni es are gray-white,
glistenlng, round, Icw convex with margin enfire, mucoid becoming

butyrous with age.

2.5.2 Reproduction of Pachysolen tannophllus

2.5.2.1 Asexual (Vegetative) Reproductlon

Vegetative reproduetlon of Pachysol.en tannophilus occurs by

budding of yeast cells wlth one or two buds. Pseudohyphae wereusually
present and nay be undlfferentlated or highly branched (Kr.ntznan,

1 983) .

2.5.2.2 Sexual Reproductlon (Ascus Formatlon)

The Pachysolen ascus is formed when a vegetative cell pnoduces a

thick, stralght or curved, refractile tube, the ascophore. The bube

may be short or long, up Lo 50 pm in length. At lts tip the tube

enlarges to forrn the ascur] which contalns a maximum of four
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hemispheroidal asclcspores. When the aseus ruptures, releasing

ascospores, the tube revealg a V-shaped notch af lts end. Wickerham

(19?O) and Krrtznan et aI. (1982) claimed lhat the Pachysolen asci may

be cor{ugated or unconjugated dependlng upon the strain. The strain
NRRL Y-21160 (CBS qOqq) forms an uneonjugated diploid ascus while other

strains (nnnl y-2U61; \-2462i 'L-2\63 and Y-6704) are coqjugated

haploid forms. However, other investigators have claimed that the four
stralns of, Pachysolen tannophilus examined ln their laboratories are

predominately haploid (James and Zahab, 1982). A11 strains of

Pachysolen tannophilus are reporied to be hornothallic (Wickerham, 19701

James and Zahab, 1982).

2.5.3 Phylogenetic Relatlonships of Paehysolen tannophilus

with other Yeast Genena

The slmilarity of the biocheml cal and pftyslologi cal

characteristics of Pachysolen and Hensenr:la specles (Wlekerham and

Bwton, 1961) and also bhe ccmmon capabllity of produelng an

exfracellular phosphomannan (StoOXt et al., 1961 ) provlded enough

evidence for Wlckerham (1970) to prepare a phylogenebic scheme to
i.llustrate the relationships existing between the genera Hengenula and

Pachysolen. Wickerham suggested that the genus Pachysolen has a close

evolutlonary kinship wlth eertain trprlmitlve" Elgg!3 specles. This

closeness has been emphasized by Yamada and his goup (1973) who

analyzed the co-enzyme Q system of 128 stralns of yeasts belonging to
the genera Hensenula, Pichla, Citercmyces' Pachysolen and Wlngea.

These authors concluded that two specles of rrprlmltlverr Hensenula,

Hensenula capsuLata and Hensenula plglit, together with Pachysolen

tannophilus, Cltercxnyces matrltensls and Plchia pastorls, possesed the

same co-enzyme Q8 system. This closeness was also recognlsed by

Campbell (1973) who suggesbed fhat the genus Pachysolen be lncorporated

lnto bhe genus Hensenul.a. Thls suggestlon has never beien accepted.
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2.6 GROWIH AND FERMENTATIoN CHARACTERISTICS 0F Pachysolen tannophilu.s

Prior to this current decade, yeasts had been considered as unable

to produce ethanol from pentoses (Barnetf , 1976). Thls vler.r ehanged

with the discovery of a nuunber of natunally occurring yeasts and a

yeast mutant (as referred to in Sections 2.4.1 and 2.4.2) capable of

converting D-xylose directly to ethanol. Among the naturally occurring
yeasts, Paghysolen tannophilus has been identified as a posslble yeast

for the conversion for D-xylose to ethanol (Schneider et 6I., 1983).

Therefore, the following Sections will focus attentlon on growth and

fermentatlon characteristics of this yeast ln a D-xylose medium or in
wood hydrolyzate.

2.6.1 Effects of pH on Growlh and Fennentation

Follo.ring the report from Schneider and collaborators (1981a) thaf

Pachysolen'tannophilus directly converts D-xylose to ethanol under
franoxlcrt and rrsemi-aerobic't crcnditions, Slinlnger et aI.(t982b)
dernonstrated that both growth and ethanol fermentation were maximal

when the inifial pH was 2.5. Wayman (1982) also claimed that SI 2.5 bo

3.0 was the favor.rable pH range for ethanol produetion by Pachysolen

tannophilus.0n the other hand, Dekker (1982) found Pachysolen

tannophilus unable to grow at an initlal ptl value lower than 3.0.
Debus et a1.( 1 983) concluded that the pH optimun was pH U.8 for
Pachysolen tannophilus grown on 30 g/L of D-xylose meditrn, a result
again contradicting some prevlous reports (Sltnlnger et al', 1982b;

Wayman, 1982). In the case of bacteria, inltial Sl is important ln
establishing the batch fermentation's trajectory (Nishio et al., 1983).

It would appear that this also true for the yea^sts (Ralnbow and Rose,

1 963).

2.6.2 Temperatwe Eff eets

The lnfluence of temperature on yeast ethanol formatlon has been

studled by Kror:wel and Braber ( 1 979) , especially aE supraoptimal

ternperatures, ranglng from 3O-40o. They demonstrated that
Saccharqnyces cerevislae wasr able to produce ebhanol at 39.6o, but no
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ethanol or cells were produced at or above 39.8o. Here, dead cells
were predcrninant. Sfiningen et al.(1982b) found Pachysolen tannophilus

to exhiblt maximal ethanol yield aE 32o and maximun growth temperature

range was between 37-q0o. Debus eb aI. (1983) reported that the

optimum growth ternperature for thelr Pachysolen straln IfG 01 01 growing

in either glucose or a xylose mediun was J1 o.

2. 6.3 Ferrnentation Substrates

It is desirable that the micro-organisms employed for the

fermentation of bicrna.ss derived polysaccharide hydrolyzafes should be

abte to convert a mixfure of diverse sugars to ethanol. Dekker (1982)

claimed that, besides D-xylose, Pachysolen tannophilus can ferment

L-arabinose, D-gIucose, D-fnuctose, D-cellobiose and D-glucuronic acld,

but not sucrose. Maleszka et aI. (t98Zc) reported that Pachysolen

tannophilus can convert D-galactose and glycerol to ethanol but that
the fermentation of galactose requlred a longer lag phase of 7 days. A

similar result was reported by Debus et al.(1983) with galactose as the

sole source of carbon, a long adaptlon period of about 2 days was

nequired. For D-xylose ferrnentation, Sllninger et al. (1982b) claimed

that xylose concentnatlons exceeding 50 g/L inferfered with growth and

ebhanol production. Dekker (1982) revealed a simllar effect on cell
growth. The final cell concentration was maximal aE 20 g/1 D-xylose

but decreased at xylose concentrations over 100 g/1 xylose. However'

ethanol concentration was maximum for 1 00 g/L xylose. Wlth its
capabillty for ferrnenting a variety of sugar substrates, Pachysolen

tannophllus has been suggested by Neirinck eb a1.(1982), as belng a

useful starting polnt for detailed straln improvement prograomes to
obbain organisms that wilI function well on spent sulphlte liquor.

2.6.U. Aenation Effects

The supply of trace amounts of oxygen ln otherwise anaerobic

ethanol fermenbation accelenates and enhanees the yeastsr speclfie
ethanol production (Cysewkl and Wilke, 1976). These authors have also

shown that the optimal oxygen concentration for Saeeharcrnyces efhanolic

fermentation is 1n the part per bill"lon range. This was later
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confirmed by Nishizawa and hls group

cerevisiae CBS 1200. Recently, Haraldson

( 1 978) uslng Saccharomyces

and Rosen (1982) demonstrated

that ethanol produetion decreases almost llnearly with an increase 1n

oxygen tension up to 1000 parts per blllion. Maric and Elnsele (1981)

have studied the effect of the low dissolved oxygen concentrations on

ethanol production using Candida utills ATCC 32113. They have also

claimed that the lower the oxygen partial presswe, bhe higher the

amount of gthanol produced.

An oxygen residual in the fermentatlon medium for Saccharcrnyces is
considered necessary for the synthesls of unsaturated membrane 1lpids;
if fulfy anaerobic conditlons prevall, supplsnentation of the medlum

with ergosterol and/or oleic acid seems necessary (Longley et 41.,

1978; Watson and Rose, 1980). However, wlth Pachysolen tannophilus,

the supplementation of D-xylose mediun with lipids was ineffective
(Maleszka et al. 1982c). Thus, the role of oxygen in Pachysolen

fenmenta!1on remains unclear. Slininger et aI. (t98Za) considered

that oxygen wa.s not required for converting xylose fo efhanol although

it is required for growth. Debus et aI. (1983) found that xylitol and

ethanol are excreted in vaniable ratios under anaerobic and

semi-aerobic conditions (i.e. 0.002 vvm of air). Mutz and Wandrey

(1983), using a chemostat, observed that with increasing oxygen

limitation, the yteld of ethanol lncrea.sed while the ce1l yield
decreased. The influence of oxygen, especially during rrsemi-aerobictl

condltions, on the xylose fermentation by Pachysol-en tannophilus seems

to be critical (Schneider and l{ang, 1981).

Although the ethanol productlon appears tobe maxtmal under

semi-aerobic eonditions, dh understandlng of oxygenrs role on yeast

metabollsm 1s restrlcbed by the unavallablllty of suitable meaaLrement

devices for very low dlssolved oxygen concentratlons (Iess than 1tr of

air saturatlon value). Therefore, it is lmportant to have a tool that
can provlde lnformatlon about the degree of oxygen llmitafion
experienced 1n a culture (Pirt, 1957 and 1975). Several investlgators
have atternpted to use redox potential measur€ments to generate more

inforrnation about the oxldatlve status 1n aerobic and seml-aeroblc

cul!wes. Shibal and his group ( 197q) successfully demonsfrated
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mi crobial produetion of lnosine by controlled redox potential.

However, they failed, uslng a ecmmercial dissolved oxygen probe, in
deLectlng very low concentrations of dissolved oxygen. Kjaergaard

( 1 9?6 ); Kj aergaard and Joergensen ( 1 981 ) ernployed redox potenti a1

conLrol on a micobial culture and showed enhanced acetic acid

pnoduction by Bacillus lichenlformls under low redox potentlal

readings. More recently, Bruinenberg et aI. (1983) have arphasized

the important role of redox balances in the anaerobic fermentatlon of

xylose by different yeasts. These authors speculated that at the

appropriaLe redox pofential, the intracellular pool for the NAD+ wene

maintained at a level sufflcient for the D-xylose catabolism.

2. 6.5 Inocul um Concentratlon

The value of high yeast concentrations to initiate fermentation is
well known (Chaing et al.,1981; Gong et al., 1981). Strehaiano et al.
(1983) studied the effect of inoculum level on cell and product yields

and specific growth rate uslng three Saccharomyces strains. They noted

that ferrnentation times, maximuun specific gt"owth rates and cell yields

decreased as lnoeultun size lncreased, but the ethanol yield remalned

constant. In the ca.se of fungal micreorganisms, Brown and Zainudeen

(19T8) dernonstrated tha! differing inoculun concentratlons resulted in
clistinct dissolved oxygen demand profites. The advantages of using

increased inoculun concentratlons of Pachysolen tannophilus NRRL Y-2460

were explored by Maleszka et aI. (1981). They found that the time

needed for the culture supernatant to reach maxlmun concentration of

product was shorter with increased lnoculun concentration. Deverell

and Whitworth (1980) have postulated tha! the effect of growth

lnhibltors such as furfr.rals in the wood hydrolyzate may be overecrne if
a high concentration of lnoculum is used.

2.6.6 Effect of Inhibitors on Growbh and Fermentatlon

2.6.6.1 Inhlbitory Substances ln Hydrolyzates

Dr.plng acid hydrolysls of wood, BsY pofentlally toxic eompounds

are formed. Furfral, 5-hydroxymeLhyl f urfrral, organlc acids (such as
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levullnic acld, formlc acid) and phenollc compounds are frequently
encounted in the hydrolyzate. Leonard and HaJny (19115) lnvestigaLed
yeast ferrnenfation of wood sugars and concluded that some pretreatment

of the wood hydrolyzate wErs necessary to remove these inhibitors.
Fermenbability of wood hydrolyzates from pine sources can be improved

by treatment with hot sodiun sulphite (Deverell and Whitworth, 1980).

Detroy et aI. (1982 a and b) also emphasized that the failr.re of
yeasts to ferment wheat straw hydrolyzates was attrlbutable to the

presence of furfural and lignin derlvatlves. Furfural aE 2.5 to 3.0
g/1 was found lethal to Pachysolen tannophllus (Detroy et aI., 1982b).

For Saccharomyces, 3.0 g/I furftnal decreased growth rate and this
yeast was found to be more sensltlve to fuurfural then to
5-hydroxymethyl furfr:ra1 (Azhar et al., 1981). Banerjee and his group

( Baner.i ee et d . , 1981 ) revealed that f urf wa1 restri cted Saccharcrnyces

gnowth and ethanol production. The mechanism of these effects was

associated with the inhibition of triosephosphate dehydrogenase and

alcohol dehydrogenase by furfural.

2.6.6.2 Ethanol Inhibltion

The inhibltory effect of the ethanol on both the growth and

fermentation by yeast cells has been studled (RiUa ef al., 1968; Bazua

and Wilke, 1977; Brown et al., 1981; Hoppe and Hansford, 1982;

Navarro, 1980; Novak et 4., 1981 ) . Sllnlnger et aI. ( 1982b)

observed that severe inhibltion of f ermentation occumed by Pachysolen

tannophilus at ethanol concentratlons exceeding 20 g/I. Recently,

Rcrnan and hls co-workers (198q) studied the en&products lnhibltlon on

D-xylulose fermentatlon by Schizosaccharqnyces pcmbe and reported that
the maxlmun ebhanol productlon rate decreased linearly wlth lncreaslng
lnittal ethanol concentratlon. They reported thaf bhe lnhlblfion
constant for maximun speclflc ethanol production rate uas T9 ilL. A

number of recent studles have ghown that yeast cells accunulabe ethanoL

lnternally (Stucley and Panment, 1982). Ethanol produced

lnfracellularly by the yeast itself ls more lethal than ethanol added

extracellularly to the mediun (Eganberdiev and Ierusallmskii, 1968;

Nagodawithana and Steinkrauss, 1976; Navarro and Duurand, 1978). Novak

eb al. (1981) reported that lnhlbltion constanf value (Ki) of 105.2



28

g/L for added ethanol eompared wlth 3.8 g/L for ethanol produced durlng

batch ferrnentatlon. Table 2.4 sunmarizes the kinetic constanb data of

other workers on various ethanol inhibition studies.

The data show that low values of the ethanol inhibition constant

for growfh are obbained with auLogenous ethanol (i.e. ethanol produced

intracellularly) conpared with considerably higher values with

exogenousi ethanol. The data of Righelato et al. ( 1981 ) are an

exception. It would appear that autogenous ethanol is more inhibifory
than ethanol added to the mediun. In a recent study of the role of

intracellular ethanol in the yeast cells, (Stucley and Panmenf,1982 i

Dasari et al (1983) observed that the lntracellular ethanol content of

mi &exponenti al phase ceIIs of Saccharcnyces cerevisi ae was

significantly higher than the external concenfration. They cited
Thoma.s and Rose (1979) as having reported slmilar results.

The biochernistry of ethanol inhibition is not yet fully
understood. A number of different inhibitory mechanisms appear to be

involved. The presenee of a hlgh level of intracelluLar ethanol 1n

yeast cells has been found to coinclde with marked inhibition of

hexokinase in glueose fermentation (Nagodawithana et aI. ' 1977i

Navarro and Finck, 1982) and of many membranerassociated enzymes

(Ingram, 1976). The denatr.rating eff ect of ethanol on enzymes was

suggesfed by Stucley and Pamment (1982) a.e an explanatlon. Ethanol is
also reported to exert a pnimary toxlc effect on the plasma membrane

(l{hlte, 1978) and to show an inhibitory effect on the uptake of solutes

by yeasts (tnomas and Rose, 1979).



29

H

i
olor{, lO

IE(/llo
0r lFo IFJolF
!'l@
Flo,:l lPolEloxl'"olx
'15u, loct lciF' IPo, loFIrlo'l;

t$
l3
I'
ls
lf
l3-

l9lo

ls
ls
ls
l5'l5
Itstct
lP
lcr
llj
lo
I'
lv2

lslo
lI

Tqoor':l trE|toopo
a+IrOa+ lt
P
OE
ter u

ItI
o

9FDE\ir()ox

GIGIGIE
\\\l
OqFFF

f, xOF
t!'3E ,/
E *,/nct./O'./ r/E

Jo
o
o

IE0rcctttoo!'9

tE0r9ctgoo7B

oo9
!'cl.tO
PF
lotraoo99oo
oo9
letctO
PG|
5(Dtr='ooc9o@
oogtcrtOFBpg>
otrtrcroo

FtEosr!'ctOoc,o
ttIr0ctBclouo

t
t! FtsroclFoou5 0

tro

ODogt(+ctOFclTOtrToo9Coo
oo9
tetctO
t- GltoC)o0u9

9ts,98SB

9U r PBq)!
vl u,

f,isPB
AN{{t\tlC

Py."Psse\0\rl
GCD

e 5e PsvrNo\
NG!

P:"FPH
EShE

'BrP,5.N
F0o

lrrrPEbE

eurrPBrrtN
5r,

PYPPB&Nrro\
l{, t

Ho trtFJ OAtrstPoB\osrd
O\PO
@Ft Bo.

@Pxo
P
l*

aPFr9r|4\oo!'do\CO9)\o gt

P
Plt
\OO
-l 5
Pri

ts

o
@
o
€otl
ll

{t!P}l0rD)
\OP!'N{xr9{ost

lots l.r N\o.!'@stF lDt F!

lH

lo t!tJ lcr it\o.o
@{Fl$t:'

lP

loztslcto
\oCD O'Pllrx

lP

FFPloo(t
\O lcr !rCD.(D
PP

lst D
lP cr.o

uD,I!O
\ottE
CDOCEa\) r<) (D

oitg

\o
-lOr

SF'E

'UE(/,FJcftr0J
olrdx
Ogt@*tranEooBcrtFolE c
.*JEt
oStnoPPC'r)
OdcitsPtrH,
c)ctElJ
ot*Dro
OOctla:'Fc.J
F4JOE
P()IOoot
FS()ct
orDoS
5.t:'
ctgt@U

!!rrO,ct St ct5o
c?



30

2.7 CONCLUSIONS

Perhaps it could be said that the western world has not wlllingly
taken up the study of pentoses fermentations to ethanol. Rather, the
topic has been thrust upon it by vlrtue of the fact that fuel resources
are llmited and t,hat alternatives must be found. Also, because the
renewable forest resource with iLs fundamental cellulqslc and

hemi-celluLosic molecular strueture represents an essential component.

The successful uLilization of such a massive resource as waste woods

will be tempered by an ability to successfully utll1ze each moncmeric

sub-unit of the polymers lhat comprlse that resource. Thus the
fermentation of pentoses, in particurar xylose must be seen as part of
thab scheme.

The theoretical basis for a ratlonal understanding of pentose

exploitation has been presented above. The struggles of btochemlsts to
understand the blological degradatlon of pentoses can now be seen in a

prespective which emphasizes the metabollc diversiiy found in nature.
Surely thls dlversity can be explolted to ensure that any deslred
eonverslon product can be obtalned free of contamlnating by-produets
and, as weII, at maximuun yield. rt has been demonstrated in bhis
review that yeasts, above all, may provide the most immediate solution
to bhe probran of converblng pentoses to ethanol ln approprlabe yierG
and purity. Natura1ly occurring bacterla and fungl were eliminatecl in
the discusslon, essentlally on the grounds that these organisms
generate a variety of products. However, as detaited knowledge of
biochemical and genetic systens progress, it ls posslble that
laboratory manipulated bacterla nay prove, 1D the distant future,
superlor to yeasts.

Nonetheless, the amount of lnformatlon pertalnlng to bhe ebhanolic
fermentatlon by Saccharqryces cerevlsiae utilizlng hexoses makes an

adnlrable data ba.se for any ccmparative work, be it wlth naturally
occwrlng micr"oorganlsms or genetlcally manipulated ones capabre of
ethanollc fermentabion of pentose. The flnal cholce of microorganism
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ls probably still to be made and lt ls hoped thab lhe data developed ln
thls thesls will contrlbute to a reallstlc declslon.

In the last few years informatlon has aceunulated eoncernlng the

conversion of pentoses directly to ethanol uslng naturally occurrlng
yeasts. It ls probably true to say that screenlng work contlnues ln
various laboratories. It ls also true that genebic manipulation of
yeasts, particularly Saccharomyees and Candida, may produce stralns
withsuperior"n""""ffilorpentosefernentab1on.Suchad1rect
industrial fermentatlon would be slmpler to develop and maintain than a

two stage process which would flrst demand the converslon of the

unfermentable pentose to the easlly fermentable penfulose by enzlmatie

steps uslng a pentose isomerase follmed by fermentatlon.

Fwthermore, such an enzlmatic step will increase the cost per

lltre of the final product. Thls is curently undesirable as any

gasollne programme must maintain ethanol costs per litre at' values

below petrol eosts. The investor therefore is golng to demand, ln all
liketihood, a single step, low cost process represented by a direeb

fenmentation of oentose to ethanol.

To enhance ylelds and minlmlze costs, the fermentatlon must be run

under optimal conditions with the yeast encouraged to produce bo lts
naximun. Condltions influenclng such yleld.s have been glven attentlon
1n the above review as well as those factors likely to lnhlbit produet

formati on.

The data in the llterature are not complete. A fuller
understanding of the detalls of ihe biochemical mechanisms leadlng to
the conversion of pentoses to ethanol remalns the goal of many

investigators. The importance of this knowledge w111 be that a

rational and effectlve approach to the problsn of convertlng renewable

blcmass material to Ilquld fuels will be posslble. The bloconversion

of pentoses wlll than oceupy an lnportant positlon ln the total energy

cyc1e.
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3.1 MATERIALS

Hlrm.I.tl.si trD rGtfrtLs

3.1 .1 Microbiologieal Media

Supplies of Bacto Yeast Morphological Agar, Bacto Yeast Nitrogen Base

(tlo. 0392) and Bacto Yeast Extract were obtained from Dlfco
Laboratorles, Detroit, Michlgan, U.S.A, Mlcrobiological Agar was

obtained from Davis Gelabin Limlted, Christchurch, New Zealand. de

Man, Rogosa, Sharpe (M.R.S,) Agar (CM 361) and Broth (Ctl 359) and

Tryptone Soya Agar (CU 1 31 ) was purchased frcrn Oxold Australia Pty.
Llmited, Hurstville, New South Hales, Australla.

3.1 .2 Chromatographic Materials

For colunn chromatography, Dlethylaminoethyl (DEAE)- Sephadex A-50 and

Gel Sephadex G-200 (particle slze 40-120 um) were purchased from

Pharmacla Fine Chemicals, Uppsa1a, Sweden. For gas chronatography, the
packlng material, 10i Free Fatty Aclct Phase (FFAP) on Chromosorb G

(AW-DMCS), 80-100 mesh, was obtained from Supelco Inc., Bellefonbe,
Pennsylvania, U.S.A.

3.1 .3 Gases

Oxygen-free nitrogen (certlfled
were supplied by New Zealand

North, New Zealand.

3.1 .4 Chemicals

grade) and carbon dloxicle (fooO grade)

Industrlal Gases Limited, Palmerston

3.1.4.1 Sugars

D-xylose was obtained from elther B.D.H. Chemlcals Llmited, Palmerston

North, New Zealand; Ajax Chenlcals, Sydney, Australla or Slgma

Chemical Company, St. Louls, Mlssouri, U.S.A. Analytlcal grade (A.R.)

D-glucose and D-mannose came from B.D.H. Chemlcals Limlted, Poole,
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England wh1le L-arablnose and D-galactose were purchased from Stgma

Chemical Company, St. Lorls, Mlssourl, U.S.A.

3.1.4.2 Enzymes

D-xylose isonerase of
from the experlmental

lfype Q) was a glft

Lactobacll lus f ermentum

studies as descrlbed

from Novo Industrias,
from Mlles Laboratorles

was partially purlfled
in Chapter 4. Sweetzyme

Copenhagen, Denmark.

Inc., Elkhart, Indlana,Taka-Sweet was a glft
U.S.A.

3.1.4.3 other Chemicals

Any other chemicals used were analytical reagent or laboratory reagent

grade and were purchased from B.D.H. or May and Baker (New Zealand)

Limited, Lower Hutt, New Zealand.

3.1 .5 Solvents

Absolute ethanol (99.5,

Chemicals, Sydney, Australia.
chromatography analysls were

Chemicals Limited, Palmerston

3.1.6 Wood Hydrolyzate

v/v assayed) was purchased from AJax

Other solvents used as standards for gas

B.D.H. analytlcal reagent grade (B.D.H.

North, New Zealand).

Wood hydrolyzate was prepared and supplled by the Forest Research

Institute, Rotoruar New Zealand. The process used for lts preparation

was by dllute sulphurle percolatlon at 180 o, a modification of the

ldadlson Process (Mackie, 1982a). The hydroLyzaLe generated from the

softwood, Plnus radiata, was nade available wlth the conpositlon shown

ln Table 3.1, 1.e. as prehydrolyzale, vltrlch ls to say, the acldlc
percolate collected clurlng the lnltlal stages of hydrolyzatlon and was

the breakdown products of lhe hemlcellulosic fraetlon. Thls materlal
was used for the experiments described ln Chapter 7 t after
neufrallzatlon wlth sodlum hydroxlde and flltratlon. A slngle large
bateh, frozen untll requlred, was utlllzed throughort.
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Table z 3.1 Compositlon of Uood Hydrolyzate Fractlons
(Mackie,1982a)

Coneentratlons GlL)
Carbohyclrate

Prehydrolyzate Maln HydroLyzate

Arablnose

Xylose

Mannose

Galactose

Glucose

2.5

5.9
12.O

3.q
6.8

0

0.9

1.3

0.3

20.0

Total 30.6 22.5

Suspended Sollds
Total Sollds

1.ll

35

3.0
26

(1) see Sectlon 3.1.6 for descrlptlon of prehydrolyzate and naln

hydrolyzate
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Table 3.2 : Conpositlon of Dlstlllatlon Residues Followlng

the Ethanollc Fermentatlon by Saccharonyces

cerevlslae of Llme Neutrallzecl Hood Hydrolyzate
(Mackie, 1982a)

TVpes Concentratlon (g/l)

pH

Ac ldlty
Sulphate

Nitrogen
Phosphorans

Calclum

Phenols

Metals*

Total Sollds

Suspendecl Solids
c0D

BOD

CoIour

Xylose

Arablnose

4. 5-5 .o

1.25 CaCOU (pH 8.3)
1.5

0.018 (fieldah1)

0.003

1.4

0.0005

0.075

21 .g

1.6

22

13

2400 (chtoroplatlnate unlbs)
4.3

2.2

r lnclude Cu, Cr, Fe, Mn and Nl.
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3.1 .7 Micro-organisms Used

3.1 .7.1 Bacterla

The bacteria used in the enzyne

Bacillus coagulans

Lactobaclllus f ermentum

Streptomyees grlseus

3.1 .7 .2 Yeasts

Candlda macedoniensis

Candida pseudotrop icalis
Candida tropical.ls
Candida troplcalls
Candida utilis

Hensenula anomola

Hensenula capsulata
Hensenula holstli
Hensenula saturnus

Hensenula silvicola
Hensenula wickerhami I

KLuyverornyc es marxlanus

Pachysolen tannophilus

Pachysolen tannophllus

Pachysolen tannophilus

studies in Chapter 4 were

NCrB 8870

ATCC 9338

NCTC 7807

ucD,FsT \9-27

cBS 22311

cBs 2321

FD 0261

Local lsolate

rFo 0135

rFo 0721

rFo 1479

rFo 1 466

rFo 0807

rFo 1706

rFo 1007

NRRL Y.2II6O

NRRL Y-2461

ATCC Amerlcan Type Culture Collectlon, Rochvllle, Maryland, U.S.A.

CBS Central Bureau for Schimmelcultures, Baarn, Holland.
FD Food Technology Department, Massey University, Local lsolated
IFO Instltute Fermentatlon of Osaka, Osaka, Japan.

NCIB Natlonal Cotlection of Industrial Bacterla, Torry Research

Statlon, Aberdeen, Scotland, U.K.

NCTC National Collectlon of Type Cultures, Collndale Avenue,

London, U.K.

NRRL Northern Regional Research Laboratorles, Peorla,

IlIinols, U.S.A.

UCD FST Unlversl!y of Callfornla at Davls, Faeulfy of Food Sclenee

and Teehnology, Californla, U.S.A.

Y. 42 obtalned from Department of Microblology, Unlverslty of
Maryland, College Park, l,taryland, U.S.A.
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Cultures were obtalned fron the lnstltutlons named above

(3.1.?.1). Baeteria were maintalned on elther M.R.S. Agar (Oxoid)

(Lactobacillus fermentum) or Tryptone Soya Agar (0xo1d) (Baclllus
coagulans and Streptomyces grlseus), whlle the yeasts were malntained

on Bacto Yeast Morphologlcal Agar (Dlfco).

3.2 MEDIA STERILIZATION

3.2.1 Membrane Filtratlon

Solutlons of xylose, Yeast Nitrogen Base and prehydrolyzate which

had been pre-adjusted to the deslred pH and supplenented wlfh Bacto

Yeasb Nltrogen Base (6.7 g/L) for shake-flask sbudies $rere sterlllzecl
by passlng through a M111lpore fllter (0.45 rrn) obtalned from MlIllpore
Corporation, Bedford, Massaehusetts, U.S.A.

3.2.2 Autoclave

A11 remainlng heat stable medla for culture nalntenance

lnoeulum preparatlon were autoclaved for 15 mln at 121 o.

3.3 CLEANING OF GLASSI{ARE

A11 glassware were routlnely washed ln hot tap water contalnlng

'rTeepoln (Liquld detergent) obtalned from Shell 011 New Zealand

Llmlted, l{e1llngton, New Zealand, thororghly rlnsed ln warm tap water

ancl dlstllled water and then alr drled at abcr.rt 70-800. Glassware used

for enzyme studles were soaked ln chromlc acld overnight prlor to
washlng, then rlnsed several tlnes wlth tap water ancl cllstlllecl water.
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3.4 ANALYTICAL METHODS

3. 4. 1 Mictot !q1_Cel_l_Ccgn!g

Yeast cells ln an allquot of eell suspenslon frcrn the fermenter or

from a shake-f1ask culture were counted dlrectly uslng a haemocytometer

eountlng chamber under 400X nagnlficatlon wlth an Olympus BH blnocular
microscope.

3.U.2 Dry Weight Determlnatlon

An aceurately known volune of fermenter culture or of a

shake-flask culture (10 mt) was pipetted into a centrlfuge tube then

centrifuged under 2,000 g at amblent temperature. The supernatant was

then discarded and the eells washed twlce wlth 10 mI volunes of cold
sterlle distllled water before careful transfer into a pre-welghed

aluminlum moisture dlsh. The dlsh btas then drled at 105 + 20

overnlght, cooled ln a desiceator and then re-weighed. Heatlng and

coollng were repeated untll constant welght was reached. A callbrablon
curve of cell counts (X) (xto6 cells/nl) versus <lry weight (t|) (g/L) is
shown ln Flgure 3.1 rf,rlch wae prepared from rexponentlalil phase eells.
Such a curve was prepared for each experlmental run.
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3.4.3 Analysls of Su8ars

Total reduclng sugars ln wood hydrolyzate or D-xylose of
fermentatlon samples were determined by a modlfication of the

Sonogyl-Nelson Colorlmetrlc Method as descrlbed by Mackle (1982a).

Thls method was used for all tJte D-xylose analyses throughout these

stud les.

Reagents :

(A) Low-alkallnity copper reagent -

Potasslum sodlum tartrate (tZ 91 and anhydrous sodlum

carbonate (eU g1 were dissolved ln about 250 mI of distllled
water. A solutlon of 4 g of cuprlc sulphate pentahydrate in
dlstilled water was added with stlrrlng, followed by 16 g of
sodlum hydrogen carbonate. A solutlon of 180 g of anhydrous

sodium sulphate in 500 mL of dlstilled water was bollect to
expel alr; then the two solutlons were conbined and dilutec
to 1 llbre. After 3-7 days of standing, the clear supernatanL

solutlon was used. Thls reagent was stored ln a warm place.

Arseno-nolybdabe reagent

25 I of l.n. annontum molybdate was ctlssolved tn 450 srl of
distllled water to utrich was added 21 ml of 967 sulphurlc acld,
followed by 3 g of dl-sodlum hydrogen arsenate heptahydrafe

dlssolved Ln 25 ml of dlstllled water.

The mixed solutlon was lncubated for 24 h at 37 o and

stored in a glass-stoppered brown boftle.

Procedure :

Samples from shake-flask or fernentatlon culture were dlluted wtth
dlstllled water so as to contaln between 50 to 25O vg sugar per mI of
solutlon. Low-alkallnity copper reagent (2 ml) was added to 2 mI of
the dlluted sample and also to 2 ml dlstllled water as a reagent bl-ank.

(B)
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The nlxecl sanple was heatecl ln a bolllng water bath for 10 min and then
cooled wlth runnlng water. Arseno-molybdate reagent (1 nl) was added

and the sanples were mlxed thoroughly. After nlxlng, the sanples were

dlluted with 20 nI of cllstilled water, then mlxed agaln by lnvertlrg
tubes several times. All tubes were allowed to stand for 5 to 10 nln.
The absorbances of bhe samples were read at 500 nn agalnst a reagent

blank uslng a Shlnadzu Speetrophotometer UV-120-02 (Shlmadzu

Corporatlon, Kyoto, Japan). The absorbance of each sarnple lras then

calculated fron a standard curve prepared on the day. AII analyses
were perforred ln dupllcate. The conposite of standard curves for
D-xylose analyses by the nocllfied Somogyl-Nelson Methocl is presented 1n

Figure 3.2
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3 .tl .4 CoLurm Chromatography

3.4.4. 1 Ion Exchange Chromatography

A Sephadex ion exehanger, DEAE - Sephadex A50 (Pharmacia Fine

Chemicals, Uppsala, Sweden), was used in enzyme purlficatlon (see

Chapter 4). DEAE - Sephadex A50 was allowed to swell ln distllled
water and then washed repeatedly wlth 0.5N NaOH on a Buchner funnel

untll free of chloride ions. The NaOH was then removed by rlnsing wlth
distilled water and followed by 0.5N HCI treatment. This acid was then

renoved by rinsing with distlUed water until the resln gave a neutral
pH reaction. Finally it was equillbrated with 0.02M phosphabe buffer
at pH 7.0. The ion exchanger was then poured into the columr (internal
dlameter 2.5 X 30 cm). The packed column was conneeted to the eluent
reservoir which was allowed to flow through for 1 6 h at 5 m1 per min.

The active column was stored at 4 o. A known volune of dlalyzed enzyme

solution was then applied to the column. After the column was washed

with 75 ml of the same buffer, the enzyme was eluted by linear gradient

of 0 to 0.25M KCI. Fractlons ( 7.5 ml each ) were collected using an

LKB UItraRac Fracblon Collector (LKB Produkter AB, Stoekholn, Sweden).

Collected fractlons were then measured for tlreir absorbance at 280 run

and their enzyme actlvity.

3.4.4.2 Gel Flltratlon

Sephadex C'-200 (partlcle slze ll0-120 un) from Pharnacla Flne

Chemlcals AB, Uppsa1a, Sweden, was used ln the gel filtrallon study
(Chapter 4). The preparation of the Gel Sephadex G-200, was aecordlng

to the Pharmaclafs Gel Filtrallon handbook (Pharmacla, 1976). The

slurry was paeked in the colurn (lnbernal dlameter 1.0 X 60 cm) r.rtrlch

had been previorsly equtllbrated with 0.02M phosphate buffer, pH 7.0.
The enzyme was eluted wlth the sane buffer. Eluent volunes of 3.0 nl
were colleeted uslng an LKB UltraRac Fractlon Collector (IJ(g proaukter

AB, Stockholm, Sweden). These fractlons were measured for thelr
protetn absorbance at 280 nm and the presence of enzyme activity.
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3.11.5 Gas Llquid Chromatography

Ethanol assays were carrled out using a Shlnadzu GC5 gas

chromatograph (Shimadzu Corporation, Kyoto, Japan) using a flame

lonizatlon detecfor. Hydrogen gas and air flow rates for flame

lonizatlon detector were 55 ml per min and 900 ml per min respectively.
The tnstrument had a U- shaped glass eolumr (1.85 m X 2 urn lnternal
diameter) whlch was paeked wlth '10 t Free Fatty Acid Phase (FFAP) on

Chromosorb G (AW-DMCS) 80-100 rnesh (Supelco Inc., Bellefonte,
Pennsylvanla, U.S.A.). Injection port, oven and deteetor were operated

at 185 ,95 and 2250 respectively. Nitrogen 8as was ed as the carrler,
with a flow rate of 80 mI per min. The recorder charb speed was 2.0 mm

per min. Sample volunes of 1.0 pl were injected using a Hamilton

mierolitre syringe No.801 RN (Hamllton Company, Reno, Nevada, U.S.A. ).
An external standard was used throughout the studies. The callbratlon
curve for ethanol analysis ts shown in Figure 3.3

3.4.6 Hlgh Perforrnance Llquid Chromatography

Xylitol analysis was carried out at the New Zealand Forest

Research Institute using a Hlgh Performanee Llquid Chronatography

(l,toOet HPLC 200) comprislng a U6K septumless loop lnjecbor and a pump

(Model 6000A) and R401 differential refractometer (Waters Associates

Inc., MiIford, Maryland, U.S.A.). A Biorad (HPX-87H) Organlc Aeld

Co1umn with 0.1571 w/v phosphoric acld, flow rate 0.6 mI/min, was used

for separations.

3.\.7 Polyacrylanide Disc GeI Electrophoresls

The partlally purlflecl enzyme (see Chapter 4) was subJected to
polyacrylamlde disc gel electrophoresis (Davis' 19611) for purposes of
establlshlng bhe relatlve purlty of bhe fractions at each stage of the

purlflcatlon. Polyacrylamlde was prepared as a sing1e batch and the

proteln applied to eaeh gel was standardlzed Lo 10 ug. All gels were

treated identically and run concurrently. Coomassle Blue stalnlng was

used (Yamanaka and Takahara, 1977).
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3.5 ENZYME ASSAY

3.5.1 Preparation of Cell-Free Extract

For the purpose of D-xylose lsomerase purlficatlon, baeterlal
cells were harvested after 20 h of incubatlon at 30o in MRS medium wlth

20 S/L D-xylose substituted for glucose ln the reelpe. Cells were

harvested using a Sharples (ttoOet No.T31 3Aq9A2qB8R) centrifuge
(Sharples France, Ruell-Malmaison, France) at 10,0009 and at 20o then

washed twice wlth 0.02M phosphate buffer at pH 7.0. The washed ce1ls

lrere resuspended in O.1l w/v of catlonlc detergent and then incubated

at 37 o for t hour, prior to a 30 seconds dlsruptlon using a Braun Cell
Homogentzer MSK (S. Braun, Melsungen, West Germany). The disruptlon
capsule was constantly cooled wlth liquld carbon dioxlde to prevent any

heat denaturlzation of cell proteins.

3.5.2 Enzyme Assay

The activity of D-xylose lsomerase was determined by measuring the

rate of D-xylulose formation from D-xylose according to the method of
Yamanaka (1966), with a slight modification. A reactlon mlxture was

prepared which contalned 1.0 tr[ of 0.01M (1.e. 1500 ug per url) of
D-xylose, plus 1.0 ml of 0.02M phosphate buffer a! pH 7.0 contalning

0.01rtt MnCI2 and 0.01m1',1 CoCI2 and 1.0 ml of crude cell-free extract or

approprlately dlluted enzyme solutlon. The blank contalned 1.0 ml of
distllled water lnstead of enzyme extract together wlth all other

components. Ttre total reaetlon mixture was then mixed and incubated ln
a water bath at 40o for 10 mln. 0.3 nf of the tofal reaction mixture

was drawn off anct the reactlon stopped with O.? mI of O.5N HCIO . The

formatlon of D-xylulose was then measured using Cysteine-Carbazole

Method (piscne and Borenfreund, 1951). The absorbance was read at 540

nm by uslng Cecll CE 712 LLnear Readcut UV-Spectrophotometer (CeclI

Instrument, Cambridge, England).
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3 .5.3 Cystelne-Carbazole Test

Cystelne-Carbazole Test (Dische and Borenfreund, 1951 ) nas used to
determlne the equilibrlum concentratlon of D-xy1ulose produced by

D-xylose lsomerase. 1 ml of bhe ketopentose (D-xylulose) or 1 mI of
standard reactlon mixture (i.e. 0.3 mI of total mlxture plus 0.7 ml of
0.5N HCIO) were nixed wlth 0.2 ml ot 1.5fi (v/v) cystelne hydrochloride.
To thls mixture was added 6 mI of |Ofi ftlv) concentrated sulphurlc acld

and then 0.2 nl of 0.12fi (w/v) carbazole (ln alcoholic solutlon). The

mixture was shaken well and then held at room temperature for 15 mln.

A reddlsh tlnt was formed and was measured as an absorbance at 540nm.

The standard curve of D-xylulose and D-rylose (from 10 to 2OO ul"l) uslng

thls Cystelne-Carbazole assay is depictecl ln Figure 1.4.

3.5.11 Enzyure Unlts (D-Xylose Isosrerase)

One unlt of enzyne (D-xylose isonerase) was deflned (Yamanaka,

1966) as that activlfy needect to produce 1 pM of D-xylulose per mln ln
the standard reaction mixture (see sectlon 3.5.2 and 3.5.3).
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3.6 CULTURE GROI{TH CONDITIONS

3.6.1 Shake - Flask Cultures

AII the experimental stuclies in Chapters 6 and 7 were performed on

shaken flask cultures in 50 mI of synthetic nedium eontaining Difco

Yeast Nltrogen Base (No. 0392) plus elther 50 nl of pre-hydrolyzate or

20 g/L of D-xylose. Varying concentratlons of Yeast Nltrogen Base were

used (e.9. 1, ll and 7 B/I) ln the statistlcally deslgned experlments,

but unless otherwise stated, the concentratlon was 6.7 8/I. Acidity
was pre-adJusted to the desired pH values (t.e. 2.5, \.5 and 6.5).
AII media were sterilized using membrane flttration (0.45 Uor

Millipore; refer section 3.2.1). After inoculatlon' flasks were

incubated at 30o (or other stated temperatures) wtth eonstant shaking

at 100 r.p.m. ln an Orbit Water Bath Shaker (No. 3535) or Environ

Shaker (No.3597) (taU-flne Instrunents Inc., Melrose Park' Illlnois,
u.s.A. ).

3.6.2 Fermenter Culture

3.6.2.1 Equipment - Fermenters and Electrodes Used

Elther a Multigen F2000 or a Blogen Laboratory Fermenters (New

Brunswick Sclenblflc Conpany Limlted' New Brunswick, New Jersey,

U.S.A. ) wi th the 2-litre vessel (1 .5-Ittre or 1 .35-litre working

volume) was used for bateh and contlnuous cultures. The assembled

fermenters ln contlnuous eulbure operations are deplcted ln Flgures 3.5
and 3.6. Flgure 3.7 shows a schematlc dlagram of the fermenter and lts
anclllary equipment. Either air or oxygen-free nltrogen gas was

supplled to the fer'nenter through a (lnternal diameter 2 x 20 en)

sterillzlng glass-wool filter. Gas entered the vessel through numercus

hotes ln the base of the impeller shaft. The gas flowrate was measured

with a flow-meter (Platon Flow Confrol Linited, BasingStoke, Hampshire,

England), with a flow range of 50-60 m1 per nln. The agltatlon speed

of the dual (four-bladed disc-turblne) lmpellers was 100 r.F.D., driven
by magnetic motor at the base of bhe vessel (l Uuttt-ln revolutlon



50

counter was avallable on the lnstrument). Temperature throughout the

studles was controlled by a thermistor sensor at 28 : 0.5 o inserted
through the head plate and submerged lnto culture. The exhaust alr
from the cultune vessel was passed lhrough a water cooled condensor and

then via a splash-head into a concentratecl sulphuric acid catch-pot.
Thls absorbed all the water vapour before passing the gases through a

sillca gel drying tube and then on to a Taylor Servonex O<ygen

Analyzer, Type 0A272 (Taylor Servomex Llmlted, Crowborough, Sussex,

U.K.). The analyzer was callbrated according to the marnrfacturerIs

speclflcatlon. A galvanlc dissol.ved oxygen (DO) probe, Type M1016-0208

(New Brunswick Scientific Company Inc., New Brunswlck, New Jersey,

U.S.A.) was used to measure the dissolved oxygen tenslon (DOT) in the

culture. The probe was connected to Dissolved Oxygen Analyzer (DO-40)

(New Brunswlck Scientlflc Company Inc., New Bnunswick, New Jersey,

U.S.A.) and its output was recorded on the recorder chart. The

callbration of DO probe wag conductecl ln situ by sparging oxygen-free

nltrogen gas through the medium to strlp off any dissolved oxygen.

Thls gave zero oxygen saturation. The culture was then aerated with

air to give 100[ of saturatlon. Redox potentlal control was carried
out using the same methoct adopted by Clark (1982) for dissolved oxygen

control.

3.6.2.2 pH Measurement

The routine pH measurement was performed with either a Metrohm

Herlsau pH neter E520 (Metrohm Herlsau, AG, Herisau, Switzerland) or a

New Brunswick pH meten (New Brunswlck Sclentlflc Company Inc., New

Brunswiek, New Jersey, U.S.A. ).

3.6.2.3 Dlssolved 0xygen Tenslon (DOT) Measurement

Dissolved oxygen tenslon was constantly rpnltored by uslng either
a Beckman Fteldlab Oxygen Analyzen (No.100800) ln comblnatlon wlth its
Polarographle Oxygen Sensor (No. 3g55O) (Becfman Instruments Ine.,
Fullerton, Callfornla, U.S.A.) or a New Brunswlck Dissolved Analyzer
(DO-I{O) (Hew Brunswlck Selentiflc Company Inc., Edison, New Jersey,

U. S.A. )
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Figure 3.5 The Assembled Fermenter in Continuous Aerated

Chemostat
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Figure 3.6 The Assembled Fermenter in Continuous FIow

System with Redox Controller (see Line

Drawing for Full Explanation)
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3.6.2.4 Redox Potential Measurement

A CalomeI Reference Electrode (Kq01 ) tn comblnatlon wlth a

Platinum (P101 ) Electrode were obtalned frqn Radiometer, Copenhagen,

Denmark, and was used to control and monltor redox potential in
chernostat studles (8.3.tI) .

3.7 DISCUSSION OF METHODS

The calibratlon curve of the total yeast cell count versus dry

weight as slrown in Flgure 1.1, was checked by a linear regresslon for
all experlmental data. The relationshlp was always llnear and the

regresslon data are presented in Appendix 2, the F-ratlo of mean square

due to regression and to mean sguare due to residual was highly
significant aL the level of 0.1tr. Thls meant that the dry biomass

could therefore be estimatecl with a high degree of confldence from the

calibratlon curve if the observed cells number were counted uslng a

haemocytometer. Thls was a point of convenlence ln the experiments.

The standard curve for the modified sugar analysis by the Somogyi

and Nelson (Mackie, 1982a) nethod showed poor day to day

reproductbillty. Thls ls apparent from Figure 3.2 wttich is a plot of
eight such standard curves collected over a two nonth perlod. Appendix

3 contains the result of a two way analysls of varlance uhlch showed a

signlflcant variatlon at bo 1tr leveI. The hlgh day to day varlablllty
could be due to the great sensitivity of this analysis to the time and

tempenature of heatlng ln water-bath (Mackle, 1982a). To clrcumvent

this problem, a fresh standard curve was prepared for each new set of

analyses.

Errors assoetated wlth the gas chrotatographlc assays of ethanol

were examined statlstlcally by employlng replicate lnjections of an

external standard. Each of the four external standard concentrations

was lnjected ln !ripllcate eaeh time the chromatograph was operated. A

two way analysts of varlance was performed on all the data and thus
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revealed conslder?bl(day to day varlatlong. One way analysls of
varlanee performed on the data for each concentratlon showed that day

to day varlatlons were greatest at the htghest concentratlon of
standard. fire results of these analyses of varlance are presented ln
Appendlx 4. The poolecl standard devlatlons for each concentratlon
provldecl a measure of the nachlne error arlslng at that partlcular
concentratlon and allowecl an estlnatlon of 95! confidenee llmlts for
each ethanol concentration polnt on the standard curve (Flgure 3.3).
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Gf,lPtf,a FU|R : PlGX.Il{IIlru SruDIES (F SCntEIIIt FOR

PEITOSC FEMETIIE ORC'II,f,IS IID
HANG LITE' ?Tfl'tIXE FEEHTTII(I

This Chapter consists of two parts. It describes two totally
independent approaehes to the fermentation of D-xylose to ethanol. The

first part. describes the screenlng of organisms for thelr ability to
ferment D-xylose while the second part considers the enzymatic

conversion of D-xylose fo D-xy1ulose using D-xylose lsomease. Thls

enzymefs activlty ln three bacterial types was measured and a parLially
purlfled enzyme was prepared from Lactobaelllus fermentum ATCC 9338.

4.1 Pilt I : SCf,fElIlE Fm IILOSE FEnEtIre OngIf,SS
BT USIre STRICNMT CULfl'NE TITUf,tq'ES

4.1 .1 INTRODUCTION

At the time of commenclng this screenlng work, the state of
knowledge concerning the bioconverslon of hexoses and pentoses to

ethanol and other related metabollc products by baeterla could be

summarised accordlng to Table 2.1. It was consldered that further
screenlng and culture enrichment studles corld be used to find a noveL

pentose fermentlng organism. The followlng serles of experlments were

deslgned wtth this obJectlve ln mlnd, that ls, to isolate an organism

wlth an ability to convert D-xylose prlmarily to ethanol and perhaps to
other useful produets (such as volatlle acids).

U.1 .2 EXPERIMENTAL METHODS

The enriehment method of Claus and Wllmanns (1974) was aclcpted.

The media used for all the enrichment eultures stated below contained

40 g/1 of D-xylose wlth or without a supplement of Dlfco Yeast Extract
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and were pre-adjusfed to pH 6, ? or 8. The enrlchments were incubated
at 3Oo for four days and then three subsequent transfers of the culture
were carried out.

Anaeroblc digester sludge mlcroorganlsms were establtshed in an

enrichment nedlum dlspensed tn 250 mI glass stoppered bottles.

Deeaying wood fragments were taken from a compqet heap. Test
fermentations were run at pH 6,7 and 8 with and witlrout yeast extraet
supplements.

No nltrogen supplementation was used in thls trla1 again set up at
pH values of 6r 7 and 8. However, to select for spore-forming bacteria
(such as Clostridium) a serles of inoculated flasks were heat treated
at 80o for 10 min prior to incubatton.

4.1.3 RESULTS

q.1.3.1 Enrichment Cultures from Anaeroblc Digestion SIudge

Results for anaerobic sludge cultures are presented in Table l{.,1.

The main fermentation products yielded were acetie acld, butyric acid
and ethanol. Best produetlon of ethanot was at pH 8. Addition of
yeast extract had little, if any affect. At all other pH values, that
isr 6 and 7, supplementation of the fermentatlon with I g/I of yeast
exbract slightly enhaneed the ethanol productlon. It was presumed that
anaerobic sludge prorided sufficient nltrogenous materiaL for lhe
deveroping cultures. Both cultures at pH 8, with and without nltrogen
enrichment, produced acetlc acld, butyric acid and ethanol in the
approxinate ratlo of 3:3:2 (see Table 4.1 ).

4.1.3.2 Enrlehment Cultures frcrn Decaying Wood

The analytlcal results for culture supernatants are set out in
Table 4.2. These eultures were noteworthy for they produced more

aeetic acid than ethanol.



58

Table 4.1 Fermentatlon End-Products ln Supernatants frcrn
Enrichement Cultures Developed i'rom AnaeroblcDigester Sludge

Produet

g/L

Initial pH of Culture

7

Ethanol

Acetlc Acld

Butyric Acld

Biomass Yield(g/1 dry weight)
CellqCount
( x1 0"7mI )

0

1.05

0.77

1 .54

ND

o.6ll

1.16

0.86

1 .2U

8.75

0.56 0.96

2.42 1.58

0.19 0.67

1 .\7 3.87

T .60 ND

1 .otl 1.12

1 .37 1 .79

0.96 1.63

1 .47 2.45

10.35 12.25

A - Dlfco Yeast Extract at 6.7 g/I lncluded ln nediun.
I - Absenee of Dtfco Yeasb Extract from nedium.

ND - Not Determined. Initial xylose was A0g/L.

TabIe 4.2 Fermentatlon End-Produets ln SuDernatants from
Enrlchement Cultures Developed ?rom an Inoculunof Rottecl Hood Fragments

Product

8/L

Inltial pH of Culture

7

Ethanol

Acetlc Acld

Butyrlc Aclcl

0.40

19.21

3.65

0.16 0.56

18.17 23.52

1 .44 3 .17

0.6q 0.16

2\.78 ',tg .53

5.18 0.29

0. 16

6.20

0.19

A-
B-

Dlfco Yeast Extract aE 5.7 g,/1 lncluded ln nedlum.

Abserrce of Dlfco least Exbract from nedlum.
Initial xylose concentration was Alg/L.
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4.1.3.1 Enrichment Cultures from Garden Compost plus SolI

Table 4.1 presents the results from trials using a garden compost

inoculun. It was shown that once again acetic acld produclng bacterla

dominated the populatlon and that relatlvely low concentratlons of
ethanol developed where spore-formlng organlsms were selected. Butyrie

acld was the next slgnlficant end-product after acetic acld.

Table 4.3 Fermentatlon End-Products in Supernatants from
Enrlchement Cultures Developed from an Inoculum
of Garden Compost plus So11

Product

8/L

Initlal pH of Culture

7

c

Ethanol

Acebic Acld

Butyrlc Acld

0.211

7.35

4.03

0.16

18.17

1 .ll4

0.16

12.39

11.70

0.16 0.211 0.16

6.20 26.25 19.53

0.19 6.72 0.29

Heat Treatment glven at 80o for 10 mln

Heat Treatment not glven
Initial xylose concentration was 40 g/L.

The concentratlon of ethanol devel.oped ln these mlxed cultures was

not partlcularly hlgh. For a glven enrlchnent culture to warrant

further lnvestlgatlon, 1.e. purlfleatlon of its corponent organlsms

responsible for ethanol fornatlon, a producfs ratlo for ethanol,

aeetlc, butyrlc was arbltrarlly set at 221 z'1. As no enrlchnenf

exhlblted this ratio, further experlmentat work was dlscontlnued.

c

D
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4.1.4 DISCUSSION

The enrichment culture technlque is based on free competitlon

among different organlsms in liquid nedla (Nakayama, 1981 ). It is an

effective technique to select or isolate a new organism from the

natural environment. A number of researchers have adopted enrichment

culture technlques to isolate the mesophilic bacberla, sueh as Sarcina

maxlma (Claus and Wilmanns, 19711); Sarclna ventrlcull from soil (Finn

et al. , 1981t ), and also extreme thermophilic bacteria, such as

Clostridium thermonydrosulfuri (Wiegel et EI., 197 9) ;

Thermoanaerobacter ethanollcus (Wiegel and Ljungdahl, 1979 and t981 );
Thermoanaerobium brockil (Zeikus et al., 1979), for the fermentatlon of
pentose(s). The results of three different enrichment prograrmes

described above (Sections 4.1.3.1 to 4.1.3.3) showed that cultures from

deeaying wood fragmenbs and garden compost plus sol1 developed

relatively hlgh acid and fow ethanoL concenbrations. Eaeh enrichment

produced Low ethanol concentrations of less that 5 g of ethanol per 100

g of D-xylose consumed whereas Flnn et 
"I: 

(1984) using a maltose

enrichment technlque at pH 2.2 foJ-)-owed by repeated plating, were abLe

to obtaln a pure culture of Sarclna ventriculi, vtttich f errnented 20 8/I
arabinose and yielded up to 30 I of ethanol/1OO 8 of arablnose

uti I lze d.

Durlng the perlod of bhis work other investigators were

considerlng another approach, l.e. the initial converslon of D-xylose

to D-xylulose prlor to fermentablon. Such an approach appeared

feaslble and formed the toplc of the next section of work.

4.1.5 CoNCLUSToNS

Three types of enrlchment culture were developed fron anaerobic

digester sludge, decaylng wood fragments and Sarden conpost plus soil.
The enrichmenb culture developed from anaeroblc digester sludge yielcled

considerable arrcunts of acetic and butyric acids as well as ethanol.

The enrlchment eultures developed frcm decaylng wood and garden compost

plus soil produeed a high quantity of acetlc acld as compared with
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butyrlc acld and ethanol nhlch $as ln excess of 5 I per 100 g of
D-xylose utll.lzed. No culture was able to procluce ethanol as a

donlnant product free of other undeglrable netabollc encl-prtducts such

as acetlc acld. Consequently, the enrlchnent culture progranne for
screenlng pentose-fernentlng organlsns was dlscontlnuecl.
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4.2 Part II : EAIG-IE|!iI SSfElSi SaUDIES

U.2,1 INTRODUCTION

The conclusion reached at fhe end of the previous Seetlons 2.2.1

and 4.1.5 was that a yeast capable of fermenting a penfose to ethanol

could not easity be found durlng early 1981, However, ln vlew of the

observations bhat many yeasts do ferment pentuloses (Wang and

Schneider, 1980; Wang et aI., 1980b; Jeffrles, 1981; Go4S et ?1.,
1981; Ueng, et oI., 1981 ) to ethanol, lt seemed appropriate to
consider the converslon of pentoses fo pentuloses by enzymatlc means.

A longer term objective woul-d be fermenting with yeast the pentulose so

formed to ethanol Lhus avolding other end producbs such as acetic acid.
The punpose of thls section ls to descrlbe the screenlng of promislng

D-xylose isomerase produclng organisms and to extraet and then pwify
this enzyme for use in the isomerizatlon of D-xylose to D-xylulose.
Thls isomerization product could then be further fermented to ethanol

by an appropriate yeast systen.

U.?.2 EXPERIMENTAL METHODS

U.2.2.1 Culture and Extraetion of D-xylose Isomerase

Bacteria were grown in 250mI of elther M.R.S. or Tryptone Soya

nedlum (descrlbed in Sectlon 3.1.1) at 3Oo in 5OO ml Erlenmeyer flasks
for 20 h wl!h agitatlon at 150 r.p.m. Ce1I5 were then harvested and

ceII free extracts preparecl (Section 3.5.1) ano assayed (Sectlon 3.5.2)
for proteln and enzyme actlvlty.

U.2.2.2 Enzyme Purlflcatlon

The bacterlum, Laetobaclllus fermentum ATCC 9338, tas grown ln 10

1 M.R.S. broth wlth D-xylose ag a carbon source insbead of glucose at
30o for 20 h. Cell free extractSwere prepared either by dislntegratlon
(Sectlon 3.5.1) or by treatment wl th 1 e/l of cationic detergent
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(eetyltrlmethyl ammonlum bromide) followed by centrlfugatlon (USE

Hi-Span 21 Centrlfuge; MSE Scientlflc Instruments, Manor Royal,

Sussex, England) at 14,700 g for 10 mln at l{o.

The enzyme assay procedure was descrlbed in Sectlons 3.5.2 to
3 .5 .4.

Enzyme purification was inttially based upon the purlfication
nethods of Yamanaka ( 1968 ) and Yamanaka and Takahara ( 1977) . AII
puriflcation steps were conducbed below 4o unless otherwise stated.
The procedures were as follows z

Manganese Chloride Treatment z 8.25 ml of 1 M manganese chloride
solution was added dropwlse lnfo the crude cel-l free extract wlth

constant stirrlng. 1 N sodium hydroxlde was used to ralse bhe pH to
6.5-7 .0. After allowing the extract to stand for 30 min, the

precipitate was then recovered by centrlfugatlon at 4o at 14,700 g for
10 min.

The supernatant was the manganese chloride treated extract.

Amnronium Sulphate Fractionation : Preliminary experiments

establlshed thab the 70-80tr saturation fractlons contained the highest

speciflc aetivity (see Table q.5). Thereafter aII extraets were

fractionated by adding solld amnrnium sulphate to gtve 701 Lo 80 %

saturation. The preclpitaLe was colleeted by eentrlfugabion at 1 4,700

g for 10 min at llo and then dlssolved ln 0.02M phosphate buffer, pH 7.0

and dlalyzed overnight agalnst the same buffer contalnlng 1 mM

manganese chlorlde.

Cotumr Chromatography : The dlalyzed preparation was then applied
to a colunn of DEAE-Sephadex A50 (lnternal dlaneter 2.5 X 30 cm) as

descrlbed ln Sectlon 3.11.4.1.

Gel Flttratlon : The pooled enzyme solution from DEAE-Sephadex

A50 was applled to the eolum of Sephadex G-200 (lnternal diameter 1.0

X 60 cm) as was descrlbed ln Sectlon 3.4.U.2.
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The purlty of the enzyme fractlons from eaeh stage of the

purlficatlon was demonstrated by uslng polyacrylamlde disc gel

electrophoresis (Sectlon 3.4.7 ).

U.2.2.1 Enzyme Stabllity

Isomerase assay reactlon mlxtures were prepared in bhe usual

manner. Under test, hydrolyzate as descrlbed ln Table 3.2 was

substitut"O fo. distllled water in the buffers (see Sectlon 3.5.2).

4.2.3 RESIJLTS

4.2.3.1 Screening of D-xylose Isomerase Produclng Organlsnns

Three baeteria, Baclllus coagulans NCIB 8870; Lactobacillus
fermentun ATCC 9338 and Streptomyces griseus NCTC 7807, were screened

for the D-xylose lsomerase actlvlty. Baclllus coagulans and

Laetobaeillus fermentum were grown ln M.R.S. broth and Streptomyces

griseus ln Tryptone Soya broth with D-xylose as a carbon source lnstead

of glucose, AII three exhlblted aeflvlty and Baclllus coagulans was

chosen arbltrarily to establlsh a cell disruptlon procedure for the

release of the enzyme from cells. Thls procedure was then used for
purlflcatlon sbudies.
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4.2.3.2 Extractlon of D-xylose Isomerase from Baclllus coagulans

NCrB 8870

M.R.S. broth cultures of Baclllus coagulans were grown a! 30o for
varlous perlods prior to harvestlng, standardized (absorbance)

suspenslons were dlsintergrated for studies of enzyme activlty.

The results (figure 4.1) demonstrated that uslng the Braun

Homogeniser (3.5.1) the highesf enzyne activity was extracted from

cells harvested 20 h after inoculatlon.

Figure 4.2 shows that in extnacte from cetls harvested from 18 to
24 h cultures, the reaction equlllbrlum (lsomerlzatlon) was establlshed

in the reactlon mlxture some 10 min after substrate addltlon. It was

noted also that the equlllbrium was not even achleved after 20 mln for
cell free extracts from 1 6 and 24 h cultures.

A corparison of two dlsruptlon methods (3.5.1) ras also nade. The

results strown tn Flgure 4.3(A) suggested thab the hlghest enzyme

actlvlty was aehleved one hour after the conmencenent of treatment with

eatlonle detergent. Hence, a one hour lncubatlon tlme wlth 1 glL of
catlonic detergenf was adqted ln further purlf lcatlon (4 .2.3.3) work.

The results shown ln Flgure q.3(B) lndlcated that tJre optlmun treatment

tlme wlth the Braun Homogenizer was 30 seconds. Furbher lncrease of

the dlsintegratlon fime eaused enzyne denaturatlon.
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The results (rlgures 4.3(A) and (B)) also revealed that catlonlc
detergent alone released almost the aame arpunt of enzyme as did
mechanleal dlsrupblon. A conblnatlon of both methods released as nuch

enzyme as tlre catlonlc detergent method alone (taUte 4.ll). fitus, the

dlsruptlon procedure chosen dld not seem to be crltical to enzyme

reLease exeept that homogenlzatlon was faster.

Tab1e 4.4 A Comparlson of the Enzyme Acttvlty Released

lnto Supernatants from Baclllus coagulans by

Dlfferent Cell Dlsruptlon Methods

Methods Enzyne Actlvity
(Units/I) xl ,000

Catlonlc
Detergent

Detergenb
PIus

Homogenizatlon

42.1 + 19.6

42,8 + 9.8

* 1 g/L Cetyltrlnethyl antrcnlum bromlde

The results of

a) the age of

this work has glven some lndlcatlon of

culture to use for maxlnal lsomerase activity

b) tlre nost approprlate reactlon tlme for quantlfylng actlvlty

c) the conflrmatlon that

Thls lnfornatlon lras now

lsomerase from Lactobaclllus
hlgher enzyme actlvlty ln celI
llsted ln 4.2.3.t.

dlsruptlon nethod was not crtt,lcal.

used ln the purlflcatlon studles of the

fermenhrn uhlch appearecl to demonstrate

free extracts then dld the other two
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U.2.3.3 Partlal Purification of D-xylose Isomerase of

Lactobaelllus fernentum ATCC 9338

Havlng establlshed a sultable cell. dlsruption method it was

posslble to re-evaluate the lsomerase actlvitles of the three bactenla

used in 3.2.3.1 and that of Laetobaclllus fermentum was the hlghesf.
Thus, thls bacberlum's enzyne was used ln purlficatlon studies. Cetl

free extraets were prepared for fractlonatlon.

The results presented in Table 4.5 show that 70 to 80t amnonlum

sulphate fracfions contalned high D-xylose lsomerase actlvities.
Hence, 70 to 801 saturatlon amronlun sulphate was ehosen to preclpltate
the manganese chloride breated cell free extract protelns.

TabIe 4.5 D-xylose Isomerase Aetlvity and Protein Content

of Varlo.rs Fractlons from Anrpnium SuLphate

Fractlonatlon

Fractlon Total Proteln Specific Actlvity
Number AcLivlty Content of Released Enzyme

$ ot (Untts/l) (g/I) (untts/g protetn)
saturatlonof (NH)2Soq

o - 40tr 2,100 o.21

40 - 7ot 25,500 7 .',13

70 - 80tr 33,100 1.39

1o ,000

3,580

23,82O

Crude Extractof 32 1000 2.58 12 
' 
400

L. fermentun
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Flgure 4.4 shows the slngle peak of enzyme actlvity correspondlng

fo the protein peak.

The pooled enzyme soluflon from tubes q5 to 60 off the

DEAE-Sephadex A5O was applled to the column of Sephadex GeI G-200

(lnternal diameter 1,O X 60 en) and the chromatogram of thls gel

filtratlon is shown ln Figure 4.5. A rather symmetrlcal proteln peak

wag observed.

An UV-spectrophotometer (Varlan Series 634; Varian Techtron tgyi
Limited, Mulgrane, Vlctoria, Australla) scan of the enzyme solutions
from different steps of the purificatlon procedure set out ln Section

4.2.2.3, is shown ln Figure 4.6. The crude L. fermentum cell- free
extract exhlbited its peak at 264 nm whereas fractlon number 15 of
Sephadex G-200 showed its peak aL 279 r:urt. These results suggested that
an purer protein was eluted from the Sephadex G-200 column. Further

study of the purity of fracblon 15 was carried out uslng polyacrylamide

dise ge] electrophoresis, several bands were detected (FiSure 4.7). It
was concluded that the enzyme fractlon obtalned from Sephadex G-200 was

a partlally purlfied enzyme. The purlfieatlon procedure is sumnarlzed

ln the Table 4.6 and a eomparlson of the protein purlby at each stage

of the purifieation using the electrophoresis gels is nade ln Figure

u.7 .

The effect of D-xylose concentration on bhe partlally purified
D-xylose isomerase Has studled by determinatlon of the Michaells

constant (Km) for D-xylose. The Km value as calculated from Flgure 4.8

as 10.8 mM D-xylose. This Km value ls about twlce that of D-xylose

lsomerase frdl cllfferent LactobaclIIus specles as reported by a number

of researchers (see Table 4.7).
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Table 4.6 Purlflcatlon of D-xylose Isomerase of Lactobaelllus
fernentunt

Purif lcatton voLume Actlvity l3t?}rw |33?t"r" iB;i+ft; Recovery Reratlve

SLep (1) (Unlt_s. (Units) (e) (Units (t) Purlficatlon
per 1) oo:".Ernl

x1 ,000 x1 ,000 x1 ,000

crude 0.169 1?.14 2.9O 0.88 3.30 100 1

Extract

Manganese 0.166 32.85 5.45 0.44 12.37 188 3.75
Chlortde

Ammonium O.O?5 29.44 2.2U 0.38 5.89 77 .2 1.78
Sulphate

DEAE- 0.115 19.00 2.19 0.14 15.64 75.5 11.74

Sephadex A50

sephadex 0.051 25 .T 3 1 . 36 0. 1 1 12.36 46 .9 3.75
G-200
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Table 4.7 A Comparative Stucly

frorn Lactobaclllus
of Kn Values of D-Xylose Isomerase

spec les

0rganisms Pur ity Substrate K
(nl,t)

Referenee

Laetobac illus
brevls IFO 3960

Lactobacillus
xylosus nrA 6-9

LactobacilLus

brevls NCD0-474

Lactobaclllus
fernentum ATCC 9338

Pure

Pure

Partlally
Purlfled

Partial ly
Purlfled

xylose

:rylose

glueose

xylose

0.8-1 .6

10 .8

Yamanaka

( 1968 )

Yananaka

Takahara

(1977 )

Kent and

Enery

(1 97 3)

Present

work

5.0

5.3
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Figure 4.7 Polyaerylamide Ge1 Electrophoresis of D-xylose
Isomerase of Varlous Purification Fractions

?rur
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*
t

Crude Extraet
Manganese Chloride Treatment
Ammonium Sulphate Fractions (70-80tr)
DEAE-Sephadex A5O Fractions
Sephadex Cr200 Fraction No.15

9338 was grown as a 102 batch cul-ture in
for 20 hours. After harvesting cyto-

from disintegrated washed cells, gef
standardized according to Section 3.4.7 .

(1)
(2)
(?)
(q,l

L. fermentum ATCC

MRS medium at 30'
plasmic material-
preparations were

s
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4.2.3.4 Study of D-xylose Isonerase Actlvlty ln Hydrolyzate

The loss of enzyme actlvlty ln an enzyme reactlon mlxture using

hydrolyzate to replace distlllecl water ls recorded ln Table 4.8. The

results lndtcated that the partlatly purlfled Lactobaelllus D-xylose

lsomerase and the commerclal 'sweetzymer were conpletely lnhibited by

lnhlbltors in the hydrolyzate.

TabIe 4.8 A Study of Partlally Purlfled Lactobagtllus fermentum

D-xylose Isomerase and 'Sweetzymer Actlvltles ln Plne

Wood Acld Hydrolyzate

Enzyme

Used

D-xYrosenffiiiS"ii,SEStu ttr *

Control Test
(D-xylose Medium) (lctO Hydrolyzate)

LactobacilLus
fermentum
(Partlally Purified)

'Sweetzyne I

Bacillus
coagulans

21

37

i AII the experlments were carrled out ln dupllcate.
'sweetzymer ls the nane glven to the xylose lsomerase marketed

by Novo Industrles, Copenhagen' Denn:ark.
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u.2.u DrscussroN

Chen et al. (1980a and b) performed a comparative study of
methods used to release D-xylose lsonerase from Sbreptomyces

flavogriseus. They found that both chemical (cationic detergent) and

mechanical dlsruption methods released almost the same amount of
enzyme. Kent and Enrery (1973) compared heat autolysis and mechanlcal-t
disruption methods. They clalned that heat autolysis was superior to
meehanical methods for enzyme release. The present experiment compared

chemlcal and mechanlcal methods and the comblnatlon of boLh. Catlonic

detergent alone released almosf bhe same anpunt of enzyme as dicl

mechanlcal dlsruption. Table 4.4 shows that the combinatlon of both

methods released the same arnunt of enzyme as the eationic detergent

method. This research compared favourably with the results of Chen's

study us ing Streptomyces flavogriseus.

The results suggested that the Laetobacillus fermentum D-xylose

isomerase was a partially purified enzyme and had a higher Km val-ue

than the Kn values of LactobacilLus brevis (Yamanaka, 1968) and

Laetobacillus xylosus (Yamanaka and Takahara, 1977) lsomerases uslng

D-xylose as the substrate.

According to Maekie (1982a), Ilme neutralised hydrolyzaLe contains

1.\ e/l of calclum (Table 3.2). Calcium is an lnhlbltor of eommercial

Novo enzyme 'sweetzymer and it was reported by Zlttan et al. (1975)

that as low as 35 W/L of calcium concentration has an lnhibitory
effect. Fullbrook and Vabo (1977 ) also revealed that calclum is an

effectlve inhibltor of the lsomerlzatlon enzyme' 'Sweetzymer. They

have sbrongly emphasized the lmportance of calclun removal to less than

1 W/L in the productlon process for fructose syrups. Only after the

removal of calclum ions from wood hyclrolyzate wll1 this raw maberlal be

suitable for treatment with D-xylose lsomenase as a prelimlnary step to
bhe ethanolle fermentation of the wood pentoses.
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4 .2.5 CONCLUSTONS

The extractlon of D-xylose lsomerase from the bacterlal cells was

performed uslng either chemical (catlonic detergent), nechanical (cell
homogenizatlon) or a combination of bobh methods. Further purlflcatlon
of the Lactobaclllus D-xylose lsonerase by marganese chloride
treatment, amronlum sulphate fractlonatlon, followed by the colurur

chrmatography, lon exchange (UnAe-Sephadex A50) and gel flltratlon
(Sephadex G-200) was carrled out. Thls purlficatlon netiod ylelded

only a partlally purlfied enzyme when examlned by polyacrylamlde dlsc
gel electrophoresls. Ttris partlally purifled D-xylose lsonerase had a

Km value of 10.8 nl'lole D-xylose.

Both the partially purifled Laetobaclllus D-xylose isomerase and

cosmerclally supplied 'Sweetzynef were completely lnactivated by

inhlbltor(s) presumed to be ealelun lons, present ln the plne wood acld

hydrolyzate. Hence, the sbudy of the lsomerlzatlon of D-xylose to
D-xylulose by D-xylose lsomerase and further converslon of the

D-xylulose to ethanol by an appropriate yeast was dlscontlnued.
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Gf,IPtTN EIIE Pm.Ilfirrar s|tril Ftrlr stUDrES

Paclr5rsolen tannophtlus IX D-flI.(XE'

SIITErIC MNil ITD XI)D EDB(I.IZI?E

5.1 INTRODUCTION

In Chapter Four, lt was shown that pentose-fermentlng bacterla
produced a varlety of end-products additlonal to ethanol' thus

conflrming reports in llteratur€. The feasibility of an enzyme-yeast

systen was explored. This approach is a two stage process lnvolving
the enzymatic conversion of xylose to the easlly fermented pentulose.

Unforbunalely, the enzyme (D-xylose isomerase E.C. 5.3.1.5. ) was

markedly inhlbibed, probably by the high concentratlon of calclum ions

present in the wood hyclrolyzate. Tttis lnhibltion was seen as a

posslble problen in any comnerclal scale operafion and requlres further
lnvestigatton. The flrst publlshed reports of a D-xylose-fermenting

yeast (Schnelder e! gl., 1981a; Jeffries, 1981a) appeared at the tine
of these calclun ion inhlbMon sbudies. Consequently, work was

re-dlrected towards a broad study of the growth and fermentation

characterlstics of Pachysolen tannophllus IFO 1007 ln both a synthetlc
D-xiylose medium and ln prehydrolyzaEe.

5.2 EXPERIMENTAL METHODS

5.2.1 Shaken Flask Experinents

The shake flask studles ln thls prograrme were performed ln 100

nI Erlenneyer flasks contalnlng Difco Yeast Nitrogen Base (No. 0392)

aE 6.7 g/l ln elther 50 mI prehydrolyzabe or 50 ml synthetlc medium

wiLh 20 Ei3' oi one of ihe foLlo'*lng sugars : D-xylose, D-gJ.ucose,

D-mannose, D-galaetose or L-arablnose. A11 flasks were lneubated at

30o unless otherwise stated and wlth constant shaklng at 50 r.p.Bl. (or

1OO, 150 or 200 r.p.m. where speclfled) in an Orblt tlater- Bath Shaker

(No.3535) or Envlron Shaker (tlo'3597;, Lab-tlne Instrunents Inc.,
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Melrose Park, IIlinois, U.S.A. For ethanol assimllatlon studles, 16

glL or I g/l absolute ethanol (B.D.H.) was used lnstead of 20 g/L of
sugar as the growth substrate.

5.2.2 Yeast Cultures

Yeast cultures used are listed ln Table 5.1. The cultures were

obtained from dtfferent sources (see sectlon 3.1.7). AI1 the yeast

cultures were maintained on Bacto Yeast MorpholoSlcal Agar slopes.

5.3 RESJLTS

5.3.1 Screening Yeasts for D-Xylose Fermentatlon

Pachysolen tannophllus ls one of the few yeasts that can dlrectly
ferment D-xylose to ethanol. The genus Pachysolen 1s closely related,
phylogenetleally and physiologically, to fhe genus Hensenula (Wickerhasl

and Burton, 1961; Wlckerham, 19TO; Yamada et 41, 1973).

Consequently, six species Hensenula' nhich are phylogenetically very

close to lechysolen tannophilus, four Candlda speeies and a straln
Kluyveromyces marxlanus were tested for their abilify to ferment

D-xylose in synthetlc media. Table 5.1 shows that Hensenula

wlckerhamii IFO 1706 and Hensenula capsulata IF0 072'l exhibited traces

of ethanol in culture supernatants ( le. 0.4 g/L) . Each sbrain

Pachysoren tannophilus (lnnl Y-2460; NRRL Y-2461 and IFO 1OO7 )

produced 3 to 3.2 g/L ethanol from 20 g/I D-xylose. No further work

was conducted uslng Hensenula, Candida or Kluyveromyces ln view of the

superiority of Pachysolen tannophllus stralns.
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Table 5.1 A Screenlng of
Capabi I I ties

Yeasts for D-Xyloge Fermentatlon

Yeast Tested Ethanol Productlon

G/r)

Candida macedoniensls

Candlda pseudotrop icalls
trop lcalis
trop lcall s

ucD,FsT u9-71

cBS 2234

cBs 2321

FD 0261

Local isolated

Candlda

Candlcla

n11

nll
nl1
n11

n11

n11

trace
n11

n11

nlI
trace

3.0

3.2

3.2

nl1

Candida utl11s

Hensenula anomola

Hensenula capsulata

Hensenula holstli
Hensenula saturnug

Hensenula silvlcola
Hensenula wlckerhamll

Pachy solen tannoph llus
Pachy solen tannophi lus
Pachysolen tannophllus

Kluyvercrnyces marxianus

rFo 01 35

rFo 0721

rFo 1479

rFo 1 466

rFo 0807

rr0 1706

IFo 1007

NRRL Y-2460

NRRL Y-2461

42

Yeasts were grown ln 20

Base medlum at 30o for 7

g/1 D-xylose plus 6.7

<lays lrlth agltatlon
g/l Yeast Nltrogen

at 50 P.p.ttt.
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5.3.2 Effect of Agitatlon Rates on Cell Growth and Ethanol

Produetlon

Four groups of flasks (group I to IV) containlng 6.7 g/1 Yeast Nltrogen

Base plus 2Q glL D-xylose were prepared and cultures of Paq[yqo.!q4

tannophilus IFO 1007 were grown at 30o.

Group I, Static Flask Cultures (1.e. no agitatlon)
After 9 days of fermentatlon there was no slgniflcant increase ln cell
population and the observed ethanol yield 1 g/I was consldered low.

Groups II and III , Shaken Flask Culbures

Flask agltation speeds were set at 50 (Group II) and 100 (Group III)
r.p.m. on the Orbital Shakers. Results ln Figure 5.1 show bhat by bhe

9th ctay, cells under slow agitation (50 r.p.m.) had yielded 4.8 e/L

ethanol whereas bhose a! 100 r.p.m. had produced 4.1 g/1. Both flask
groups had formed comparably high cell densities by thts tfme (9.2 and

9.8 x107 cells/ml) respectively and high ethanol concentrabions.

Group IV, l4agnetic Stirred Cultures

Flask cultures in this group were agitated using a magnetlc stirrer set

at 150 r.p.ml A rubber bung sealed each flask to prevent the

entralnment of oxygen into the growth medium. Headspace alr volume'

esLimated to be lnitial1y 258 ml, was avallable to t}te culture.
CelI populatlon increased raplctty to 3.8 x107 cells/ml during bhe flrst
two days. After this tlme, however, the growth patfern become qulte

irregular (Flgure 5.1,IV) wlth the populatlon diminlshlng and then

increaslng once more towards the 8th day.

The pattern of ethanol formatlon was similar to bhaf seen ln shaken

flasks Group III (shake at 100 r.p.m.). The ethanol eoncentratlon had

reached 4.1 e/L by the 9th day.

These studles demonstrated clearly the necesslty to provlde some degree

of agltatlon (and aeratlon) to the fermentatlon. The rate of ethanol
productlon (g/I.h) was very simllar for all treatnents and 1t seemed

that aglbatlon ab 50 andlor 100 r.p.m. was approprlate for future
shaken flask experlments.
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5.3.3 Stucly of the Fermentatlon of Wood Sugars to Ethanol by

Pachysolen bannophllus

It was deslrable to test the ability of Pachysolen tannophllus IFO

1007 to ferment to ethanol the major sugar fractlons of prehydrolyzate.

An inoculun was prepared by pre-culturlng the yeast Ln 20 g/L D-xylose

containlrg 6.7 g/L Difco Yeast Nlbrogen Base (tlo. 0392).
rrExponentlal'r growth phase cells were harvested, nashed twice with

sterile 0.02M phosphate buffer at pH 7.0 and then added to five groups

of test flasks, each contalnlng 20 g/I of a particular test sugar (1.e.

D-glucose, D-mannose, D-xylose, D-galaetose or L-arabinose) plus 6.7

g/1 Difco Yeast Nitrogen Base (No. 0392) at 30o. Cultures were grown

at 50 r.p.m.on an Orblt Water-Bath Shaker.

The results of these studies are shown ln Figure 5.2. A rapld
growth of celrs to approxlmately 3.5 x 108 creus per ml was observect ln
both glucose and mannose substrates but poor growth developed ln
xylose, galactose and arabinose media. Galactose was utillzed to
completlon as the eulture noved into lts stationary phase whereas

arabinose and xylose demanded long adaptlon times Q days) before

growth commeneed. At the termlnatlon of the experiment, growth was

still proceeding in the arabinose and rylose flasks . The graphs

lllustrate clearly the slower utillzatlon of these pentoses rhich

contrasts with the more rapld upbake of the hexoses. The yeastrs

abllity to ferment these wood sugars is also summarlzed in Table 5.2

where tt is shown that glucose, nannose and xylose yleld better than 3

g/l ethanol fron 20 g/I sugars, even though the xylose and mannose

fermentations were incomplete (see gnowth curves). The L-arablnose

produced only traces ethanol at the 7th day of fermentatlon. Agaln'

thls particular fementatlon was probably lnconplete.
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Table 5.2 Wood Sugars as Substrates for Growth and Fermentatlon

uslng Pachysolen tannophilus ln Shaken Flasks

(50 r.p.m.) at 30o for 7 daYs

Inltlal
Sugar

Concentrafion
(2o e/L)

CeII Growth

( x 1oB ceus/ml)

Ethanol Productlon

(e/r )

Arablnose

Xylose

Calactose

Glucose

Mannoge

2.511 I 0.6

2.14 + 0.3

2.O\ + O.2

3.52 ! o.3

3.63 + 0.5

0.51

3.32

1.33

3.95

3.53

* Inltial lnocuLum concentratlon = 1.36 + O.2 x tO8 cells/ml
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5.3.4 Effect of Inoculum Slzes on Cell Growth, Fermentatlon Time

Ethanol Production and Speclflc Orowth Rate

Four inoeula eoncentrations of Pachysolen tannophilus IFO 1007

were tested vizz 0.212 1.0I; Z.1l"i and 20tr by volume per volume

mediuur. The medlum used uas 20 g/L of D-xylose and 6.7 g/L Yeast

Nitrogen Base. Flasks were agitated at 50 r.p.m. Inocula were

prepared as in 5.3.3. A washed suspension containing 4 x t09 eells was

prepared and distributed lnto flasks to give the volumetrlc
concentrations listed above. CeIl counts were made on each ino.culum.

The results (Figure 5.3A) show that the flasks with the hlghest
inoculum (20! v/v) produced two-thirds of maximum ethanol (i.e. 3.4
g/l of ethanol) Uy me second clay rhile alL other flask cultures needed

four bo five days to achieve lhls same concentration. All flasks
reached their peak yield within five to six days affer bhe inoculation.
Flgure 5.lB illustrates that cultures wibh a low inoculum exhlblted
high speclfic growth rates and vice versa. At Zfr and zof inocula
Ievels, ttre speelflc growth rates were O.OO87 h-1 and O.006? h-l
respectlvely. Interesbingly, there was an inverse llnear relatlonshlp
between lnoculum concentratlon and the fermentation time required to
achleve two-bhirds of maximum ethanol production (Figure 5.4)

Mathematlcal expresslons were

predietlng the lnfluence of lnoculum

tine and specific growth rate of an

as substrate.

Firstly, for Fermentatlon Time :

developed for the punpose of
concentratlon on both fermentatlon

agitated flask culture with xylose

If Fermentablon tlme, ln hours, to two-thircis the iinai possibie

Yteld ethanol - J

Log eell nrmbers per ml ln the lnoculum - I
(Range from 107 to 109 cells per mt)
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Then T - 395 - 38.T I

This llnear relatlonshlp suggests that uslng an lnoculum value of
1010 cetts per ml, fermentation tlme wlll approach its mlnlmrm value.

Secondly, for Speclflc Growth Rate :

If y ls speclflc growth rate ( n-l )

X ls eell count ( x 107 cells per mI)*

a is a constant
b is a constant

Then

u = 5.3g aX + bX2

where,

a=6.58xt0-8
b=8.20x10-17
* (range fron to? to 109 cells/ml was usecl)

Second order reaetlon klnetlcs were followed ln thts case and

populatlon development was fastest when X was nlnlmal.

These equatlons are lllustrated ln Flgure 5.4 t*here 1t 1s

demonstrated that lncreaslng lnltlal cell counts produced shorter

fernentatlon tlnes (graph A), Iower speclflc growth rates (graph B)

vrhen the fenmentalon was consldered 55.71 complete.
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5.3.5 Effect of Oxygen Supply on Cell Growth and Ethanol

Productlon in the Shake-Flask Cultures

A serles of shaken flasks studles were conducted by Srowlng

Pachysolen tannophilus IFO 1007 on 14 g/L D-xylose with 6.7 B/L Yeast

Nltrogen Base in shaken flasks agitated ai 200 and 1 00 r.p.m.
respeclively, with a heavy lnoculum 6 x 108 cells per nl.

The results showed that at 200 r.p.m. low ethanol concentratlon
was produced on day one but rapidly dlsappeared afterward (Flgure 5.5,
block I). At 100 r.p.m. (Figure 5.5, Block II)' Iesser amounts of
biomass were formed and nearly twlce the asrount of the ethanol was

produeed as compared with the 200 r.p.m. cultures. Ethanol rapldly
disappeared from the eulture supernatant fhrough asslmilation after the

thlrd day of lncubation at 30o.

The other two experlmental groups (see Figure 5.5, Block III and

IV) were gyrated at 200 r.p.n. Group III was sparged with air and

group IV with oxygen-free nitrogen at the zqth hour. Cell growth was

reduced ln both groups. However, higher ethanol concentratlons were

detected as compared with cultures 1n group I and II.
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5.3.6 Asslmllatlon of Ethanol by Pachysolen tannophllus

Pachysolen tannophilus IFO 1007 was grown Ln 20 g/1 D-xylose wlth

6.T g/L Yeast Nltrogen Base supplement for 24 hours wtth agltatlon at

50 r.p.m. Cells were harvested by centrlfugatlon at 2,000rg and washed

twice wlth sterlle 0.02M phosphate buffer at pH 7.0. Then they were

re-suapended ln 50 n1 0.02M phosphabe buffer at pH 7.0 for 6 hours

before Uel1S used as an lnoculum ln r a medlun contalnlng 0.5 or 2.07

v/v ethanol as growth substrate plus 6.7 g/L Yeast Nitrogen Base

(Difco).

Figure 5.6(A) shows that the yeast grew well and asslmllated 4 g/L

ethanol. However, ln 16 g/l ethanol (ln Flgure 5.6(B))' growth ls
tnlbtatly lnhtbited, but a sllght lmprovement was shownafter the 4th

day of culture.

For the control flasks wlthoub ethanol (O g/L), no growfh was

observed throughout the study perlod.
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5.3.7 Anhydrous Sodlun Sulphlte [NatsOtJ Treatspnt of the

Prehydrolyzate

The use of sodlum sulphlte to overcone lnhtbltors in
prehydrolyzate has been mentloned (2.6.6). Consequently, studles were

inltlated to determlne the value of sulphlie for lnprovlng growth rates

of the test strains. Three dlfferent stralns Pachysolen tannophilus

were accllmatlzecl to lncreaslng concentratlons of prehydrolyzate up to

5OI v/v. After 48 hours of growth, 1 nI of lnoculum was lntroduced

lnto dupllcate flasks of prehydrolyzate supplemented with 0.5, 1 and ?

g/1 antrydrous sodium sulphlte. The growth curve of each strain at each

sulphlte eoncenbratlon was plotted and speclftc growth rates (U) of
cultures were calculated. The collected results for stralns NRRL

Y-2450 ; 2t161 ancl IFO 1OO7 are cteplcted ln Flgure 5.?.

The resul.ts show that the

the higher was the speclfic
NRRL Y-2461 grew faster bhan

suJ,phi fe concentratlon.

Ii. '.

hlgher the sulphlte concentration then

growth rate obtalned and that the sbraln

the other two strains at any given
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5.4 DISCUSSION

The prellminary experlmental work described in this Chapter has

been pursued ln parallel wI th that of other contemporary researchers

elsewhere. Wlth the dlscovery bhat the naturally oecurrlng yeasts

Pachysolen tannophllus (Schnelder et al. , 198'l b) and Candida broplcalis
(Jeffries, 1981b) would ferment D-xylose direetly to ethanol, our

efforts to.screen D-xylose-fermentlng yeasts were dlrected at those

organisms ufrich are closely related to Pachysolen tannophil-us.

Therefore, six specles of Hensenula, four specles of Candlda and a

strain of Kluyveromyces narxlanus were screened. Regrettably, none of

the yeasts tested at that time could produee an arpunt of ethanol that
was superlor to that produced by Pachysolen tannophilus. Hence, the

screenlng programne was dlscontlnued. Nonetheless there were a number

of research groups in North Amerlea stilt screenlng for a better
naturally occurrlng pentose-fermentlng yeast. Maleszka and Schneider

(1982a) reporbed that they had screened 15 different
D-xylose-fermenting yeast stralns and claimed that Candida

gullllermondil and Candlda berebra produeed lower ethanol

concentrations than Pachysolen tannophitus. GorB et al. (1983) tested

20 stralns of Candlda belonglng to 1 1 speeles, 21 stralns of

Saccharomyces belonglng to 8 specles and 8 strains of

Schlzosaecharomyces pombe. Their results showed that the naJority of

the Schlzosaecharornyces pombe stralns tested produced ethanol at

coneentrations ranglng from 1 to 5 g/L from D-xylose. Partlcular
stralns of Candida blankii and CanOlOa tropicalls produced ethanol in

highest concenfratlons. Margarltls and Bajpat (1982) reported elght of

the stralns of Kluyverornyces marxlanus, capable of fernentlng the

aldopentose dlrecbly to ethanol under aeroblc condltlons. du Preez and

van der tialt (1983) also reported a straln of Candida shehatqe able to

ferment 90 g/I D-xylose dlrectly to ethanol wlthin 40 hours under

aerated condltlons. Sakano and Mlkata (1983) screened 4 strains of

Pichia stlDttts. a sirain oi Candida shehabae anC Can<!!.da steatolytica.
They found bhat static cultures of Plchla stlpltls and Candida shehatae

produced 1 1 to 18 e/I of ethanol after 5 days of incubatlon, but that

recyeled cells would produee 18 e/L of ethanol from 50 e/L of D-xylose

after only 2 days of lncubatlon. A large screening programme for
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D-xylose-fermentlng yeasts was carrled out by Toivola et al. (1981{).

They tested the fype stralns of 200 specles of yeasts capable of
f ermenblng glucose and of growth on rylose. Brettanomyc es

naardenensis, Candida shehatae, Candida tenuis, Paehysolen tannophilus,
Pichia segobiensis and Plchia stipitis all produced more than 1 g/I of
ethanol fron a 20 g/L inltial D-xylose eoncentration.

Shaken flask studies described ln thls thesis demonsbrated that
Pachysolen tannophilus could ferment most wood sugars, namely

D-glucose, D-xylose, D-mannose, D-galactose and L-arablnose, wttlch are

present ln the prehydrolyzabe, although the rapidity and completeness

of pentose and hexose fermentation seemed bo be variable. Dekker

(1982) reported bhat his Pachysolen tannophilus could ferment D-xylose,

L-arabinose, D-glucose, D-fructose, D-celloblose and D-glucuronic acld

while Malsezka et al. (1982b and c) and Debus et g!. (1983) Uotn

reported that Pachysolen tannophllus corld ferment D-galaetose to
ethanol but only after a relatlvely long adaptation period. Our

preliminary shaken flask studles eonfirmed this phenomenon.

That Pachysolen tannophilus ls capable of simultaneously produclng

and assimilating ethanol, even ln the presence of avallable
carbohydrate, has been reported by Maleszka and Schneider (1982b).

Figures 5.6(a) and (b) lndicated that Paehysolen tannophilus could

assimllate ethanol al 4 and 16 g/L, althorgh the Latter concentratlon

seened to have an inhlbltory effect on growth as evideneed by a lag
penlod of four daVs, The assimllatlon of ethanol has bneen observed ln
Saccharomyees cerevlslae. Thus, Wills et al. (1982) clained that
cytoplasmlc alcohol dehydrogenase I of Saccharomyees cerevlsiae ls
primarily responslble for tJte formation of the ethanol ln yeast and

that mltochondrlal alcohol dehydrogenase was involved in alcohol

assimllatlon. Ttre results reported by Maleszka and Sehneider ( 1982b)

and the present observatlon that Pachysolen tannophllus asslmllates
ethanol suggest the posslblllty that Doi,h cybopiasmlc and m!.tochondrial

alcohol dehydrogenases are present.

These enzymes are thus held responsible for both the asslmilation
and productlon of the efhanol from D-xylose.
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The presence of toxlc substances ln wood hydrolyzates hlndered
yeast growth and pentose fermenbatlon. Detroy et al. (l 982a)

demonstrated tha! furfural eoncentrations of only 2.5 Lo 3.0 g/L were

Iethal to Pachysolen tannophllus. The results ln Sectlon 5.3.7
lndicated lhaL 2 g/I of anhydrous sodlum sulphite renoved much of the

lnhibltory substances 1n the prehydrolyzabe. With respect to yeast

growth in the presence of sulphite, lt was found that sbraln NRRL

y-2U61 was. mueh superlor to the other two strains. Leonard and Hajny

(1945) anO Deverall and Whitworth (1980) also recommended the use of
hot sodium sulphite to lmprove the fermentability of aeid hydrolyzates.

Recently, Lee and McCaskey (1983) also reporbed that the presence of
the toxic substances could inhibit pentose fermentation by Pachysolen

tannophi lus. Most reeently, Clark and Mackie (198tt ) who further
investigated fermentation inhibitors ln wood hydrolyzates derived frqn
the softwood Pinus radiata cLaimed that the inhibltory substances were

derived from earbohydrate degradation and addltionally low molecular

weight phenolics derived from 1lgnln were toxlc to the yeast

Saccharomyces cerevisiae. Furthermore, the effects of these phenolic

components were more lethal than fhe inhibitors derived from

carbohydrate degradat ion.

High lnoeulum concentratlons eould overcome inhlbltory conpounds.

ln the hydrolyzafe but these lncreased inoculum levels decreased the

speciflc growth rates. An lnverse linear relatlonship between inoeulum

concentratlon and fermentatlon tlmes was observed ln the present

studles.

Slmilar results have been reported by Strehaiano et al. (1983).

These lnvestigators used three different Saccharomyces yeasts. They

observed that a deereage ln the fermentation tlme, maxlmum specific
growth raie and blonass yleld occurred wlth lncreasing lnoculum levels.

The lnfluence of oxygen supply on fhe D-xyiose iei=menta+"ion in
terms of aeratlon or agltatlon speed of the flask seemed to be crltical
for growth of Pachysolen tannophllus (Schneider, 1981b; Debus et al.,
1983 and Mutz and Wandrey, 1983): frng et al. (1981e) reported that a

Candida mutant XF217 was eapable of produclng ethanol flom D-xylose
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under aerobic and anaerobic condltlons and clalrpd that oxygen was

essentlal for the uptake of D-xylose ln the yeast. The data from these

flask studies revealed that a static, non-agitated culture yielded'only

low cell populatlons and ethanol concentratlons. Mlld agitation of 50

and '100 r.p.m, would produce 4.8 and 4.1 g/L of ethanol respectively,
whereas a heavy lnoculum with a hlgh agitatlon speed of 200 r.p.n.
resulted in 1ow ethanol and hlgh cell yields. Under slmilar
conditions, except that oxygen-free nltrogen gas was sparged into the

culture after 24 hor.rs of aeroblc growth the prevlotsly observed yield
patterns were reversed (see Flgures 5.3.5) to give high ethanol and low

cell ylelds. This fermentation pattern has been observed by Au1lng et
al. (198q).

5.5 CONCLUSIONS

A study of D-xylose-fermenting yeasts which are phylogenetically

and physiologically, related to Pachysolen tannophilus, such as

Hensenula and Candida speeies, has not debectecl any that are superlor

to Paehysolen tannophilus wlth respect to an ab111ty to produce ethanol

from D-xylose.

Prelimlnary shaken flask studles focussed on the growth and

fermentatlon characterlstlcs of Pachysolen tannophllus. This yeast

fermented al1 sugars ln the prehydrolyzaLe, although the fermentatlon

of pentoses was sonewhat delayed and the yleld of ethanol from

L-arablnose as substrate seemed varlable. Low arpunts of ethanol (that

1s 4 g/1) could be easlly asslmilabed by Pachysolen tannophllus when

ebhanol was used as a sole carbon source, A lag period as long as 4

days was observed when substrate ethanol was lncreased to '16 g/L.

Neutrallzatlon with anhydrous sodium sulphlte of the tnhlbitory
substances exlsting ln the prehyclroiyzabe iias dercnstrated. Straln
NRRL Y-2461 grew mueh better ln prehydrolyzate wtth 20 g/L of anhydro.rs

sodlum sulphlte than clid the other two strains NRRL Y-2460 and IFO

1007. Large yeasb lnocula also overcame the lnhlblbors ln
prehydrolyzabe. These tncreased concentratlons of lnoeula lowered the
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yeastrs speclfic growth rate but shortened the fermentatlon tlne.

Agltatlon rates for shaken flask cultures of Pachysolen

tannophllus produced qulte stgnlfleant growbh and fermentablon patterns

clependlng on whether statlc, Eifd (50 and 100 r.p'm. ) or rapld (200

r.p.m.) agltatlon was used. At the two extrenes, statlc cultures
produced traces of elhanol and }ow ceII populatlon ntrlle hlgh aglbatlon

speeds produced low ethanol productlon but hlgh cel.l populatlons. Mtld

agltatlon favoured maxlmum ethanol ylelds.

Consumpblon of ethanol occured lnmedlately after the depletlon of

D-xylose. Aclnlttlng to the growth vessel oxygen-free nltrogen gas 24

hours after lnoculatlon drastically reduced the flnal cel1 yle1d but

allowecl bhe accumulatlon of hlgh coneentratlons of ethanol. Thus'

supply of oxygen lnto the culture seemed to be a critlcal
characterlstlc of thts fermentatlon as was an obllgaiory requlrement to

avold total aeroblosls and total anaerobiosls.
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6.1 INTRODUCTION

The preliminary shake flask studies descrlbed ln Chapter 5 showed

that at the lnitlal sugar concentration of 20 g/L, increasing inoculum

concentratlons resulted ln decreased speciflc growth rate. The purpose

of the central composlte statistically designed experlment described ln

this Chapter was to study the posslble lnteractive effects of substrate

and lnocufum concentration on the cell yield and ethanol production by

Pachysolen tannophilus IF0 1007 in the D-xylose synthetic medlum.

6.2 EXPERIMEI{TAL DESIGN

Experimental design Nunber 1 was a two-factor, 2 ,

central composite rotatable design experlment descrlbed by

al, (1976); Mullen and Ennis (1979) was chosen to further
the maln and interaction effects of lnoculun slze.

0.319

log I - 0.801

factorial
Eroshin et

investigate

Thls experlment design was generated aeeording to the rules

outllned ln Appendlx 5 and can be represented as an octagon' shown ln

Flgure 6.1. Table 6.1 shows the coded and uncoded values of the two

independent vanlables, substrate concentratlon and lnoculum slze.

These were encoded accorcl to the equatlons :

1og s - 0.452
Substrate Coded Value (S) '

Inoeulum Coded Value (I) -
0. 35q

where, s ls the uncoded subsirate concentratLon ( g/f )

I ls the uncoded lnoeulum eoncentratlon ( n1/1 )

The encoded variables S and I took the levels -1.414' -1, 0, +l

and +1.41 q.
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a-a -E

Figure 6.1 Two-factor Central Composite Rotatable

Design with Axial 'Star' Points at Coded

Distance a = '1.4'14 from the Origin'

S and I represented the Two Independent

Variables, Substrate and lnoculum

Concentrati ons ResPecti velY.
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Table 6,1 A Central Composlte Rotatable Statlstlcally
Deslgn Experlment to Stucly the Interactlons
of Substrate Concentratlon and Inoculum
Concentratlon on Ethanol Productlon and Cell
Ylelds

Sub strate Concentrat lon
(D-xylose)

Inoculum Conc entrat lon(strain IFO 1007)
FIask
number

Coclecl
(s)

Uneodecl
(s)
8/L

Coclecl(r) Uncoded(r)
mI /1

1

2

3

4

5

6

T

I

-1

1

-1

1

-c
0

-1

-1

1

1

0

-o
0

+C

+O

0

1 .36

5.90

1 .36

5.90

1.00

2.83

8.00

2.83

2.80

2.80

14.28

111.28

6.32

2.00

6.32

20.00

9

10

11

12

13

14

15

16

0

0

0

0

0

0

0

0

2.83

2.83

2.83

2.83

2.83

2.83

2.83

2.83

0

0

0

0

0

0

0

0

6.32

6.32

6.32

6.32

6.32

6.32

6.32

6.32

where, o - +1.414 (CodedValue)

The elght repJ.leate flasks at centre polnt (coded at
renalnlng elght flasks ab factorlal and'starr polnts,

arranged durlng lncubatlon.

0,0 ) and the

were randomLy
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6 . 3 FERI"IENTATIoN CoNDTTToNS

Eaeh experlmental 100 nI flask contained 50mI of 6.7 e/l ot Yeast

Nitrogen Base plus D-xylose at a concentration descrlbed ln Tabte 6.1.

The inoculum of Pachysolen tannophilus IFO 1007 was prepared as

follows. The yeast was adapted through fhree consecutlve transfers ln
the above medium. Experlmental flasks were lnoculated using volumes as

lndlcated ln Table 6.1 with exponentlal phase cells from the flnal
transfer. Incubatlon was at 30 oC with agitation at 100 r.p.m. uslng

an Orbit Water-Bath Shaker (No. 3535) (Lab-l,ine Instmments Ine.,
Melrose Park, Illlnois, U.S.A.). Fermentatlon was continued for 10

days, during ritrich dai ly samples were collected f or cell counts

(Sectlon 3.4.1 ) and ethanol analyses (Secfion 3.4.5).

6.4 RESULTS

For each experlmental flask, eeII ylelds and ethanol

concentratlons were plotLed against fermentation tlme. Smooth curves

were drawn to compute the speclfic ethanol production rates, maxinum

lnsbantaneous ethanol productlon rates and average ethanol productlon

rates (Flgure 6.2). These derived results are listed ln Appendix 6.

An empirical mathematlcal equatlon of the following form can be

fitted to the data : (Box et a1., 1978)

i - Bo * BSS * BII + B'ISI * BSSS' * BIII

where,

The daba ln Appendlx 6 were statlstically analyzed uslng the

multlple regression faclllty of the MINITAB computer package (MINITAB,

verslon II, 1982, Pennsylvania State Unlverslty).

i
B

SandI

Bo

ls the predlcted value of the dependent varlables
represents the coefflclents
are coded valueg of substrate concentratlon

and lnoculum size resPectlvelY
ls the Y-lntercept or constant term
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The full regression models are presented ln Table 6.2.
parslrcnlous models were derlved from t}te full regresslon models by

elther a stepwlse regresslon routlne or by t-test.

These coefficlenbs wlth asterlgks, shown ln Table 6.2, slgnify a

certaln level of statlstlcally slgnlflcance.

The assessment of the statistical siSnificanee of naln and

lnteractlon effects, the estlmatlon of response error (1.e. pure

error) and test for lack of fit of the parslnonlous models have been

corpiled ln Appendlx 7.

The pure error was calculated directly frcrn the centre potnt

repllcations. The test of laek of flt for each parsimonlcLts nodel was

evaluated by checklng the ratlo of lack of flt mean square (MSLF) to
pure error mean square (USpe) (Berenson et al., 1983).

Flof
MSPE

The adequacy of each parslmonlous equatlon model was further
checked by examlnlng dlfferent resldual plots.

(1 ) Standarcllzed Reslduals (Y - i) ,""" plotted agalnst pre<licted
A

values (Y) to check for the equallty of reslduals.
(2) Standardlzed Reslduals were plotted agalnst all the values of

lnctependent varlables S and I to check for the hmoscedastlclty

of reslduals.
(3) Standardlzed Reslduals were plotted agalnst nornal randm numbers

to check the nornaltty of reslduals.
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Table 6.2 FuIl Regresslon Moclels for Experlment 1.

COEFFICIENT ETOH.YD M.ETOH.R 9OtrETOHT '!/SpEtOU' CELL.vD M.AVETOHg/L e/I.h h (g/e.h)' cells/l g/l.h

Bo 4.84*** 0.045*** 170.63*** 36.1{4*** 1.78*** 0.0255***

BsS 2.16*** 0.051*** 20.39*** -30.45*** 0.085 0.0092***

BrI -0.17 -0.023*** -16.26*** 1 1.50** 0.76*** 0-00,|6

Bsrsr 0.25 -0.019** 1 1.70*** -8.58 0.26* 0.00014

2

BssS- -0.086 O.O22x** -8.10**1 4.33 0.22* -0.00026

Brrr' -0.1? 0.012** -12.75*** 0.091 0.45*** o.oo13

*** Statistlcally signiflcant at the 1 tr level.
** Statlstically slgnlflcant at the 2 t level.
* Statlstlcally signlflcant at the 5 ! level.

YD = Ethanol Yield, g/L.
M.EToH.R = Maximum Ethanol Production Rate, S/L/h.
SOtETOH.T= Time (hours) to produce 90t of final ethanol concentration.
spEToH = Specific Productivity of Ethanol, g EIOE/9 Cells,/hour.
M.EToH.R = Maximum Ethanol Production Rate, S/L/h.
Cell YD = Yield (dry-weight) Cells per litre culture.
Av ETOH = Average production rate of EthanoL, g/L/h.
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The residual analysls and test of lack of fit for all the derived
Iinear and parsirnonlors models llsted ln Table 6.2 were carefully
evaluated. Only the model derlved for speelfic ethanol production rate
revealed a Low R-squared value of 58.21 vLt-ll. a narked lack of fl t and

also demonstrated poor normallty of bhe residual plots (Flgures 6.3 A

and B).

A new model lrae derived for reclprocal of speclfic ethanol
production rate. This fltted the data adequately and gave acceptable

residual plots.

l/Specific Ethanol Rate = 3.61{ - 30.5 S + 11.5 I

To help locate the optlmrm conditlons, the response surfaces

described by the parslmonious models ln Table 6.2 were ploffed and

contours were drawn. Flgure 6.ll ls such a plot for fermentatlon tlme.

The narked asterisk 1n the eontour plot represents the maximum

predicted fermentatlon tlne of 183.8 hours. The mlnlmum fermentation

time is of more Interest, occurrlng at low lnibial substrate

concentratlon and hlgh inoculum level. The opposife condlflons gave

maximum ceII yield as shown 1n Flgure 6.5. Maxlmum lnstantaneous

ethanol producilon rate (Figure 6.6) was also predicted at high initlal
substrate level (80 g/1) but at the low inoculum level (1.e. 20 mI of
standardlzed cell suspenslon per lltre of culture nedlum).

It should be noted thaf ln these graphs the axes are retained ln
the eodecl forms for convenlence of presenbatlon.
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6.5 DISCUSSION

The statistical analysls of the resulbs of the experimen, fr"r"O
ln Table 6.2, indlcated that ethanol yield lncreased linearly with
coded substrate concentration over the range investigated. A

first-order additive nodel (tfrat ls no substrate-lnoculum lnteractlon
tern) descrlbed the reciprocal speclflc ethanol production rafe. More

complicated second-order models were required to describe fermentatlon

time, cell yleld and maxlmum instantaneous ethanol production rate.

Chen ( 1981 ) studled the ethanolic fermentatlon of glucose syrup by

Saccharomyces cerevisiae and reported that increasing inifial yeast

concentration resulted in shorter fermentation tine. Similar results
were demonstrated by Stnehaiano et aI. (1983) for three stralns of
Saecharomyces yeast. In the curent experlment' the minlnum

fermentatlon tlme was also observed at high inoeulun and low substrate

conc entrat ion.

In Section 5.3.4, a negative 1lnear relationship between inoculum

concentratlon and fermentatlon time was demonsfrated. The effect of
inoculum level upon fermenfation tlme and other klnetic paraneters may

not be as simple as the results implied in Sectlon 5.3.4. A number of
researehers (Slinlnger et aI., 1982b and Strehatano et aI., 1983) have

ignored bhe lmportance of interactlve effects of other varlables.

This statistlcally designed experlment clearly indicated that wlth

two varlables, substrate concentratlon and lnoculum slze, a compllcated

interaetive effect on fermentatlon blme was evident.

Slinlnger et al. (1982b) derpnstrated thab the maxlmum specifle
ethanol production rate decllned as the lnlfiaI xylose concentration

was lncreased. Spectflc ethanol productlon rate was slmllarly affected
by lnltial xylose eoncentratlon ln the current experlment and lt
further decllned as inoculum slze increased. These two varlables,
lnltial substrate eoncentration and lnoculum size, acted lndependently

here, havlng no interactlve effect.
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From Table 6.2, Lt was apparent that the lnteraetlon between

substrate and lnoculust size had an lnportance lnfluence on fernentatlon
tlme, ethanol productlon rate and cell yleld. One night expect

signlflcant lnteractlons between nutrltlonal ancl envlronnental
condltlons ln a systen as complex as mlcroblal fermentatlons althangh
Moresl gL gI: (g7g) used the f actorlal ctesign approach to study wtrey

fermentatlon and found such lnteractlons to be of marglnal lmportanee.

The results reported ln thls chapter have lndicated that, at least
ln the synthetlc medlum, simpJ-e fermentatlon varlables can, stngty and

In comblnatlon, lnfluence the progress and productivity of the xylose
ethanol fermentatlon in a complex way. Furbhermore, the statlstlcally
designed experlmental approaeh can elucidate the nature of these

lnfluences. The next chapter reports on a maJor experlment involvlng a

wlder range of lndependent fermentatlon variables ln a prehydrolyzate

medlum.
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6.6 CONCLUSIONS

Greatest ethanol production rates occured at greatest substrate
and least lnoculum concentratlons. Increaslrg lnoculum coneentratlon
resuLted ln shorter fermentatlon ttmes. There lras a llnear
relattonshlp between the flnal ethanol yleld and the coded value of
lnltlal substrate eoncenfration. Interactlons between tnltlal
substrate concentratlon and lnoculun concentratlon were lmportant
lnfluences on flnaL eell ylelds and maxlmun lnstantaneous ethanol
produetlon rates.
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7.1 INTRODUCTION

The prellminary shake flask studles described 1n Chapter 5 showed

the need to ldentlfy fhe fermentatlon variables affecting cell yields
and ethanol produetion. In Chapter 6 lt was demonstrated that inoculum

size and initlal substrate concentratlon eould affeet the ethanol
production rate and shorten the fermentatlon tlme. The literature as

revlewed in Chapter 2, contalns reports that lmply that tnltial eulture
pH, temperature, lnoculum slze, substrate concentratlon and the strain
of Pachysolen tannophilus used are important varlables affectlng the

pentose fermentation.

The purpose of the experiments described ln this Chapter was to
determine yrhich of these varlables have slgnif leant effects, slngly or

in combination, on the pentose fermentatlon wlth a vlew to opilmizlng
these parameters for an lndustrial proeess.

A statlstically designed experlmental approach was adopted for its
efflelency, ablltty to resolve lnteractlons and to assess the precislon

assoelated with the results achleved.

7.2 EXPERIMEITAL DESIGN

Experlmental deslgn Number 2, a three-factor, 2", central
composlte deslgn, was chosen to study tJte effect of pH' temperature and

nitrogen supplenentation on the cell ylelds and eEhanollc fermentatlon.

Nitrogen supplementatlon was achleved by addlng Yeast Nltrogen Base

(Dlfco Laboratorles, Detrolt, Mlehigan' U.S.A.) bo the base medium.
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The ful-I experlnent was enployed three tlmes, once wlbh eaeh of
three strains of Pachysolen tannophllus, straln IFO 1007; NRRL Y-2460

and Y-2461.

Thls experlmental design was generated according to the rules
outllned in Appendlx 5. Tfie experlmental design wlth coded

factor-level comblnatlons ls presented as a cube ln Flgure 7.1 and ln
Table 7.1. The encodlng procedure ls descrlbed ln Table 7.2.

Table 7.1 A three-factor Cenbral Composite Statistlcal Design

for Experiment 2

Temperabure

(r)
Nitrogen

(N)

Coded Value

pH

(H)

Factorlal
polnts

-1
+1
-1
+1
-1
+1
-1
+1

-1
-1
+1
+1
-1
-1+l
+1

-1
-1
-1
-1
+1
+'l
+l
+1

-c
+g

0
0
0
0

o
0

-c
+C

0
0

0
0
0
0

-c
+C

'Star t

Polnts

0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0

Cenfre Polnt
ancl Repllcates

where, c o 1 (for coded value) (Appenctlx 5)
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Table ?.2 Level of Independent Varlables ln the Composlte

Deslgn Experlnent 2*

Inclependent
SymbolVarlable -1

Unlt0-1

pH H 2.5 4.5 6.5

Temperature T 28 33 38 oC

Nitrogen N 1.0 4.0 7.0 g/L

* The orlglnal values were coded lnto levels -1, 0, and +1

according to the followlng equatlons :

TenP. - 33o
Temperature coded level

5

Nltrogen Concentratlon - 4
Yeast Nitrogen Coded Level -

pH \.5
pH Coded Level
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;J-Q .

'1,1,- 1,\
o

Figure 7.1 Three-factor Central Composite Design.

H, T and N represent the Three Independent

Variables pH, Temperature and Nitrogenous

Supplementation Respecti vely
The numbers are coded levebof the treatment

combinations relative to the centre pointl

* see Appendix 5

T

1,-1 ,1
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7 .3 FERI,:ENTATION CONDITIONS

Each experimental flask (tOO mf ErLenmeyer) contalned 50 ml of
prehyctrolyzate (deseribed ln Table 3.1 and Sectlon 3.6.1). Medla were

prepared and fllter sterillzed as deserlbed in Sectlon 3.2. The medla

contained Yeast Nltrogen Base (Difco Laboratories, Detroit, Michigan,

U.S.A.) at 1, 4 or 7 g/I as required by the experiment and were

adjusted to pH 2.5 , 4 .5 and 6 .5 wi th 1N NaOH prior to f llter
sterlllzation. Flasks were lncubated al 28o, 33o or 38o wlth agitation
at 100 r.p.m. using an Orblt Water-Bath Shaker (No. 3535) and Envlron

Shaker (t1o.3597) (l,aU-tine Instruments Inc., Melrose Park, Illlnois,
U.S.A.). Fermentatlon was continued for 10 days, durlng uttich dally
samples were collected for ceII count (Section 3.11.1 ) and ethanol

analysis (Sectlon 3.4.5 ).

Three different strains of Paehysolen tannophilus, IF0 100?; NRRL

Y-2460 and Y-2461 , were lnltially acclimatized ln the prehydrolyzaLe

which had been prevlously treated with 2 g/I of sodlum sulphite,
supplemented wlth \ g/I of Yeast Nltrogen Base and adJusbed pH to 4.5,

A11 cultures were kept aE 33o for 24 hours. These parameters were the

uneoded centre point values for the central composite experimental

design (i,e. coded leve1 for temperature, pH and Yeast Nitrogen Base

supplementation was 0,0,0) as shown ln Figure f.1 and Tables 7.1 and

7.2.

7.4 RESULTS

The raw data eoncernlng eell yield and ethanol coneentratlon in
each experlmental flask were plofted agalnst the lneubatlon tlme
(Flgure 7.2). Smooth curves were drawn to calculate parameters such as

speclflc ethanol production or growth rates, maxlnum instantaneous cell
growth and ethanol productlon rates. Values of these parameters are

listed ln Appendtx 8.
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The full emplrlcal mathematlcal

Appendlx 51 ls as follows : (Box
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equatlon for flttlng the raw clata

et al., 19TB)

y-Bo*BNN*url*
* ErnN +

* grrrH "T
2+ BnHnl

+ BPPggN H

B1T+8NHNH +BN1NT+BOHT
222

BSHH * BTTT + BpglN T
22+ B11pT N + glpgN H

222N + B1111TH + B1y11NT
222+ BggllHT + BgllNHT

where, Y

B

N,

ls the predlcted value of the clependent varlables
represents the coefflcients

H and T are coded values of least Nitrogen Base, pH

Temper abure respeetlvely
ls the Y-lntercept or constani ternBo
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Fermentation Time, (Pays )

Figure '1.2 A Plot of Cell Growth (o-o) and Ethanol Product-
ion (square slnnbols) versus Fermentation Time
from One of the Replicate Flasks Set Up Under
Conditions Given by the Centre Point (0'0r0)
for the Experimental Design Number 2. The
Yeast Used was Paeigtolen tannophltta NRRL y2460.
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Models derived by contraction of thls equation were fltted to each

of the slx response varlables chosen for each of the three strains of
Pachysolen by using the stepwise multlple linear regresslon faeillty of
the SPSS (Staftstical Package for the Soclal Sclences, Verslon 9,1982)
Conputer Paekage (SPSS Inc., Chlcago, IlIlnois, U.S.A.). These models

are presented in Tables 7 .3 to 7 .5.

For each of the parslmonious models derived, the analyses of
residuals used ln Sectlon 6.3, were agaln employed to test for the

appropriateness of the multlple regresslon models. These residual
plots were used to check for equality, normality and the presence of
the outliers. AII the models tested showed adequate residual plots
unless otherwise stated.

Lack of fit was tested for each parslrnnlous model by calculating
the F-ratlos of the mean square due to lack of fit to the mean square

due to pure error. Tests for lack of fit of the parslmonious models

have been conplled in Appendlx 9.

The regression models derived from maxlmum insfantaneous cell
growth rate and maximum average ethanol productlon rate for the straln
NRRLY-2461 revealed a significanb lack of fi t at the 5f level.
Square-root transformatlons were employed with these response variables
enabllng adequate regresslon models to be developed. Table 7.6 1s a
comparison of the lack of fit crlterla for the transformed and

untransformed regression models.

The regression models for the speclflc ethanol production rates
for all the three sbralns of Pachysolen tannophllus also exhlblted a

marked lack of f lt at bhe 51, Ievel. Only t}te natural logarlthmie
transformation of the respoffre varlables could ellminate these

discrepanc 1es.
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Table 7,3 Derlved Regression Models for the Straln IFO 1007***

Coeff ic lent
+

CelI Ethanol

YleId Yleld

++
Soeciflc Soeciflc
Ethanol Gi.owth
Production Rate
Rate

Maxlmum MaxlmumCeIl Average
Growth EthanolRate Productlon

Bo

Bs

B1

utt 
.

BnuH
2

9rtT
2

9HHTH,T

BttnT 
"NBxpsN H

-1.39

-0.84
ns

ns

0.68

-o.76
ns

0.5It

o.72x

0.22

ns

-o.25

-0.2\
ns

n3

ns

na

0.24

1.47 3.90

0.33 1.oT

-0.3q -2.1?
-0.28 -1.06
ns -1.90

-0.27 -0.75
ns 1.oZ**

ns ns

0.01 3

0.006

-0.009

-0.006
ns

-o.oo32*
ns

0.o27

0.01 0

0.020

0.009

-0.01 5

ns

o.o1 1 
*

ns

ns

n3

ns

++
+

***
**
*
ns

Natural Logarithmic Transformatlon
Log CeIl count per nl
AII coefflclents llsted are sfatlsblcally slgniflcant at
the 1i level unless otherwlse lndlcated
Statlstically slgnlflcant at the 2.5t level
Statlstlcally slgnificant at the 5t level
Terms correspond to these coefflclents were dlgcarded frcrn the
model by the'stepwlse regresslon routlne.
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Table 7.ll Derived Regresslon Models for the Stratn NRRL Y-2q60***

Coeff ic lent
+

CeII Ethanol

Yleld YleId

++
Soeelflc Speclfic
Ethanol Giowth
Producflon Rate
Rate

Maxlmum Maxlmum
Ce]l Averace
Growth Ethandl
Rate Productlon

Bo

Bs

B1

Bx

urr 
,

BnnH
2

ErtT
2

BnnN

BHHTH

BmHT

BnuHN

BttnT

BuwrN

-1 .06

1.11

ns

-0. 54 
*

-0.98
n3

ns

-0.98
ns

0.88

ng

1.18

-0.67

0.01 3

0.006

-0.007

ns

-0.005
ns

-o.o034*
ns

NS

ns

ns

tts

ns

0.30

ns

n9

IIE

-0.34
IUt

n3

ng

-0.36

ns

0.35

ns

ns

0.029

0.009

-0.01 1

NS

0. oog 
**

ns

-0.01 7

n3

n3

ns

ns

ns

ns

2
T

2
N

2
H

2
H

2
T

1 .52 u.32

o.32 1 .19

-0,28 -2 .32

ns ns

-o.26 -0.86
ns -1.37

-o.26 -1 .60

ns ns

ns 1.35*

rul ns

ns ns

ns ng

ng ns

++ Natural Logarl thmlc Transformatlon+ Lo8 CelI count per mI

*** All coefflelents listed are statlstlcally signlficanf at
the 1tr level unless otherwlse lndlcated** Statlsblcally slgnificant at the 2..51 level* StatistlcallV slgnlficant at the 5t Level

ns Terms corresbond-to these coefflclents were dlscarded from the
model by the- stepwlse r(rgresslon routlne
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Table ?.5 Derlved Regresslon Models for the Straln NRRL Y-2461 
***

+
Coefflclent CelI

Y ield

++
Spectfle Speclflc
Ethanol Growth
Productlon Rate
Rate

Maxlmum MaxlmumCetl AveraceGrowth EthandlRate Production

+++ +++
Ethanol

Y leld

Bo

Bs

BT

Bx

BHr

BHH
2

BHnH
2

BTTT 

"Et.tuN

BHHTH

BrrHT

BnnuN

BrrHT

BHltrN

BHHr

'1 .75

o.32

-0.55
ns

-0.31
ns

ng

-0.51

ns

ns

NS

ns

na

ng

n3

a'ga

1 .20

-2.82
ns

-1.13
nst

-1 .79

-1 .01

ns

1.63

nst

na

ns

ns

ns

-1 .18

-0.71
0.99

0.47

ns

0.20

0.50

nst

-0.58
nsr

-0.114

ns

0.73

-0.45
o.52

0.016

0.008

-0.011

NS

-0.009
ns

-0.004
n9

ns

ng

ns

nE

ns

ns

ns

0.65

ns

-0.47

ns

-0.40
nsr

ns

ns

ns

ns

ns

o.32

ns

ng

NS

0.170

0.130

-0. I 30

ns

0.031

n3

-0.0q7

-o.o3g

ns

0.083

NS

-0.093
ns

n3

-o.o25

2
T

2
N

2
H

2
H

2
T

+++ $qgape-root Transformatlon
++ Natural Locarlthmlc Transformatlon+ Log CeII c6unt per ml

*** All coefflclents llsted are statlstlcally slgnlflcant at
the li level unless otherwlse lndlcated
Sbatlbtlcallv slcnlflcant at the 2.51 L
Stattstlcallv sicniflcant at the 5l lev

** Sbatlstlcally slgnlf lcant at the 2._5t leyeI* Sbatlsttcalli siEniflcant at lhe 5I levelStallsttcally siEniflcant at the 5t level
Terms corresbond-to these coefflclents were
nodel by the'stepwise regresslon routlne.

dlscarded from the
model by the- stepwise regresslon routlne.
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Table 7.6 Comparlson of the Tests of Lack of Flt wlth and

wlthout the Square-root Transformatlon of the Response

Variables of Pachysolen tannophllus NRRL Y-21161

Growing on Prehydrolyzate

F - Ratios (Lack of Fit)

0riginal Response
Var lable

(Y)

Transformed Response
Var lable

(/Y)

dx/dL

Maximum CeII
Crowth Rate

= 5.53

2.83

e5(11 ,11)

F - 2.69*
< 2.83

F.rr(11111)

F

p.

dPldt

Maxlmum Average
Ethanol Production
Rate

F

F.

= 5.\6
2.95

,u (8 11 1 )

F = 2.40*

< 3.09
F.es(6r11)

* Not signlflcant at Ehe 51 level.

Contour plots of bhe response surface described by the flnal
regresslon equations were drawn.

For all three stralns of Pachysolen tannophllus, predleted ethanol
yleld lncreased as pH lncreased above pH 4.5 and as temperature

decreased to 28o. For the stralns NRRL Y-2460 and Y-2461, hlgher

ethanol concentratlons were observed at 28o and pH 5.8 whereas straln
IFO 1007 showed peak yleld at pH 5.6 (see Flgure 7.4).

The contour plots for cell ylelds and speclflc cell growth rates
of the three stralns lndlcated bhab thelr maxlmal growth responses

occurred at temperatures between 28.3o and 28.8o and pH 6.5 (Flgures

7.4 and 7 .5), Althotgh growth appeared to be favoured by a pH near

6.5, ethanol production was hlghest between pH 5.6 and 5.8 ln each

case.
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It ls interesting to note that no term for nltrogen (N) appears ln
the parsimonious regresslon models ab a significant level for cells
yields and ethanol ylelds or eell growth rates. However, nltrogen

supplementatlon produeed slgnlficant lnteractions with pH and

temperature for rates of ce11 growth and ethanol production (Tables 7.3

to 7.5).

7.5 DISCUSSION

As amply demonstraLed by the contour plots, the response in terms

of growth and ethanol productlon of all three sbrains to the varylng

condltlons were similar. Thls both suggests greab slmilarity ln their
phystology and lends credence to bhe results of this investigatlon.
However, Strain 2l{61 showed slightly greater growth and fermentation

rates overall. All three stralns Srew more vigorously as the

lemperature fe]I below 33o and as the pH rose abore 4.5. Maxlmal

growth was observed near the lowest tenperature and hlghest pH tested.

The poor performance of all three strains at 38o lndlcated bhat

Pachysolen tannophilus was a mesophilie yeast wlth a maximum

temperature for growth in prehydrolyzabe of abo.rt 37o. A number of
mesophllic strains of Saceharomyces exhibit optltrum cell ytelds and

growth rates in the range of 28 to37 o nhlle 40o has been reported as

the maximum temperature at r.,hlch growth oecurs (Jones et al., 1981).

It seemed that Pachysolen tannophilus, 08Y not be a useful yeast for
any lndustrial pentose fermentatlon conducted near or abole 38 o.

The yleld of ethanol for the three stralns lncreased as pH values

were lncreased above ll.5 and temperabures decreased to 28 o. Maxlnum

ethanol concentratlons using prehydrolyzabe were observed at 28o, the

llmit of the temperature range. It ls posslble that the optlmum

temperature for ethanol produeblon was in fact lower than 28 o.

Slinlnger et aI. (1982a and b) studled the converslon of D-xylose

to ethanol by the yeast Pachysolen tannophtlus NRRL Y-21{60 and they

reported that ethanol formatlon was optlmal at pH 2.5, at 32o with a
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substrate concentration not exceeding 50 g/L. In the current study, no

growth (relatlve to the lnltial yeast concentration) was detected at pH

2.5. In some flasks, no ethanol was detected at all (taUte 7.5).
Dekker (1982) also found Pachysolen tannophilus unable to grow at an

initial pH lower than 3.0. Debus et al. ( 1983) reported that
Pachysolen tannophllus grew at an optimum pH value at 4.8.

Plneault 9! gl: (lg7T) used a 2" factorlal design to study the

effect of pH, temperature and stirrer speed on the ethanol yielcl ln
glucose fermentatlon by Saccharomyces eerevisiae, denrcnstrated that the

maximum ethanol yield was at pH 5.0, temperature aE 32o and stirrer
speed at 700 r.p.m.

The fermenbatlon of whey by Kluyveromyces fragilis was studled by

Moresi and Sebastiani ( 1979 ) using a central compos lte designed

shaken-flask experiment. These workers debermined that fermentation

conditions were optimal at 36.llo, pH 5.1 wlth a salt supplementatlon of
4.7 e/l; a yeast extract content of 1.14 g/L and an initial lactose

concentratton of 2\.75 8/L. They also observed that temperature and

lnitlal lactose concentration exhibited a maior lnfluence on the

biomass yleld. With a 15-Ittres jar fermenter, Moresl et al. (1980)

reported that a lower initial lactose concentration (15.3 g/I) and

temperature (31.3o) were requined for optlmal whey fermentatlon.

Eroshln et al. (1977 ) also used a central eomposite deslgn to
lnvestlgate the effect of pH and temperature on Saccharomyces

cerevislae metabollsm. They found that there bras no interactlon
between pH and temperature and that the maximum growth yletcl

coefflclent (Yxls) was observed at pH ll.1 and at 28.5o.
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7.6 CONCLUSTONS

Response surface nethodology revealed t'hat cell growth of
Pachysolen tannophilus wae naxlnal nean a neutral pH value of 6.5,
whereas flnal ethanol coneentratlon was highest at lower pH values of
5.6 to 5.8.

The data from studles reported ln bobh Chapters 6 and 7 polnt to
the optinal fernentatlon condltlons for the batch ethanollc
fermentatlon of prehydrolyzale. Table 7.7 llsts these conditlons.

Tab1e 7.7 Recommended Strain Used and Conditlons for the

Ethanollc Fermentatlon of Prehydrolyzate Sugars

by Pachysolen tannophllus

Process Parameter Fermentat ion Cond ltlons

Tenperature

Inttlal pH

Substrate Concentratlon

Inoculum Denslty

280

5.6 -5.8

to 80 e/I

5.5 g eells/l

Straln NRBL Y-2461

* Fernentatlon Condltlons are collected from data presented ln
Chapters 6 and 7.
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cf,|Plm BIGf,r : FEELltf(! S-lllDIES of D-IIIIXE USIIG

Paclr;rsofca tamopnffur

8.1 INTRODUCTION

Thls Chapter reports on a serles of batch and chenostat studles
uslng the yeast Pachysolen tannophllus straln NRRL l-2116l ln a pure

D-xylose plus Dlfco Yeast Nitrogen Base medlum. The purpose of these

fermentatlon experlments was to establlsh the growth constants and

fermentationcharacterlstlcsof thls pentose-fernentlng yeasb under

dlfferlng eondltlons of aeroblosls.

A view expressed ln Chapter 2 concernlng the Pachysolen

fermentatlon was that excess oxygen tnhlblted fermentatlon whlle the

absence of oxygen tnhlblted growth (see also Chapter 5). Therefore, an

attenpt was made to examlne the lnfluence of oxygen on etharpl
formatlon uslng, batch, chetmstat and chenostat wlth controlled
redox potentlal cultures.

8.2 FERMB'ITATION CONDITIONS

Batch Fermentatlon

A Multlgen F2000 fermenter vessel was assembled as deserlbed ln
Sectlon 3.6.2. A 1.5 1 worklng volune uslng the D-:rylose (1 8 e/L) anA

Yeast Nltrogen Base (5.7 g/L) nedlun was used and the tenperature kepB

ab 28o wlth constant agitatlon at 100 F.p.D. To revlew the responses

of the yeasb to both aeroblosls and anaeroblosls, the culture wag

spargecl ln an alternatlng manner, flrstly wlth nltrogen then wlth alr
and thls cycle of changlng (pulsed) gas phases repeated untlI the

culture had produced maxlmun ethanol concentratlon.
Gas flow rate was set so ae to dellver 0.37 1 of elther sterlle

aLr or stenlle nitrogen per 1 of growth rnedl-un pen nlnute.
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8.3 RESULTS

8.3.1 Batch Growth and Fermentablon Studies

The batch fernentatlon results are presented in Flgure 8.1 rhieh

deplcts changes in pH, formatlon of ethanol, populatlon development and

xylose utillzation. Thls fermentation can be regarded as a base llne
study as no attempt was made here to manlpulate the envlronment of the

culture.

pH Changes

A marked fall of pH characterized the bateh fermentatlon.

Starting at pH 5.1 the medium stabilized at pH 1.8 afLer approximately

96 hours. The rapid initial fall in pH dld not extend over the entire
growth perlod of the culture.

Ethanol Formation

Active generatlon of ethanol by the culture began near the end of
exponential growth (about the 100th hour) and reaehed a maxlmum

concentratlon of 3.U g/l at abort the 2O0th hour. The graph suggests

that it was after active growth had occurred that ethanol production

star ted.

Populatlon Development

In the medlum used , the fully adapted culture began growlng wlth

vlrtually no lag period betng evldent. A maximum speclflc growth rate
of 0.015 h-1 was observed. The growth of cell.s correlated wlth a fal1
ln both pH (nofed above) and substrate concenbration.

D-Xylose Uttlizatlon

Reflectlng the lncreasing denand of an increasing population'

D-xylose concentratlon ln lhe fermenter deereased steadlly (Figure
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8.1). The maxlmum rate of uptake was 0.097 g xylose/l/h.

In summary, a number of points can be made. Flrstly, whlle the pH

fall was rapld, lt dld not contlnue to fall during the entlre perlod of
populatlon development. Secondly, the population reached a maximum

before all substrate was consumed. Thirdly, ethanol concentratlon

reached a maximum only after cell density reached lts maximum.

8.3.2. Batch Fermentatlon with ilPulseil Aeratlon

Preliminary shake flask studies have lndicated that aeratlon was

an important factor affecting the rate of D-xylose fermentatlon (see

Chapter 5). In this seetion t}te effects of aeroblosls and anaeroblosis

on the ethanollc fernentatlon were investlgated 1n greater cletall.

Alternatlng periods of sparging, to be termed Phases of Gassing'

with oxygen-free nitrogen gas followed by sterile alr were arranged.

The teurperature of the vessel was kept at 28o and agltatlon was 100

r.p.n. The fermentation results are shown ln Flgure 8.2 where the

arro$rs indicate cormencement of the particular phases of gas sparglng.

Phase I of gassing (0-q6h) was sparglng with nitrogen, Phase II of
gasslng (6q-90h) wlth alr, thls cycle, th€ first, vtas repeated in
Phases of gasslng III (90-130h) and IV (130-147h), the second cycle.
Phase V of gasslng was where all gases were switched off. Thus' Cycle

1 covers Phases of gasslng I ancl II uhlle Cycle 2 covers Phases of
gassing III and IV.
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pH Changes

The initlal culture pH was 5.1 and gradually decl-ined throughottt

phase I suggesting some ongoing netabollc activlty. Aeration caused a

slgnifieant drop in pH values from A to 3 ln the first cycle (Phases I
and II) and from pH 3 to pH 2.5 Ln the second eycle (Phases III and

IV). Duning the anaerobic phases III and V, pH remalned steady. The

drop ln the pH values corresponded wlth a narked lncrease in substrate
uptake and cell growth durlng the flrst and second periods of aeratlon
(phases II and IV, Figure 8.2).

0rowth Response

No growth occurred after lnoculabing Pachysolen

tannophilus into an anaerobic system. Ab 6q hours, aeratlon was

cormeneed (phase II). Growth started soon afterwards at a rate of
0.039 h-l (as coupared to 0.o2ll h-l ln phase IV). . Aeration was

termlnated at 90 hours and by 96 hours active yeast growth had eeased.

No growth, iD terms of cell count or cell dry-welght, was observed

throughout the second nltrogen sparging perlod ( tnat ls phase IV from

90-130 h), but it commenced within 3 hours of re-aeratlon at the 130th

hour at the rate of 0.024 n-1. I return to anoxic condltions at the

147th hour agaln terminated yeast growth.

Substrate Consumptlon and Ethanol Productlon

D-xylose consumptlon rates (ds/dt) for the first and second

aeratlon perlods (phases II and IV) were 0.088 and 0.176 S xylose/I/h
respectlvely. The maxlmum speclfic sugar consumptlon rates (Qs) were

0.56 and 0.31 g xylose/g ctry eell/h respectlvely (Table 8.1 ).

Actlve growth was needecl for ethanol productlon ln phases I and

II. Once establlshed, ethanol contlnued to be produced lrrespective of
the gasslng cyeles (Flgure 8.2).

From figure 8.2, lt ts apparenf that at 92 h and agaln at 147

xylose uptake was lnterrupted.
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The quantltatlve data for the fermentation are summarlzed ln Table

8.1. The hlghest ethanol yleld (Ypls), was achleved in phase III under

anaeroblc condltlons where a theoretlcal yield of 82 7 or O.42 g

ethanol/g xylose was measured.

Speciflc ethanol production rates htere hlghest durlng the

anaeroblc phase III but dwindlecl to slghtly less than half thls value
ln the anoxic phase V. The cell population at thls time was hlgh,
ethanol production was contlnuing and xylose was stlll present ln the

medium (figure 8.2). Under aerobic conditions, maximum specific sugar

consumptlon rates were aehieved, namely 0.56 and 0.31 g xylose

consumed/g cells/h. High speciflc growth rates matched these hlgh

specif lc utillzatton rates.

The overaU ylelds of ethanol in bhe different phases of batch

fermentation are shown in TabIe 8.2.

Table 8.'l Ethanol Fermentatlon by Pachysolen tannophllus
growing on D-Xylose at 28o and pH 5.1 under

Varying Aeratlon Condi tions

Aerat ion

Phase

Condltlon

Maxlrnrm
Specifle
Sugar
Consumption

Qs

g/g.h

Maxiunrm
Specif lc
Ethanol
Productlon

QP

8/g.h

Ethanol

Y leId

lp/s
B/s ,

Maximum
Spec lf ie
Growth
Rate

umax

h-1

Aerob 1c

Aerob lc

Anaeroblc

Anaerob i c

II

IV

III

v

0.04

0.02

T

*

0.56

0.31

0.17

0.11

0.02

0.05

0.07

0.03

0.03 5.3

0.16 31 .o

o .\? 82.4

0.30 5T .5

* No Cell Growth (by uslng CeIl Count and Dry Welght).
* f o: Theoretleal Yielcl.
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Table 8.2 Ethanol Productlon by Pachysolen tannophllus ln Batch

Culture wlth Anaerdlc and Aerobic Sparglng Reglnes.

Phase
of

Gasslng

Sparglng

Condltion

Populatlon
Response

Ethanol
Y lelcl
Ypls

Proposed Xylose

Metabollsm

II Aeroblc

Aeroblc

Anoxlc

Anaeroblc

Growth

Growth

No Growth

No Growth

Anaeroble No Growth

Resplratlon
predominant

Resplratlon and
ferftentation wlthposslble slnulbaneqrs
ferment atlon
and consumptlon of
ethanol

As for IV, balance
towards fermentatlon

Fermentatlon wl th
presumed mlnlmal
bonsumotlon of
ethanol

Low populatlon and
undetectable
fermentation

0.03

0.16

0.30

o.42

IV

v

III

0

+ Ethanol Ylelcl 1s presented as g ethanol/g xylose consumed.



1 lr7

8.3.3. Contlnuous Culture Studles

In Section 8.3.2 Lt was demonstrated that traces of oxygen were

lmportant ln stlmulatlng the fermentatlon of D-xylose to ebhanol.

Chemostat studies were now perforned so bhat the amounb of oxygen or

air required for best ethanol produetlon mlght be establlshed. The

1.3S f batch culture as described in Sectton 8.3.1 was converted to
contlnuous operatlons when the culture of Pachysolen tannophilus NRRL

Y-21161 had reached naxlmum density. Conditlons as descrlbed ln
Sections 8.2 and 3.6.2.1. were used and sterile alr was sparged at
O.37 L/L.min. The dllution rates were varled so that their influence

on ethanol productivity eould be evaluated during each steady-state.

Steacly-stateswere maintained for at least 3 retention times (mat was

18 days). Together with ethanol production, eell yields, substrate

consumptlon and the anounts of xylitol produced were measured.

A near Ilnear relationshlp between ethanol produetlon and

substrate consumption was observed over bhe tested range (see Flgure

8.3). The product yleld was 0.17 I ethanol/g substrate consumed as

caleulated from the regression line. The lncrease ln ethanol yield
with lncreasing D-xylose consumptlon was not unexpected. On

extrapolating the regresslon llne, it was calculated that 1.9 g/1 of
substrate was consumed without any productlon of ethanol. Thls

quanbity (1.9 e/I) of substrate presumably eontributed to the formation

of blomass prlor bo fhe commencement of ethanol productlon. The

prevlous babeh fermentations (Sectlons 8.3.1 and 8.3.2) lndicated that
about 2 gll of D-xyloee were consumed lnltially to form blomass before

ethanol production commencect (Flgure 8.1 at 48th hour and Flgure 8.2 at'

84th hour) which ls ln accord wlth thls chenosbat derived value.
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Substrate Consumed

Figure 8.3 Ethanol Concentration as a Function of the
Substrate Consumed. ., Paehgtol,en tannophi,Ltu
strain NRRL Y-246I was used in the Chemostat.
Error flags Associated with the Analyses for
Ethanol and D-xYIose are Shown.
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The blomass and xylitol yields per g of substrate consumed were

0.04 g dry weight cells and 0.135 I of xylltol respectively (Flgures

8.4 and 8.5). Blomass increased llnearIy wlth lncreasing consumption

of substrate. However, on extrapolatlng the curve' lt could be seen

that 0.3q g of cells were produced without any consumption of the

substrate. Consequently, maintenance energy and the tme growth yield
calculations were made ln an attempt to account for this dlscrepancy in
the data (figure 8.11 ).

Yields of the product ethanol (Yplx) and the by-product xylltol
(Yxo/x) in terms of biomass were calculated from Figure 8.6 as 4.2 ancl

3.4 g product or by-producL/g dry cells respectlvely. Furthermore,

there was a llnear correlatlon between product and by-product which is
clepicted in Figure 8.7. Frcrn the eurve, 1 .25 I of ethanol was

produced/g xylitol excreted. That is, the produet to by-product ratlo
was 5:ll. Such lnformatlon was useful when considerlng the

stoichlometry of the fermentatlon.
The extrapolated regresslon lines ln Figure 8.6 suggested that

0.42 and 0.28 g of eells were produced ln the absence of ethanol and

xylitol productlon respecttvely. Both batch fernentatlons (see

prevlous section) revealed that about 0.41 and 0.38 g/L of cells were

produced prior to the commeneement of ethanol production.

The Lineweaver-Burk plot of dilution rate agalnst residual sugar

coneentration is deplcted in Figure 8.8. The maximum specific Srowth

rate (u) and the value for Ks were calculated as 0.046 h-1 and 13 8/l
respectlvely.
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Biornass Yield = 0.04 g. dry-weight cells Per
D-xylose consumed.
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Figure 8.4 Biomass as a Function of the Substrate Consumed.

For Experimentl ?achgtolwt tannophi'Ltr5 NRRL

Y-2461 was Grown ln a 2 Z Chernostat jt Liniting
D-xylose Concentrations. D=0.007 h--7 I = 28o;
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Flgure 8.5 By-product (xylltol) as a Function of the substrate

Consuned . ?aei4tolut tantwphi-?ttl gtraln NRRL

Y-246L was the Yeaat Ueed I'n a 2'5 I Chenostat
at LLnitLng D-:ylose Concentratione' D 'O'007
n:l r = 286; ngttation 100r.p.m. t ab O3il-/L/n.
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Figure 8.7 Ethanol Produced as a Function of By-Product

(Xylitol ) Produced
The chemostat data suggested that for

Paehgtolen to,nnophilttt NRRL y-246I there
existed an interdependence of ethanol
and xylitol production under the growth
conditions used. EtOH:Xlitol = L.25.
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Figure 8.8 Lineweaver-Burk Plot O/D versus L/5, to
Demonstrate the Effect of Limiting
Substrate Concentrations on the Specific
Growth Rate of the Yeast ?achgtolen
towophilttt NRRL Y-246L hlhen Grown in a
Chemostat Under Conditions of T = 28o
Agitation itas 100 r'P.m^. and Aeration
wis set at 0.37 I- aLt/ 2 medium ,/ minute'
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Expresslng blomass yields and/or product ylelds as a functlon of
speclflc growth rate, in thls case equatecl wlth dilutlon rate, seened

an approprlate way of graphlcally denonstratlng the posslblllty that
ethanol may lnhlblt the fernentatlon (plgure 8.9). End-produet

lnhlbltlon was observed as the non-competltlve, growth llnkecl pattern.
The Kl, that ls the product lnhlbltlon constant for growth, was

evaluated as 0.5 g/l from Flgure 8.10.

The calculatlon of malntenance energy (n) and true growth yleld
(Yg) coefflclents uslng eontlnucus culture daba lnvolves applicatlon of
the equatlon suggested by either Ptrt (1975) or Fleschko and Hurphrey

(1984). These are :

where,

...... (2)

Y - observed growth yleld (g celI/g substrate)

Yg - true growth yleld (g cell/g substrate)

1/l - 1/Yg + sr19

or

Qs =D/Y+ m

mt

Qs-

nalntenance ener€y coeff lc lent
(g subsfrate/g dry cell.h)

speclflc subsbrate consumptlon rate
(g substrate/g dry ceII.h)

- dllutlon rate (speclflc growth rate, h-l )
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Figure 8.9 Biomass Yield and Ethanol Concentration as a Function.

of Dllution Rate

?achgtolen tannoph).lta NRRL Y-2461 was grown in a
D-xylose limiting chemostat, T = 28o, air was
eparged at a rate of 0.35 L /,L / rninute. For the
qrowth system u = 0.046 h-t & K = L3 q/L.
iig?, air"tion Mx rates (above o.Fot ) iere Ehown
to be counter-productive in terms of ethanol
formation.
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Figure 8.10 Effect of Ethanol Production on Cell Growth

PaeJqtolen tatnophi'Ittt NRRL v-2461 was
grown under D-xylose lirniting conditions
in a 1 35 L chemostat at 28o ' Agitation
was get at 100 r.p.m. and air sparging at
O37 L/L/minute.
D = 0.007 reciprocal hours; Ki(ethanol)=
O.S S/L was calculatecl.
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Therefore, uslng equatlon 1, a double reclprocal plot of the

observed growth yleld against dilutlon rate should glve a straight llne
havlng a slope m and an lntercept 1/lg. Flgure 8.11(A) however,

lndicated that such a llnear relatlonship dld not exlst. Llkewise,
using equation 2, a plot of the speclflc rate of D-xylose consumptlon

versus dllutlon rate was not linear (Flgure 8.1 1 ,B). Bofh plots
consisted of two linear portlons from which malntenance energy and true
growth ylelcl coeff lclents were caleul-ated for D ( or D > 0.017 h-1 .

Using on Flesehko and Humphreyts (1984) suggestlon, equatlon 1 was used

for calculatlng malntenance energy eoefficlent, and equatlon 2 for t,he

true growth yleld coefflcient. The calculated maintenanee energy

coefficients for D ( and D > 0.017 h-l were 0.06 and 0.20 respectlvely
( Taute 8.3 ). The true growth yleld coefficients for D ( and D )
O. 01 ? h-1 were evaluated as 0 . 1 'l and 1 . 15 respeetively.

Tabte 8.3 Maintenance Energy and Growth Yield Coefflcients
Calculabed frcrn Flgures 8.11(A) and (B)

Plot Di Iut ion
Rate

h-1

Regress lon
Equation

Maintenance Yield
Coefficient Coefficient

B/9, g/g

1/I vs 1/D

QsvsD

1/\ - 9.2 + 0.06 1/D

1/\ - 1.3 + O.2O 1/D

Qs - 0.06 + 9.16 D

Qs = 0.2'l - 0.87 D

<0.017

>0.017

<0.0 1 7

>0.017

0.06

0.20

0.06

0 .21

0.'t1

0.79

0.11

1 .15

Pachysolen tannophilus NRRL Y-21161 was grown in a chemostat under

conditlons indicated ln text.
1 Malnbenance energy coeffielent (m) fs expressed as

I substrate/g dry cells/h
2 Yielcl coefficlent (Yg) ls expressed as g eells produced/g substrate

consumed
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Under oxygen-Ilmlted contlnuous culture condltlons, xylose rras

fermented to xylitoL, ethanol and carbon dloxlde. It ls suggested that
the mass balance may be represented by the followlng equatlon :

7 Xylose + 15 Oz

Theoretleal :

(g nole/g nole xylose)

Experlment :

0.1115

0.135

o.175

0.170

0.047

0.01r0

0.838

o.655

can be seen that caleulated values based on the above

stoichionetry are matehed closely by bhe emplrical values, thus

emphaslzing the vallcllty of the proposed converslon neactlon.

8.3.4 The Redox Controlled Chenostat

The chemostat experlments as described ln lhe prevlous sectlon
(8.3.3) were conducted under nsenl-aeroblctr condltlons. Air was

sparged ab 0.37 LlL.mln and mlxecl at 100 r.p.m. Those experiments

establlshed base- llne klnetlc values for the fermentatlon operatlng
wlthout redox control.

The purpose of the work clescrlbed ln thls present sectlon Lras to
evaluate the fermentatlon klnetlc data wlth the 1.5 I chenostat

operatlng under redox potentlat condltlons (Plrt, 1975). A redox

measurlng electrode and control system was assembled accordlng to Clark
(1982) and steady-states were establlshed at +30, -50, -80 mV.

Conslderable dlfflculty prevented the establlshment of steacly-state
vaLues below -80 mV. Throughout, ttre 18 S/L D-xylose plus 6 .T B/L
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Yeast Nltrogen Base medlum was used in a 1.5 I vessel operatlng at D =

O.OO? h-1. AII other conditions were as descrlbed in Sectlons 3.6.2.1.
and 8.3.3.

The results (in Table 8.4) suggested that there was some advantage

in keeplng the redox potential value at -50 nV because hlgh sugar

utlllzatlon (13.6 g/I) resulted ln high ethanol coneentratlons (3.4
g/L) wltfr low xylltol yielcls (1.2 e/L).

The product yield per unlt biomass (Yplx) seemed to remaln

constant with deereasing redox potentlal values. Higher ce11 and

ethanol yields at negative redox potentials (Table 8.5) were observed.

Xylitol productlon per g xylose consumed was mlnimal at -50 mV whlle
the rates of volumetric ethanol production (0.02q g/1.h) and substrate
consumptlon (0.095 g/I.h) were maximal at -50 mV (Table 8.6). This
suggests some advantage in maintainlng the fermentatlon at -50 mV.

Table 8.4 Ethanolic Fermentatlon of D-Xylose by

Pachysolen tannophllus NRRL 2461 under

Contlnuous Flow and Redox Controlled Conditlons*

Redox

Potentlal
mV

Xylitol
Produced

8/r

XyIose

Res idual

8/r

Xylose

UttI lzed

s/L (tr)

Blomass

8/r

Ethanol
1n

VesseI

8/L

+30

-50

-80

1.3

1.2

2.1

11 .l{

3.2

6.5

5.3 Q9 .\) o. 19

1 3.6 (75 .5 ) 0.85

9. q $2.2) 0.5q

0.8

3.4

2.4

N.R. 2.1 1.9 14 .0 Q7 .8 ) 0.90 2.2

*

**
Fermentatlon conditlons :

N.R. No Readlng (D=0.009

28o, 100 r.p.m.r D=0.007 h-1, So=18 g/L

h-l , so-18 e/1) Unconfrolled.
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Table 8.5 Derlved Fermentatlon Characterlstlcs for
Pachysolen tannophllus NRRL 2461 ln Contlnuous

Culture wlth ControlLed Redox Potenttalr

Redox Yteld Ratlos

Potential
MV

Product
Yg/x

a/8

Ethanol
Ypls

B/B

Blomass
lx/s
8/8

Xyli tol
Yxo/s

8/8

+30

-50

-80

u.21

4.00

4.44

0. 15

o.25

o.26

0.0,|1

0.0 6

0.06

0.25

0.09

o.22

N.R. 2.4U 0.16 0.07 0.15

29,t,
h',

*
** Fermentatlon conditlons :

N.R, No ReadlnS (D-0.009
100 r.p.m,, D-0.00? h-1, So-18 zll
so=18 E/r) 

- uncontrolled.
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TabLe 8.6 Volumetrlc Ethanol and Xylttol Productlvltles and

Spectflc Growth Rates of Pachysolen tannophllus

NRRL 21161 ln Contlnuo.rs Culture wl th Controlled
Redox Potentlal*

Redox Volunetric Rates

Potent lal
NV

Ethanol Substrate
Productlon Consumption

B/L.h e/L.h

XyI1bol Speciflc
Productlon Growth Rates

e/l.h h-1

+30

-50

-80

0.006

0.024

0.017

0.037

0.095

0.066

0.009

0.008

0.015

0.007

0.007

0.007

N.R. 0.020 o.126 0.01 9 0,009

T
** Fermentatton condltlons : 2Ef, 1OO l.F.m, D=0.007 h-l, So-18 g/L

N.R. No Readlng (D-0.009 h ', So-1E g/1) Uncontrolled.
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Figures 8.1 2 (A) to (C) present plots of (A) ethanol

concentratlon at steady state versus cell concentratlon, (B) sugar

consumed and ln (C) ls shown a plot of cells versus sugar consumed.

Data, from the redox eontrolled system were plotted wlth those obtained

from a chemostat wlthont redox contpol. Thus the enhancement of
ethanol yielcls under redox control can be seen immedlately.

The product ylelds (Yplx) and other derlved yleld ratlos are

presented in Table 8.7. The product yields (Yplx) were very slmllar
(approxlmaLe 4 g/g) irrespectlve of whether or not redox control was

used. Thus redox control, although it inereased \p/s, clid nof affect
\p/x. Such an observation may be useful for applicatlon to larger
scale fermentation as the higher ethanol yields were very encouraging.

Furthermore, the low xylitol ylelds were partlcularly noteworthy.

Table 8.7 Comparlson of Yleld Ratios of Pachysolen tannophilus

ln Continuous Culture with and withoub Controlled
Redox Potential

Y ietd

Rat ios

B/g

Chemosfat Sysbem

With Series of
Redox Potential
Controlled

Under Oxygen-limited
Conditions Wlthout Any
Redox Potentlal
Controlled

Xvll tol( Yxols )

Product( Yp/x )

Ethanol( Ypls )

Biomass( Yxls )

4.00

0. 31

0.08

0.1q

4.20

0.17

0.04

* Xylltol yleld coefflcient varied wlth
the eulbure. Hence, the value was not

dlfferent redox values ln
avallable.
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Medium on a Number of CelI Growth Characteristics.
Pachgtolen ttnnoph).bt't NRRL Y-246I was Grown in a
1.35 Z Chemostat Under Substrate Limitation'
Redox control was Set at +30' -50 & -80 mv'
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8.4 DISCUSSION

In the npuls€rr aerated batch fermentatlon, Seetion 8.3.2, lt was

observed that the ethanol y1eld under anoxic conditlons was 0.J1 g/g as

compared wlth 0.30 and 0.28o g/g reported by Slininger et al. (1982)

and du Preez et al. (1984) respectlvely. These differences are minor.

A possible explanation for the varylng ethanol ylelds ln the different
phases ls that ln phase I, no cell growth and no ethanol was measured

and the bulk of xylose remalned unused, due to complete anaerobiosls.

It is suggested that the absence of oxygen had prevented the cyclic
operatlon of the TCA cycle uhich would supply NADPH for the xylose

reductase reaction (as proposed by Jeffries, (1981b and 1983) anO

Smiley and Bolen, (1982)) and also supply of NAD for fermentatlon.
Debus et al. (1983) and Brulnenberg et aI. (1983) despnstrated that
the maJor source NADPH in yeast was the hexose monophosphate (HMP)

pathway, whereas the isocitrate dehydrogenase reactlon was only a mlnor

source of NADPH. Hence, it ls also suggested that the presence of
oxygen seems to initlate the TCA cyele which generates ATP for
phosphorylatlon of xylulose-5-phosphate and also generates NADPH as

required in the first step of xylose netabollsm. Subsequently, the

NADPH generatlon proceeds ln the HMP pathway by glucose-6-phosphate

dehydrogenase and 6-phospho-gluconate dehydrogenase actlon.

In aeroblc phase (II), from 64 to 100 h, air was lntroduced into
the culture and raplcl cel1 growth was observed, wtrlch led to high
maximum speciflc growth rate and extremely low speclflc ethanol
productlon rates and ethanol ylelds. Respiratlon predominated over

fermentatlon during thls phase.

Followlng the aerobic phase, a shift to botal anaeroblosls

resulted ln an uninterrupted contlnuous formation of ethanol and

further xylose consuurptlon. No growth wag shown however throughout the

anaeroblc condltlons (phase III). A slmllar result was reported by

Brulnenberg et al. (1984) who demonstrated a very slow xylose

consumptlon and ethanol formation when a culture of Pachysolen

tannophilus was shifted from fuII aeroblosls to anaerobiosls. An
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aeroble fernentatton was lnduced ln phase IV where both cell growth and

ethanol produetlon and consunptlon were observed. l4aleszka and

Schnelder (1982b) have reported a slmllar observatlon.

Durtng phase V, alr was not supplled to the culture. Oxygen

however nay not totally be ctepletecl because of entralnnent fron the

head space. No cell growth was sholrn and lower ethanol productlon was

detecbed as compared wlth aeroblc eonctltlons (phase III). The posslble

explanatlon was the concurrent productlon and consuuptlon of ethanol

under anoxlc condltlons (l'la'leszka and Schnelder' 1982b; Debus et 4:,
1983) and the formatlon of by-product' xylltol, Iate ln the

fermentatlon by Pachysolen tannophllus (Schnelder et al., 1982; Debus

et al., 1983). These proposals llsted aborre whlch attempt to explaln

the observatlons may be vlsuallsed as reactlon gequences shown 1n

Flgure 8.1 3.

Xylulose

I

rr1 PvluvareY/ Sk.",,Bthanol #I Anacroblc / \urr pr,r"

I Reeptratlon ]

Ethanol Productlon

Ethanol ConsuaptlonFcrEentatlon I Bthanol

, [Productlon and

ConauDPtlon l

pIuB

Flgure 8.13 Suggestect Fate of D-xylose durlng the Growth of
Pachysolen tannophllus'under nPulsen Aerated

Condlllons of the Culture

caseous conditions prevailing in the batch culture, 1.e. the
gaseous "phaeea" noted in Fig. 8.2. directed the nature of
products formed fron D-xylose by the yeast (etrain 246L').
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These observations under anoxlc eondlblons are ln agreement wlth
the data of Sllnlnger et aI., (1982b) who reported that Pachysolen

tannophllus could convert xylose to ethanol anaeroblcally, alfhough no

growth occurred. Apparently these researchers dld not de-aerate the

fermentation flask and the oxygen lnitially present ln the culture and

entralned from the head-space meant that condltlons were not totally
anaerobic. Consequently, ethanol productlon nay have been stimulated.

The data presented ln Figure 8.2, indicated that Pachysolen

tannophilus required oxygen for both growth and ethanol formation.

This flndlng is supported by du Preez et dl., (1984) anO Jeffries,
(1982). An efflcient fermentatlon of xylose to ethanol by Pachysolen

tannophilus would be obtained under anaeroblc conditions only if eeI1

synthesis, ethanol assimilation and xylitol productlon could be

bloeked. It thus appears necessary to use a very hlgh populatlon of
cells togebher wifh very carefuL control of the oxygen supply to
achieve a successful ethanollc fermenbation of xylose.

An alternative approach to a fermentation system wlth carefully
controlled oxygenatlon rates, woul.d be to use a mutant culture with a

metabollc block rihlch prevents ethanol consunptlon. This may pror/e to
be a better optlon and recently, Purdue Unlverslty researchers have

successfully lsolated an ethanol-tolerant mutant of Pachysolen

tannophllus r.rtrich produces 36 e/L ethanol from D-xylose ln less than 48

h wlth a converslon efflclency of 85 to 90tr (cited by Arthur, 1983).

Under a contlnuous flow system, ethanol, xylltol and cell
produetion were related llnearIy to substrabe eonsunptlon. However, on

extrapolatlon, eaeh eurve dld not pass through the graphsr orlgln. The

dlscrepancy could be explalned ln terms of the observatlon of two

values for tlre malntenance ener€y (see Graphs 8.11 (A) and (B)). A

similar observatlon was clted by Klrsch and Sykes (1971 ) when

re-plobtlng the data presented by Tempest et al. (1967). Also, for a

plot of speclflc substrate consumptlon rate (Qs) versus dllutlon rate
(D), Beyeler et aI. (1984) llkewlse reported that non-llnear behaviour

was observed for Zymomonas mobllls growlng at relatlvely hlgh dilution
rates.
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According to Maleszka and Schnelder (1982) and Schneider et
aI.,(1983), Pachysolen tannophilus can converb more than 15I of the

tnltlal xylose to xylltol. Under anaerobic chemostat conditions,
lmmobilized Pachysolen cells excreted xylitol ln amounts as htgh as 13tr

of 1nltlal isomerate concentratlon (SutnXo and Poutanen, 1984). The

presently deseribed work demonstrated that 13.51 of xylose was

converted to xylitol.

Xylitol yteld coefflclents (Yxo/x) are influenced by aeration (Ou

Preez et a1., 19811; Debus et a1., 1983). The values noted by Debus et
al. vLzi 0, 0.52, and 0.85 g/B for aeroblc, I'seml-aerobictr and

anaerobic conditions respectively were twlce as hlgh as the values
published by du Preez et aI. and certalnly very much higher than those

measured in the present studles using the redox controlled chemostat.

The slgnificance of xylitol formatlon has been explained by Debus et
at. (1983) in terms of lts actlng as an electron slnk for NADPH,

generated in the hexose monophosphate pathway.

The stoichlometry of xylose conversion to ethanol under anaerobic

conditlons has been postulated by Debus et, al. (1983) as:

5 Xylose + ZHZO 4 Xylltol + Ethanol + 3 COZ

Brulnenberg { "I: 
(1983 and 1984) also have proposed

stolchlometrlc equatlons based on the discrepaney exlstlng between the

produetlon and consumptlon of cellular pools of NADH and NADPH.

Equations were proposed as follows,

elther vla : NADP-linked xylose reductase/NADH-linked xylltol
dehydrogenase

6 Xylose
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vla : both NAD(P) and NAD(P)H+ -1lnked xylose reductase

ancl xylltol dehydrogenase

6 Xylose

It wlll be noted that these converslons do not take into account

any xylltol synthesis whatsoever, nor do they take lnto account acetate

formation.

A possible scheme for D-xylose converslon to xylitol, ethanol

carbon dloxide ls presented ln Flgure 8.1q.

In thls scheme, xylose is flrst reduced to xylitol by

NADPH-dependent xylose reduetase. Low actlvlty of an NADH-Iinked

xylose reductase has also been suggested (Maleszka et dI., 1983;

Smlley and Bolen, 1982 and Brulnenberg et al., 1984). Xyllt'ot ls then

oxidized to xylulose by an NAD-dependent xylitol dehydrogenase. Both

NADPH ancl NAD+ requlred for the xylose reductase and ryli tol
dehydrogenase reaetlons are posslbly generated ln the TCA cycle. The

presence of oxygen ls required to trlgger both the operatlon of thls
cycle and the formatlon of NAD+ an<l NADPH. Thls is deducecl from the

observed oxygen requlrement by Pachysolen tannophllus during bhe

fermentatlon of xylose.

Once xylose netabollsm ls establlshed, the maJor source of NADPH

formatlon is fron the hexose nonophosphate pathway (Brulnenberg et aI.'
1983) and/or the pentose phosphate cycle (Sols et al., 1971).
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The produebion of xylltol ls often observed late ln the

fermentatlon (Schneider, 1982; du Preez et al., 19811). Thls may be

explained by a depletlon of the culturers dissolved oxygen

concentration with the overproductlon of NADP whlch causes the

phenomenon observed by Debus et a1., (1983). There, four ncles of
xy}lto1 were produced under anaerobic conditions. The lower ethanol
yield observed under anaerobie conditlons by Debus et al. might thus

be explalned ln terms of overproduction of NADH (Bmlnenberg et al.,
1984) utrich cannot be reoxidized ln the absence of oxygen. Xylltol ls
thus seen to accumulate.

8.5 CONCLUSIONS CONCERNING D-XYLOSE FERMB{TATION BY

Pachysolen tannoph 1Ius

The D-xylose fermentatlon by Pachysolen tannophilus NRRL y-2U61

growing in batch culture has been studied. A decrease in culture pH

coinclded with cell growth and substrate uptake. The growth of the

yeast responded characterlstically to the presence or absenee of oxygen

in the cufture during experlments ln which the culture was sparged with

elther nitrogen or alr. However, ethanol formatlon dld not follow the

same pattern of productlon as dld cell development. The productlon of
ethanol was concomitant wlbh the late rrexponentlalrr phase of cell
growth.

In a continuous flow system, ethanol, xylltol and cell productlon

were all Ilnearly related to substrate consumed. Furthermore, two

dlsllnet malntenance coefficlents values were calculated for a range of
dllutlon rates. At a very low dllutlon rabe, 1.€. < O.O1? h-1 , th€

maintenance energy coefflclent was 0.06 I energy source/g dry

bbmass/h. The true growih yteld was evaluated as 0.11 g/8. However,

at ctllutlon rates hlgher than 0.017 hll , <lif ferent values for the

malntenance energy coefflclent and the true growth yleld were obtained,

namely 0.20 g energy souree/g dry bionass/h and 1.15 g/e respectively.

Pachysolen bannophilus did not appear to tolerate high ethanol

concentrations and lts ethanol lnhlbltlon constant ( Kl ) for growth
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was 0.5 I ethanol/l.

When controlling the redox potentlal of the chemosbat eulture at

-50 mV, a relatlvely hlgh ethanol yield was aehleved as conpared wlth

oxygen-limlted conditlons, that ls, when aeratlon rate was 0.37

1/1.min. The xylitol yleld at -50 mV was greatly redueed utrich was an

eneouraging aspect of controlling the cultures redox potential.

Near1y two-fold increases in the ylelcls of ebhanol and cell mass

were also demonstraLed under redox potentlal controlled condltions as

compared wi th yields from non-redox-controlled or oxygen-limited
cond it ions.

The varlable aeratlon batch culture study, th€ oxygen-Ilmited

continuous study and the redox controlled chemostat studles aIl
revealed bhat Pachysolen tannophllus requlres oxygen for both growth

and the initlatlon of ethanol fermentatlon. The extent of xylitol
formation appeared to be determined by the culturers redox potential,
that is, the Oissolved oxygen status of the eulture. The proposed

fermentation stoichiometry suggested that under oxygen-limited

conditlons, a maximal ethanol yleld could be obtalned by carefully
controlllng the dissolved oxygen tenslon status of the culture.

Further, lt ls suggested that an optimal redox potenflal, (i.e.
an optimal dissolved oxygen concentratlon), can be establlshed ukrlch

permits bhe balanced productlon and consumptlon of both NADPH and NADH

in Pachysolen tannophllus.
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Experimentatlon in the early part of thls decade drew attention to
the D-xylose fennenting ab111ty of bhe yeast Pachysolen tannophllus.
This focus of attention was a clearly defined startlng point for thls
thesis which has considered not only varlous aspects of the

fermentation characterlstics of Pachysolen tannophilus but also sought

bo find other yeasts with slmilar abilitles. Yeasts closely related,
both phylogenetlcally and physlologlcally, were eonsldered in the first
instance. No Hensenula species were found supenlor ln character to
Pachysolen tannophllus. Taklng a broader vlew, Candlda species were

revlered and agaln no tested yeast surpassed Pachysolen tannophllus in
D-xylose fermentlng abillty. Since that time of testing, however,

Candlda shehatae has been reported as being useful. However, thls
eurrently descrlbed work could not ldentify any yeast superlor in
fermentative abilities to Pachysolen tannophllus and consequently the

ongolng research involved i ts use.

Studies of fernentation eharacterlstles of Pachysolen tannophilus
ln shake-flask cultures, showed that thts yeast could fernent to
ethanol all of the sugars of plne-wood acid hydrolyzate. Some

varlatlon of cell growth on hexoses and pentoses and ethanol formatlon

was noted. The slower utillzation of D-xylose and L-arablnose and

D-galactose as eompared with the rapld fermentatlon of D-glucose and

D-mannose was observed. Pachysolen tannophilus could easlly assimllate
4 g/L of ethanol as substrate but a lag perlod of ll days was observed

when thls substratefs concentration was lncreased four-fold (1.e. to
'16 e/L of ethanol).

Neutrallzatlon of lnhlbltory subsbances ln the hydroJ.yzate was

achleved with 2 glL of anhydro.rs sodlum sulphite. Large aupunts of
lnltlal yeast inoculum was also recomnended for reduclng bhe

fermentation time. Thls, honever, decreased the speclflc growth rate
of the yeast.
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At the rapld agltatlon speed of 200 r.p.m., the shaken culture
exhlbtted a low flnal ethanol eoncentration but a high cell populatlon.
Static culture, thab 1s no agitation, yielded traces of ethanol and

also a low cell populatlon. Mild aglbation at 50 and 100 r.p.m.
proved to be the mcst sultable aeration eonditions. Simllarly, at the

htgh agitation speed of 200 r.p.m. and wlth hlgh inoculum

concentratlon, fhe admission of pure oxygen-free nitrogen after 24

hours of incubation markedly dlminished the cell formation although the

yleld of ethanol remalned hlgh. Tftus it seems appropriate that this
fermentation not be conducted under either totally anaeroblc or totally
aerobic conditions as both extremes are inhlbitory to ethanol

formation.

Attempts to elucldate the role of oxygen ln the fernentat,lon and

ln particular its lnfluence on ethanol productlon were nade uslng bofh

batch and contlnuous cultures of Pachysolen tannophilus NRRL 'L-2\61.
Both D-xylose synthetic medla and the prehydrolyzate based medium was

used. Batch fermentation studies demonstrated that ceIl growth,

substrate uptake rate and culture pH responded strongly to oxygen

supply , but that the production of ethanol was concomitant wlth the

perlod of late exponential cell growth phase. This suggested that
aeration was at least a pre-requlstte for achteving ethanol productlon

but may not have been essentlal towards the end of actlve growth.

A eontinuous flow homogeneors culture was set up and aerated at
0.37 I aLr/L.min. so that there was no resldual dlssolved orygen ln
the culture. Ethanol, xylitol productlon, and ceI1 yleld were llnearly
correlatecl to the anount of substrate consumed. The caleulated klnetlc
data were as follows; maximum specific growth rate, O.Oq6 h-1; blomass

yleld, 0.04 S/e; ethanol ylelcl, O.17 B/e; Ks value, 13 g/L. When

attempttng to esfabllsh the malntenance energy coefflclent, lt was

found that two values cqrld be obtalned. At low dllutlon rates (Iess

than 0.017 h-1) a value of 0.06 was calcutaLecl whlle a! hlgher dllution
rates (greaier than 0.017 n:l) a value of 0.20 g energy source/g dry

bionass/h was found.

End-product inhlbltlon was observed the non-competltive
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growth-assoeiated type and the Ki value was caleulated as 0.5 g/1.

At extremely low values of dissolved oxygen tension approaching

anaerobic conditlons, lt seemed approprlate bo measupe and control the

overall oxidatlon-reductlon potentlal of the culture so that
pre-selected values of llmited oxygenatlon could be achleved. 0n

controlllng the redox potentlal at -50 mV, there was a 55i increase ln
the ethanol and a \3f reductlon tn xylltol production compared wlth
those values observed without redox control, Such a flndlng may have

commerc lal appl1catlon.

A quantltatlve study of the effects of fermentatlon procesa

variable interactions on the pentose fermentatlon by the yeast

Pachysolen tannophllus growing in a synthetle mediun and in soft wood

prehydrolyzate was aehleved uslng statlsbically clesigned experiments.

Empirical nodels resultlng from these experlments showed that the

ethanotr yields and maxlmum average ethanol productlon rates were llnean

functlons of the statlstlcally coded inltlal substrate concentratlons

ln the culture. Temperature and pH variables had narked effects on

ylelcls of cell and ethanol and also on speciflc growth rates for each

straln tested. In these later studles straln NBRL Y-2461 seened to
perform better than the other two stralns (NRRL Y-2460 and IFO 1007).

CeIl growth appeared to be favoured at pH 6.5 but the production of
ethanol was enhanced lf the inttial culture pH value was kept fYom 5.6

to 5.8.
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IPPfIDII t : GOStIre SrUDr (F GOIffiCITL D-IllIlSE Mrm|l;E

F(n ETZNG IJT@ HflIII)SE FEMEIIr1IOII

The costlng study ls based on l0V0rs Sweetzyme enzynes, by assumlng the
activltles for xylose isomerlzatlon equals that for glucose

lsomerlzat{on, and an activlty of 5f ot the deslgn activlty for type

Q ls used.

The followlng equatlon has been suggested by Larsen (1 981 ) :

C1 - 0.139C2/(A. Y.HL)

where, C1 : cosi ($) of enzyme/ kg etharnl
C2 : cost ($) of enzyme/ kg enzyme

A : actlvity n moles (xylose converbed)/mln g enzyme

kg (xylose eonverted)/h kg eruyme

Y : ylelcl kg ethanol/kg xylose

HL : number of half-llves the enzyme ls used

A cost of approxlmately $ZO to 3O/ke has been obatlned fron IOVO

enzymes. An estlmated cost of Sweetzyme Q (quoted prlces 22.5.1984) of
$18.75lkg ls used here.

A yleld of 0.4 kg/kg ls agsumed ancl enzyme useage of 2 half-Ilves ls
assumed wtth 1 HL betng 800 hours (Fullbrook and Vabo, 1977).

Thus :

If A : 10 l1g (xylose converted)/n fg enzyme and HL : 2

C1 - $0.33lkg ethanol

If A : 20 kg (rylose converted)/h kg enzyme and HL : 3

Cl ' $0.11 /kg ethanol
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lPfrDII 2 : ffinnsslof rrrr-Ysls (fl GHI. G(IIT

TBSITS M TEIGHT

ffiE RMRESSION EQUATION IS

DRY-wEIcl{t (t|) - 0.0056 CELL-COUNT (x) (x tO6)

ST. DEI/. T-RATIO -
COLU,IN COEFFICIENT OF COEF. COEF/S.D.

NOCONSTANT

x CELL- 0.0055865 o.ooo1 1 75 47 .54

COUNT

THE ST. DETI. OF Y ABOUT REGRESSION LINE IS

S - 0.04744

WIfil ( 21 - 1 ) - 20 DEGREES 0F FREEDOM

ANALISIS OF VARIANCE :

DUE TO DF SS MS-SS/DF F

RrcRESSrON 1 5.08659 5.08659 2250.7*

RESTDUAL 20 0.04501 0.OO225

ToTAL 21 5.13160
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* Signiflcant at the 0.1i level.
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|PFDII 3 s rX) Itf TIrI.ISIS (f IlnItrcA FOn

toltl f,utm srns rrrl-qsls

I1IO TIAY ANALISIS OF VARIANCE

ANALYSIS OF VARIANCE ON Abs

SOUrcE DF SS HS F

conc lt 1.511912 0.377978 452.95x
Day ? O.O2?O3o 0.003851 30.15r
ERROR 28 0.003582 o.OOO128

TOTAL 39 1.5462U

* Slgnlflcant at the 11 level.
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IPIEDII |l : Ttl llf IID (IE ltf rrrl-YsFs (f tlnl|rcBS

F(n ErililL r|flI-YSIS

11{O WAY ANALISIS OF VARIANCE FOR ALL II{E DATA :

ANALYSIS OF VARIANCE ON Unit,s

SOURCE DF SS MS F

Ethanol 3 q432. 338 1 477 .446 1 575 .1 0++

Day 4 33.t39 8.285 8.83+

INTERACIION 12 38.210 3.184 3.39+

ERRoR 40 3T .512 0.938

ToTAL 59 45q1 .199

ONE WAY ANALYSIS OF VARIAI{CE FOR EACH ET}IANOL CONCffTRATION :

For 6.4 g Ethanol pe,r lltre

AI{ALYSIS OF VARIANCE

SOURCE DF SS MS F

FACTOR \ 50.32 12.58 9.11+

ERRoR 10 1 3.81 1.38

ToTAL 14 6tt .13

INDIVIDUAL % tr CItS FOR MEAN

BASED ON POOLED STDEV



LEVEL

DAY 1

DAY 2

DAY 3

DAY 4

DAY 5

POOLD

N

3

3

3

3

3

STPEV -

MEAN

28 .4q

23.48

27 .51

26.75

28.42

1 .18

For 4.0 g Ethanol per lltre

ANALYSIS OF VARIANCE

SOURCE DF SS

FACTOR q 18.37

ERRoR 10 1 3.93

ToTAL 1lt 32.29
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STDEI/ +---------+--------- +-------
1.00 (------*-----)
1 .32 (----*-----)
1.1 1 (------*-----)
1.51 (-----*------)
0.82 (-----*------)

24.0 26.4 28.8

MSF
4.59 3.30*
1 .39

INDIVIDUAL % I CIIS FOR MEAT{

BASED ON POOLED STDEV

STDEII -------+---------+---------+-
1 .19 (--------*---------)
0.67 (--------*---------)
1.89 (---------*--------)
0.58 ( -------*--------- )

1.08 (--------r---------)

------ +--------- +--------- +

16.0 17 .6 19.2

LEVEL N

DAY1 3

DAYz 3

DAY3 3

DAY4 3

DAY5 3

POOLED SIDEV

MEAN

1g .93

16.8?

17 .O7

1 6.49

19.1 1

. 1.18

For 2.4 g EthanoL per lltre
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ANALYSIS OF VARIANCE

SOURCE DF SS MS F

FACToR 4 1.725 0.431 0.47*

ERRoR 10 9 .A97 0 .91 0

ToTAL 1lt 10.822

INDIVIDUAL % T CI'S FOR MEAN

BASED ON POOLD STDEV

LEVEL . N MEAN STDEII -----.1---------+---------+---------+-
DAy 1 3 rc377 1.070 (------------*-----------)
DAy 2 3 9.7q0 0.106 (----------*------------)
DAy 3 3 10.433 1.201 (-----------*------------)
DAy 4 3 10.617 1.287 (-----------*-----------)
DAY 5 3 10.70? 0.542 (-----------*-----------)

----- +--------- +--------- +--------- +-

POOLED STDEV - 0.954 9.0 10.0 11.0 12.0

For 0.8 g Ethanol per litre

ANALYSIS OF VARIANCE

SOURCE DF SS MS F

FACToR 4 0.9369 O.23\? 3.47*
ERROR 10 0.6757 0.06?6

ToTAL 14 1 .6125

INDIVIDUAL 95 I CTI S FOR MEAN

BASED ON POOLED STDEV

LEVEL N MEAN STDEV -+---------+---------+---------+-----
( -------*-------- )

( -------- *------- )

DAY 3 3 3.697 0.064 (-------r--------)
DAY4 3 3.7110 0.353 (-------*-------)
DAY 5 3 3.503 0.188 (--------*-------)

- +- -------- .F -------- +- ----- --- +- ----

3 .2O 3 .60 4.00 4 .40

DAY 1 3 4.63 0.323

DAY2 3 3.8?3 0.263

POOLED STDEV - 0.260
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++

+

*

Slgnlflcan! at the

Slgnlficant at the

Not slgniflcant a!

0.11 level.
5I level.
tjre 5i level.
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(I) Central Conposite Rotatable Daglgn :

The central composite rotatable deslgn 1s composed of three
sets of points. (Himirelbau, 1970; Box et dl., 19?8i Davles, 1978;
Mullen ehd Ennls, 1979).

(i) The facborial poinbs :

Nf-2k

where, Nf - the number of factorlal points.
|4 = the nunber of factors ln the experiment.

here, tr, : ?,

(11) The'starr or axlal polns, located ab the axls wlth a
coded dlstance + c from the origln.

For ro tatab 1I tty, c - 2k/ 4

Ns- 2R

where, Ns - the number of 'sbarr polnts.
k - the number of factors ln the experlment.

here' x" I l. q', ,,

(ftf) The centre polnts, sltuated at the orlgln.
To achelve orthogonallty,

ttc"(Nf+a2)
Nc- -Ns

Nf

where, Nc - tJte nunber of centre polnts.

here, Nc - I

Hence ,- 8 repllcated observatlons at_the centre of the deslgnplus 4''starr polnts at the axes confer on the deslgn
iotatabll lty ancl orthogonallty.
firls rotatable deslgn can be-represented as an octogon
dlagram and shown tn Flgure 6.2.1.

(II) Central Composlte Deslgn :
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A three-factor, 2r faetonlal, central conposlte cleslgn
conslsts of

(1) The factorlal polnts l

Nf'2k

where, Nf - the numben of factorlal pglnts.- k - #"li#:fi[.ot factcs usbd ln tJte deslgned

. here, Nf-$'

(11) The'starr or axlal polnts wlth the value of c - 1.
(accordecl to Murphyfir reeomendatlon, 1977 r.

Nsr2k

here, Ng - 5

(lfl) The centre polnt augrented wlth the repllcatlon runs.

lfc r 1+12-13

The central composlte deslgn expenlnent 1g deplcted ag a cube,
ls shnown ln Flbure 7 .2.1.-
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FLASK

No. Coded

U.ETOH.R

gll.h
SpEtC[l

g/g.h
CELL.YD ETOH.YD

cells/l glI
M.AVETOH 9OtrETOHT

g/I.h h

0.012 0.011{ 124.80.016 0.013 157 .20.086 0.021 168.00.113 0.03t! 176.1
0.1 14 0.036 179.40.354 0.039 170.{0.016 0.029 117.6
0.01 1 0.017 104.40.024 0.025 185.40.018 0.023 1 68.60.030 0.028 166.8
0. 023 0.o2lt 169 .90.032 0.024 170.40.030 0.024 174.00.037 0.028 164.40.033 0.025 165.6

2.12 1 .97 0.019
1.97 2.31 O.s26
1 .35 5.01 0.1 1 21.82 6.79 0.1582.07 T .22 0.176
3.70 7.\2 O.O77
3.7 u 3.83 0.0t14
2. E0 2.O1 0.0222.O5 5.29 0.0501.63 U.\2 0.0291.95 5.17 0.0471.81 {.5q 0.030
't .'12 4 .77 0.0441.66 4.711 0.0441.56 5.13 0.058
1 .87 q.66 0.048

-1 .414
-1.000
0.000
1.000
1 .414
1.000
0.000

-1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
-1.000
-1 .41 4
-1.000
0.000
1 .000
1 .,11 4
1 .000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

'l

2

a
5
6

6
9

10
11
12

la
15
16
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IPEDII | : PIBSiIIIIII(IIII|DES|ID BEinEXir(x srrTrstlcs

F(n EXPERITXTT 1

THE REGRESSION EQUATION IS
CELL.YD-1.78+0.760I+ 0.220 SS + 0.445

T-RATIO -
COEF/S.D.

23.06
9.82
2.39
2.84
5.75

I
SI
SS
II

c0Lu'lN COEFFICIE}IT
1.7831 1

o.75979
. 0 .2613

0.22004
0.445 1 0

COEFFICIE.IT OF DETER.IINATION :

R-SQUARED - 92.9 PERC${T
R-SQUARED = 90.3 PERCENT' ADJUSTED FOR D.F.

ANALYSIS 0F VARIAI'ICE :

II0.261 SI +

ST. DEV.
OF COEF.
0.07733
o.07733
0. 1 094

o.oT735
0.o77 35

0.0478
0.0815
0.0286

SS
6.8621
4.6175
o.2730
0.3 874
1.5E42

o.5262
0 .3260
0.2002

7.3883

DF
4

4
7

11

15

DUE TO
REGRESSION

I
SI
SS
II

RESIDUAL
LACK OF FIT
PURE ERROR

TOTAL

MS-SS/DF
1 .7155

F
35.89+

2.85*

+
*

Stgnificant at the 0.1tr level.
Not slgntflcant at lhe 5tr level.
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THE REGRESSION EQUATION IS
M.ETOH.R - 0.0451 + 0.0511

+ 0.0125 lT
s-0.0228r-

sT. DEV.
OF COEF.

0.00tI025
0.004025
0.004025
0.005692
0.004026
0.0040 26

0.0192 SI + 0.0223 SS

COLWN COEFFICIENT
0.01151 43
0.051 1 21

-o.022802
-0.0 1 9209
o.022326
0.01 2479

S
I
SI
SS
II
$r

T-RATIO =
coEF/s.D.

11 .22
12.70
-5.66
-3.37
5.55
3.10

o.o1 138

CONTFICIENT OF DETERMINATION :

R-SQUARED - 96.1 PERCENT
R-SQUARED = 911.1 PERCENT' ADJUSTED FOR D.F.

ANALYSIS OF VARIANCE

DUE TO DF
RffiRESSION 5

MS-SS/DF
0.006 3540

F
49.0+

s
I
SI
SS
IIBESIDUAL 10
LACK OF FIT
PURE ERROR

TOTAL 15

SS
0 .031 77 00

8:838?8tr8
0.001 4759
0.0039864
0.001 2453

0.001 2959
0.00077 1 7
0.0005240

0.0330660

0.000 1 2960.000257 3.43*
0.000075

1

1

1

1

1

3
7

+
*

Sinniflcant at the 0.1f, level.
Nof, significant at the 5tr level.
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THE REGRESSION EQUATION IS
9OtrETOHT - 171 + 20.3 S - 15.3

COLWN COEFFICIENT
170.625s 2Q.3q4r -16.261sr 11 .700ss -8.101rr -12.752

S - 6.196'
COFFICIENT OF DETERMINATION :

R-SQUARED - 95.3 PERCENT
R-SQUARED = 92.9 PERCENT, ADJUSTED FOR D.F.
ANALYSIS OF VARIANCE :

I + 11.7 SI - 8.10 SS

gl. DEV. T-RATIO .
oF coEF. coEF/s,D.2.191 77.882.191 g .272.191 -7 .423.ogg 3,792.191 -3.702.191 -5.82

MS-SS/DF
1557.O

- 12.8 II

F
40.55+

0.53*

DUE TO
REGRESSION

s
I
SI
ss
II

RESIDUAL
LACK OF FIT
PURE ERROR

TOTAL

SS
7785.2

3297.4
2115.O
547.6
525.0

343:9'3
70.7

att[1i2

DF
5

'l

1

1

1

1

10
3
7

15

38 .4
frtr'.77'

+
* Slgnlficant at the

Not slgnlfieant at
0.1i level.
the 5t level.
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THE REGRESSION EQUATIOII IS
ETOH.ID - 4.71 + 2.16 S

ST. DEV. T-RATIO -
COLT'MN COEFFICIET{T OF COEF. COEF/S.D.4.7128 0.1107 42.59s 2.1583 0.1565 13.79

S - 0.4426

COEFFICIENT OF DEIERI,IINATION :

FSQIIARED.- 93.1 PERCENT
R-SQUARED - 92.T PERCENT, ADJUSIED tOR D.F.

ANALYSIS OF VARIANCE :

DUE T0 DF SS MS-SS/DF FRmRESSION 1 37 .?61 37 .26-1 190.1+RESIDUAL 1 4 2.743 0.19 6
LACK OF FrT 7 2.0318 O.29O3 2.85*
PURE ERRoR 7 0.7112 0.1016TOTAL 15 40.004

+ Slgnlflcant at the 0.1f level.* NoE slgnlflcant, at the 5I level.
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THE REGRESSION EQUATION
1/SpEtOH = 38.6 - 30.1t S

IS+ 11.5 I
ST. DEI/.
OF COEF.

2.718
3.844
3.8q4

ss
8q74.9

7 416.2
1058.8

1536.7
929.32
60 7 .39

001 1 .6

COLWN COEFFICIEN
39.646S -30.llll9r 1 1.505

S - 10.87

ANALYSIS OF VARIANCE :

DUE TO DF
REGRESSION 2s1

I1RESIDUAL 1 3
LACK OF FIT -6
PURE ERROR 7TOTAL 15 1

T-RATIO =
COEF/S.D.

lU.22
-7.92
2.gg

c0EFFICIENT 0F DEIERMINATI0N :

R-SQUARED - 84.7 PERCENT
R-SQUARED - 82.3 PERCENT, ADJUSfED rcR D.F.

MS-SS/DF
u237.5

1 18.2
1 54 .886
86,769

F
35 .85+

1 .?8*

+
* Signiflcant at the 0.1f level.

Not slgnlflcant at bhe 5tr level.
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THE RECRESSION EQUATION IS
M.AVETOH - 0.0261 + 0.00923 S

coLn{N coEFFrcrEx\rr 8F''BEJ: E;E$}3?r:0.0260863 0.0005964 4lt.4gs 0.0092314 0.o0og2g3 11.13

S = 0.002346

COEFFICIENT OF DETERMINATION :

I

R-SQUARED - 89.8 PERCtr'lT
R-SQUARED - 89.1 PERCEX,IT, ADJUSTED FOR D.F.

ANALYSIS OF VARIANCE :

DUE T0 DF SS MS-SS/DF FRrcRESsroN 1 q.qqq6q165 0.00068165 123.94+RESTDUAL 14 0.00007702 0.00000550
LACK 0F FrT 7 0.0000546 0.0000079 2.44*
PURE ERRoR 7 0.0000??4 0.0000032ToTAL 15 0.00075867

+ Slgnlficant at the 0.1t level.* Not slgnlflcant at the 5i level.
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lPIEDfl E 3 f,rI DtIt Fm ETPGRIIET 2

strain H N T ce11 EtoH M.cetr.R M.EtoH sp.EtoH M.AvEtoH sp.cetl

rFol 007 0.00652 0.01 09
0.031 44 0.02980.00000 0.00330.0!566 0.0308
0 .0u226 0 .0 1- 9 10.02867 0.01 46
o .02670 0.01 570.01975 0.0132
o .02717 o .0289
0.0 1872 0 .01 48o.o2396 o.o16o0.00000 0.0041{0.02405 0.02000.01341 0.00630.03096 0.01 040.02978 0.01560.02038 0 .01 3rl0.02E59 0.01 580.00q34 0.00000.00376 0.00180.00000 0.001 5
0.001 6ll 0 .00000.00276 0.001 10.03096 0.00700.04005 0 .00720.03081 0.00700.03957 0.01 1 3

0.o122
0.0425
0.0000
0.01102
0.0503
0.0 293
0.0375
0.0202
o.o3sz
0.0229
0.0258
0.0000
0.02611
0.0173
0. 039 1

0 .01{81
0.0 705
0.031 0
0.0225
0 .0047
0.0000
0 .01 76
0. 0036
0.0329
0.0579
0.0495
o. 0639

0.059
1.059
0.023
o.926
0 .388
0.204
0.'t25

8:1Ai
0.175
0. 185
0.022
0. 188

8:?f t
0.545
0.500
0.520
0.000
0.012
0.001
0.000
0.006
0.1 17
0.096
0.108
0.050

-1 -1 -'l 8. 15 0 .75
1 -1 -1 166 .40 q.7 q

-1 1 -1 8.45 0.001 1 -1 101 .00 r{.q3
0 0 -1 q7.50 11.51
0 0 0 211.50 3.550 0 '0 30.00 \.260 0 0 2rt.00 3.gg0 0 0 20.00 4.1 30 -1 0 26.80 z .320105?.303.39

-1 0 0 8.77 0.1'l1 0 0 q9.50 2.310002q.003.120 0 0 38.00 3.550 0 0 50.50 q.3o
0 0 0 62.00 q.53
00062.003.50

-1 -1 1 6.50 0 .77
1 -1 1 8.30 0.43-1 1 1 7.00 0.001 1 1 7.50 0.310 0 1 7.05 0.280 0 o 26.so 3.870 0 0 26.50 5.210 0 0 21 .00 It.74
0 0 o 23.50 5.\5

0.00255
0.0006 3
0.00000
0.00 1 20
0.00176
0.00170
0.00211
0.00116
0.00209
0.001 39
0.001 25
0.00000
0 .00170
0.001 21
0.00355
0.00310
0.00624
0.00250
0.00351
0.00067
0.00000
0.00235
0.00054
0.0031{6
0.00529
0.00387
0.0051 1

NRRL2460 -1 -1 -1 . g.qq g.97 0.Q:g o.o1 16 O.OO1 31 O.OO355 0.00501 -1 -1 1q6.00 q.B0 r.8Tr 0.0560 0.001T6 o.ori9g 0:0306-1 1 -1 9.00 1.09 0.050 0.01r19 0.00198 o.odl2q o.o60s1 1-1 94.00 3.93 0.995 0.01162 0.0017T o.orrgz5 o.ozsq

I 8 
-l i6:88 il:8i 8:2?8 8:83i3 8:88?i7 8:83!8? 8:81130 0 0 22.30 4.34 0.161 0.0rlg2 0.002116 o.ozToq o:oiii0 0 0 20.20 3.Bz 0.195 o.0296 0.00151 o.ozqq6 o.ors{0 0 0 31 .30 4.02 0.385 0.0395 0.00233 0.02tr41 o .ot2z0 -1 Q 33.!q 3.39 q.13? 0.0379 0.00308 0.o3sz3 o.or 0[0 1 0 44.9q 4.13 0.244 0.0270 0.00104 o.o20og 0.0115-1 0 0 1 9.56 0 .30 0. 1 45 0.0000 0.00000 0.00460 o .oog51 0 0 5!.00 3.87 0.3Q9 0.0289 0.00109 0.02r{96 o.ozo{0 0 0 18.20 4.ltl q.qq? 0.0102 0.00365 o.ozl83 o.00820 0 0 3z.oo 3.67 0.?29- 0.0q00 o.oorro0 o.ou2gi o:00960 0 0 !z.oo u.2z q.!1q 0.0715 0.0062q o.ozz3s o.or520 0 0 64.00 u.zU 0.833 0.0437 o.oogSo 0:0[9-3i o.ozoT

-? -? ? uB:88 i''.7,2 8:338 8:8331 3:38633 8:83?86 8i8l?g1 -1 1 1 0.68 0.71 0.023 0.0082 0.00094 0.00rl3rl o .oozq-1 1 1 z .60 0.52 0.000 0.01 29 0.00 170 0.0032r o. ooo01 1 1 1Q.62 0.71 0.0rt5 o.orE9 0.00141 o.oo[{e o:00460 0 '! . g.B0 0.90 0.017 0.0Q00 0.00000 0.00000 o.o6z20 0 Q !!.5Q l.!9 0.1Brt 0.061E 0.00q17 o.orsig o:ooio
8 8 8 i\:48 ?:9i 8:i6tr 8:8848 8:88il16 8:8i8ffi 8:88160 0 0 qq.00 5.37 0.198 0.05q8 0.00q21 o.o-msu o.oro6

0.00 108 0 .0071 7 0.006 4
0.0021 4 0.03531 0.04480.002itz 0.00{29 0.0066
q.001 35 0.0q597 0.0339
0.00 1 39 0.071 02 0.03090.00245 0.O2962 0 .01 540.00319 0.02867 0.0171

7 .73 0.55 0.038
100.00 5.1E 3.9066.65 0 .82 0.037
106.oo 5.05 1.582
121 .00 5.6\ ?.U7 U

36.00 !.zq 0.q00
32 .5O U .U2 0.358

0.0050
0.0599
0.01611
0.0606
0.07q9
0.075 1

0.0658

NRRL2461 -1 -1 -1
1 -1 -1-1 1 -1
1 1 -10 0-1
000
000
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0.03057 0.0202o.o2g3o o.o 1g70.02820 0.02080.03989 0.01570.00000 0.001 g0.06312 O.O2T50.03918 0.0159o.02283 0 .01260.02740 0.01 660.02867 0.02010.00000 0.00490.00528 0.0000
0.0051 2 0.001 g
0.00000 0.00000.00000 0.0029
0 .0 315 2 0.01060.03365 0.01 540.02409 0.01 1?
o .03152 0.0170

0 0 0 3?.5o l{.06 0.357 0.088?o 0 0 3!.80 4.36 o.357 0.0?92q -1 I 0E .00 If .59 0.537 0.0tr369 1 9 90.9Q t.1A Q.625 0.0s39-1 o o 9.zg 0.37 0.014 0.66661 0 0 1 18.00 3.69 0.486 0.0632q q q 59.00 4.81 0,172 O.OZ96q q g ,q.Qq 3. qq 0.655 o.oz53

8 8 8 f?:88 1.lZ ?:TLI 8:8188-1 -1 1 10.10 0.00 0.036 0.0000
1 -1 1 7.45 0.go 0.000 0.0194-'! t '! 8.45 1.10 0.01 4 0.01931 1 1 7.35 0.00 0.000 0.00000 0.1 8.40 0.00 0.020 0.00000 0 0 70.50 4.89 0.365 0.01{00

8 8 8 i38:88 l:83 8:83? 8:ffi88o 0 0 1 03.00 5. 1 't 0.930 0.0q 10

0.0036It
0.00319
0.00105
0.00270
0.00000
0.0021t3
0.00530
0.00 1 97
0 .00 278
0.00307
0.00000
0.00248
0.00229
0.00000
0.00000
0.00303
0.00207
0.00455
o.00?22
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lPPfDIl 9 3 PIIISDII|II(II| IIDEX,S IID nmntssl(tl SifffISittCS

Fff EX?8ruTflT 2

For Straln IF01007

COLWN COEFFICIENT
1.47297H 0.32752T -0.311398HT -0.28142TT -0.26891

TfIE REGRESSION
CELL.yD _.1.42

EQUATION IS+ 0.328 H - 0.344 T - 0.281

ST. DEV.
OF COEF.
0.0381 0
0.04 968
0.04968
0.05554
0.06261

9TT

D.F.

MS=SS/DF F0.83620 32.88+

0.02 4680.01628 0.51 r
0.03170

HT - 0.26

T-RATIO -
coEF/s.D.

39.66
6.59

-6.92
-5.07
-It.30

S = 0.1571

R-SQUARED = 86.0 PERCENT
R-SQUARED - 83.5 PERCENT, ADJUSTED FOR

ANALYSIS OF VARIANCE

DUE TO DF SS
RECRESSToN 4 3.3q482H 1 1 .07269T 1 1.18325HT 1 0.63356TT 1 0.45532RBSIDUAL 22 O.5U299

PURE ERROR 10 0.1628
LACK OF FIT 12 0.3802ToTAL 26 3:88781

DURBIN-WATSON STAT ISTIC

+ Slgnifleant at the* Not slgnlflcant at

- 1.32

0.1 t level.
t}r,e 5fi level.
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THE REGRESSION EQUATION
ETOH.YD - 3.90 + 1.06 H-- o.T 48 TT

IS
-2.12T-1.06 HT - 1.91 HH +

T-RATIO -
coEF/s.D.

19.64
4.26

-3.79
-3.78
-4.42

1 .71
-1 '7ll

FOR D.F,

MS-SS/DF F
12.779 20.41+

o.626
0.859
0.469

1 .83*

1.07 HHT

COLTJMN

H
T
I{T
HH
HHT
TT

\
S - 0 .7909

R-SQUARED -
R-SQUARED -
ANALYSIS OF

DUE TO
REGRESSION

COEFFICIENT
3.8977
1.0649

-2.'-\'lT 2
-1 .0556
-1 .9056

1 .0675
-0.7482

ST. DEV.
OF COEF.

0.1 984
0.250 1

0.5593
o.2796
0.4312
o.6253
0.4312

86.0 PERCEI,IT
81.8 PERCH{T, ADJUSTED

VARIANCE

DF
6

H
T
HT
HH
I{HT
TT

RESIDUAL
PURE ERROR
LACK OF FIT

TOTAL

DURBIN-WATSON STATIgfIC - 1.06

Slgnlflcant at the 0.tt level.
Not signlficant at the 5t level.

20
8

12
26

ss
76 .67 4

1 1 .341
15.957
8.915

36.755

I :86i
12,511
6 .87 46

Eol?8i

+
*
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THE REGRESSION EQUATION IS
SP.CELLR - 0.0131 + 0.00622

- 0.00320 TT

COLI'"IN COEFFICIENT
0.013065H 0.00621 7T -0.008963HT -0.005749TT -0.003197

H-0.00896T-0.00575HT

. T-RATI0 =. coEF/s.D.
11 .ll4q.18
-6.o2
-3.45
-1.70

ST. DEV
OF COEF

0.001142
0.0011r89
0.001489
0.00 1 665
0.001 876

S - 0.004709

R-SQUARED - 75.7 PERCENT
R-SQUARED - 71 .3 PERCENT' ADJUSTED FOR D.F.

ANALYSIS OF VARIANCE

DUE TO
RMRESSION

H
T
HT
TT

RESIDUAL
PURE ERROR
I.ACK OF FIT

TOTAL

SS
15 186 4

';ili
8[d?+,
522

l38u*39

0.00151
.000386
.000803
.000254
.00006 4
0.00048
.000522
.000436
0.00200

DF
41010l010

2210 0120
26

MS=SS/DF F
0.00037966 17.12+

0.1 4*

DURBIN-WATSON STATI STIC

+ Slgnlficant at the* Not slgnificant at

- 1.48

0.1 i level.
tl:le 51, level.

0.0000221 7
0.00005220
0.00003630
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THE REGRESSION EQUATION IS
M.CELL.R = 0.217 - 0.244 T

COLWN COEFFICIB.IT
0.21681T -0.24365HT -0.23630NNH O.239O7

S - 0.1420

R-SQUARED' = 76.4 PERCENT
R-SQUARED - 73.3 PERCEiIT,

ANALYSIS OF VARIANCE

DUE TO
REGRESSION

T
nr
NNH

RESI DTIAL
PURE ERROR
LACK OF FIT

TOTAL

DURBIN-WATSON STATISTIC - O.75

- 0.236 HT + 0.239 NNH

ST. DEV. T-RATIO -
0F coEF. coEF/s.D.o.o2T32 7 .g\o.o448g -5.430.05019 -4.710.05019 4.76

ADJUSTED FOR D.F.

DF SS
3 r .49763I 8:??'ieqT1 0.u572523 0.46T2iL 8:3[i8826 1:96116

MS-SS/DF F
0 .49921 2\ .77 +

0.02015o.00672 0.21x
o.o324T

+
* Slgnlficant at the 0.11 level.

Not signlflcant at the 5l level.
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THE REGRESSION EQUATION IS
M.AVETOH - 0.0267 + 0.00957 H -- 0.0150 HH + 0.0105

0.0197 T -
HHT

0.00869 HT

COLWN COEFFICIENT
0.026?q0H 0.009569T -0.019750rrr -0.008690HH -0.0 14997HI{t 0. 0105 15

S - 0.0066?2

R-SQUARED - 82.5
R-SQUARED - 78.3
AI,IALYSIS OF VARIANCE

FOR D.F.

MS-SS/DF F
0.00087966 20.57+

0.00004452
0.000031 70 0.59*
0.00005412

ST. DEV.
OF COEF.

0.001518
0.0021 10
0.004718
0.002359
0.002659
0.oo5275

T-RATIO =
coEF/s.D.

16.52
4.54

-4.19
-3.68
-5.6U

1 .gg

PERCB.IT
PERCEX{T, ADJUSTED

DUE TO
RMRESSION
H
T
HT
HH
HHT
RESIDUAL 21

PURE ERROR 9
LACK OF FIT 12

TOTAL 26

SS
0.00q39831

0 .0009 1 57 1

0.001 28552
0.00060413
0.00141605
0.0001 7690

0.00093495
0.0002855
0.0006494

0.00533326

DF
5

1

1

1
'l

1

DURBIN-WATSON STATISTIC - 1.80

+
* Slgnlflcant at the 0.11 level.

Not slgnlfleant at the 5I level.
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F'or Straln NRRL Y-21160

T}IE REGRESSION EQUATION IS
CELL.YD=1.52+0.318H- o.zT9 T - 0.263

sf. DEv.
OF COEF.
0.03844
0.05012
0.05012

8:8?9it

HT - 0.26

T-RATI0 -
coEF/s.D.tt:ll

-5.56
-q.69
-tl. 17

4TT

F
27.64+

0.31 *

coLtx'{N

HT\
HT
TT

S = 0.1585

R-SQUARED =
R-SQUARED -
ANALYSIS OF

DUE TO
REGRESSION

COEFFICIENT
1.51?00
0.31 794

-o.27878
-0.26266
-0.26357

83.If PERCB,IT
80.4 PERCENT, ADJUSTED FOR D.F.

VARIANCE

MS-SS/DF
0.694311

DURBIN-WATSON STATISTIC - 1.32

H
T
HT
TT

RESIDUAL
PURE ERROR 1

I,ACK OF FIT 1

TOTAL

DF SSu 2.777 36r 1.01 0861 0 ,777201 0.551921 0 . rt373g
22 0.552570 0.11262 - 0.439926 3.32993

0.02512
0.01126
0.03666

+
* Slgnlflcant at the 0.1I level.

Not slgnlflcant at the 5tr level.
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fiIE REGRESSION EQUATION IS
EToH.YD - 4.32 + 1.18 H - 2.32+ 1.35 HHT

T - 0.860 HT - 1.60 HH - 1 .37 TT

COLI.JMN

H
T
HT
H}I
TT
}IHT

S - O.?8Od

R-SQUARED -
R-SQUARED -

COEFFICIE}IT

l: ?61 I
:6'.ij,j6l
-1 .6018
-1.3688

1.3539

ST. DNT. T-RATIO =
oF coEF. coEF/s.D.0.1957 22.080.2466 4 .79

0.551 5 -\ .210.?758 -3.120.\252 -3.77
o. -442 -3.220.6166 2.20

87.5 PERCN,IT
83.7 PERCH{T, ADJUSTED FOR D.F.

ANALYSIS OF VARIANCE

DUE TO
REGRESSION

H
T
HT
HH
TT
HHT

RBSIDUAL
PURE ERROR
LACK OF FIT 1

TOTAL

DF
6

1

1

1

1

1

1

20
I
2
26

ss
8q.973

13.967

l3,i[#
6.30q
2.933
12.167

4.9634

'a?21f,o

MS-SS/DF
1\.162

0.608
0.620
0.600

F
23.39+

1 .03*

DURBIN-WATS0N STATISfIC - 0.97

+
* Slgnlfleant at the 0.1[ leve]..

Not slgntflcant at the 5t level.
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THE REGRESSION EQUATION IS
SP.CELLR - 0.018 + 0.00587 H - 0.00672 T - 0.005211 HT

- 0.00335 TT

COLWN COEFFICIEI.IT
0.0129387H 0.005874T -0.006720lrT -0.005243TT -0.003353

S = 0.003549

R-SQUARED'- ?9.7 PERCENT
R-SQUARED - 76.0 PERCENT, ADJUSTED

ANALYSIS OF VARIANCE

FOR D.F.

MS-SS/DF F
0.00027185 21.58+

ST. DEV. T-RATIO =
OF COEF. COEF/S.D.

0.0008608 15.03o.oo1122 5.23o.oo1122 -5.99
0.001 255 -4.180.0011t14 -2.37

DUE TO DF SS
REGRESSION tl 0.00108741H 1 0.00034510T 1 0.000451 61HT 1 0.00021992TT 1 0.00007078RESIDUAL 22 O.OOO2771 1

PURE ERROR 10 0.00061 1

LACK 0F FIT 12 0.000216TOTAL 26 0.001 36\52

0.00001 260
0.000061 1 0.34*
0.0000180

DURBIN-WATSON STATISTIC - 1.29

+ Slcniflcanb ab the 0.11 level.* Nof, slgnlficant at the 5t level.
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THE REGRESSION EQUATION IS
M.CELL.R - 0.296 - 0.343 HT

COLWN COEFFICIENT
0. 296011HT -0.34260HHT -0.35767NNH 0.35275

S - 0.2200

- 0.358 HHT +

ST. DEV.
OF COEF.
0.0q233
0.o7777
o.o7T7T
o.oT77T

0.353 NNH

T-RATIO -
COEF/S.D.

6.99
-4.41
-4.60

4 '5lf

R-SQUARED,='12.7 PERCENT
R-SQUARED - 69.1 PERCENT, ADJUSTED FOR D.F.

AI'IALYSIS OF VARIANCE

DUE T0 DF SS MS-SS/DF
RmRESSToN 3 2.95791 0.98597Hr 1 0.93900Hr{r 1 1 .02345NNH 1 0 .99546RESTDUAL 23 1.11?96 0.011839

PURE ERRoR 11 0.5810r{ O.O5?82
LACK OF FrT 12 0.53200 0.04433TOTAL 26 4.07087

DURBIN-WATSON STATISIIC = 1.33

Slgnifieant at the 0.1t level.
Not slgniflcant at the 5t level.

F
20.18+

1 .19*

+
*
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THE REGRESSION EQUATION IS
M.AVETOH = 0.028? + 0.00911

- 0.0151 TT
T - 0.00788 HT

C0Lttt'lN

H
T
HT
TT

DUE TO
RMRESSION

H
T

H - 0.0110

ST. DE\I.
OF COEF.

0.002'!63
0.002820
0.002820
0.0031 53
0 .00 355 4

T-RATI0 -
coEF/s.D.

13.29

-3t:EE
-2'50
-4.2U

COEFFICIB'lT
o.oz8Z 13
0.0091 1 4

-0.01 0957
-0.007880
-0.015053

S = 0.008917

R-SeUARED'- 69 .3 PERCB{T
R-SQUARED - 63.8 PERCtslT' ADJUSTED FOR D.F.

ANALYSIS OF VARIANCE

0.0009886
F
9

MS-SS/D

HT1
1TTRE.SIDUAL 22

PURE ERROR 10

F
12.4J+

0.0000?95 10.00008919 1.25x

DF
4

1

1

LACK 0F Frr ',tz 0.0008573 0.00007140ToTAL 26 0.00570395

DURBIN-WATS0N STATISTIC - 1.89

Slnniflcant at tlte 0.11 level.
NoE slgnlflcant at the 5t level.

+
*
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For Straln NRRL Y-2461

THE REGRESSION EQUATION IS
CELL.YD-1.75+0.323H-

COLWN

H\
T
HT
TT

S = 0.229\

DUE TO DF
RMRESSION II

H
T
HT
TT

RESIDUAL
PURE ERROR
LACK OF FIT

TOTAL

DURBIN-ITATSON STATISTIC - 1.76

0.323 T - 0.313 HT - 0.511 TT

ST. DEV. T-RATIO -
oF coEF. coEF/s.D.0.05736 30.54o.o7255 4.45
0.0765 -4.115
0.081 1 1 -3.860.092q8 -5,52

COEFFICIENT
1.75190
0.32259

-0.32252
-0 .31 338
-0.51060

R-SQUARED = 80.2 PmCH'lT
R-SQUARED - 76.4 PERCENT' ADJUSTED FOR D.F.

AI'IALYSIS OF VARIAI,ICE

$S
4 .4709

1.0406
1.0402
o.7857
1 .6044

ot.d]t273
0. q631
5.5762

MS-SS/DF F
1.1177 21.25+

1

1

1

1

21
10
11

25

0.0526
0.0642
0. 042 1

1.53*

the 0.1t
at the

+
* Slgniflcant at

Nob slgnlftcant
level.

5tr level.
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THE REGRESSION EQUATION
ETOH.YD - 4.37 + 1.20 H

+ 1 .62 HHT

IS
- 2.82 T - 1.13 HT - 1.80 HH - 1.01 TT

ST. DEV. T-RATIO -
OF COEF. COEF/S.D.

0. 1687 25.93
0.2058 5 .820.4603 -6.1 40.2301 -4.920.3556 -5.050.3556 -2.84
0.51 46 3. 15

c0LllrN

H
T
HT
HtlTT\
HHT

S = 0.6509

R-SQUARED =
R-SQUABED - 92.1 PERCE}IT

89.5 PERCnIT, ADJUSTED

COEFFICIENT
4.3739
1 .1976

-?.8242
-1 .1 317
-1 .7953
-1.0093

1.623U

ANALYSIS OF VARIANCE

DUE TO DF
REGRESSION 6

H1
T1
HT1
HH1
TT1
HIIT 1

RESIDUAL 19
PURE ERROR 8
LACK OF FIT 11

TOTAL 25

DURBIN-WATSON STATISTIC = 1.37

ss
93,233

1 4.343

?3r:77'L
37 .T 43
3.412
4.217

8.050
3.127

la??lu'

FOR D.F.

MS-SS/DF
15.539

0.424

8:i?A

F
36.65+

0.87*

+
* Slgntflcant at

Not slgnlflcant
the 0.11
at the

leveI.
5tr tevel.
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COEFFICIEIT
0.01 63865
0.008lt 43

-0.01129tI
-0.009077
-0.003576

H
T
HT
HH

T}IE REGRESSION EQUATION IS
SP.CELLR = 0.01 64 + 0.00844- o.oo358 HH

- 0.00908 HT

T-RATIO =
COEF/S.D.

18.50
7.54

-1 0.08
-7.25
-2.50

FOR D.F.

I'IS-SS/DF F
0.00068157 54.16+

COLt.}!N

S - 0.003542

R-SQUARED'-
R-SQUARED .
ANALYSIS OF

DUE TO
RMRESSION

H
T
HT
HH

RESIDUAL
PURE ERROR
LACK OF FIT

TOTAL

H - 0.0113 T

ST. DE\I.
OF COEF.

0.0008856
0.00 1 1 20
0.001 1 20
o.oo162
0.001 428

91.2
89. 5

PERCEI'IT
PERCENT, ADJUSTED

VARIAI,ICE

DF SS4 0.002726711 0.o007't2931 0.001275571 0.000659081 0.0000786921 0.0002635010 0.0001573
1 1 0.0001 02725 0.00298976

0.00001 255
0,0000 1 57 3
0.00000930

1 .69*

DURBIN-WATSON STATI STIC

+ Slgnlflcant at thex Not stgniflcant at

= 1.97

0.1 i Level.
t-}:.e 51 Ievel,
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TTIE RECRESSION EQUATION
M.CELL.R-0.649-0.474

IS
T - 0.395 HT

ST. DEV.
OF COEFJ
0.05136
0.08281
o.og25g
o.og25g

COEFFICIENT
0.64 937

-0. q7 41 6
-o.39u92

0 .31 697

0.0528
0.0843

ss
4.2997

2.2\83
1 .2477
o'??18,u

0.581 2

DF
3

1

1

1

22
11
11

25

COLIMN

T
HT
NNH

S - 0.2619

R-SQUARED -
R-SQUARED. -
ANALYSIS OF

DUE TO
REGRESSION

T
HT
NNH

RESI D[,JAL
PURE ERROR
LACK OF FIT

TOTAL

74.0 PERCnIT
70.5 PERCnIT, ADJUSTED FOR D.F.

VARIANCE

0.0686
0.63*

+
*

o'3?63uu

DURBIN-WATSON STATISIIC - 2.O5

Slgnlflcant at the 0.1t level.
Not significant at the 5i level.

+ 0.317 NNH

T-RATIO -
coEF/s.D.

12.64
-5.73_4.21
3.42

MS-SS/DF F
1.4332 20.89+
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ST. DEII. T-RATIO -
oF coEF. COEF/S.D.

0.003879 44.75
0.01058 1 1 .870.01058 -12..59o.o05292 -5.770.008178 -5.7 2

0.008178 -4.790.01193 7.o_?
o .01 183 -T ,q7

0.oo5292 -q.64

DF SS
8 0,1U61271 0.0261 1 01 0.041{654

1 0.0074691 0.03301 2
1 0.0051401 0.011031I 8:8tA89e17 0.0030096 0.00216

11 0.0016525 0.1 4993

COEFFICIB{T
0.1736Q8
o.12562

-o.13325
-0. 030556
-0.046801
-0.039172

0.08303
, -0.093'!5

-0.o2u562

THE REGRESSION EQUATION IS
u.ivilf6ii-:-o.Tztr--; 0.i20-H :-9,133_r --0'Q1Q6--!|I - 0.0469 HH-:-o.oEgz-fr-; 6.0s30 Ff{r - o.o932 NNH - 0.02116 NHr

c0LtltN

H
T
HT
HH
TT
HHT
NNH
NHT

S = 0.01497

R-SQUARED -
R.SQUARED -
ANALYSIS OF

DUE TO
REGRESSION

97.5 PERCENT
96 .3 PERCB,IT , ADJUSTED

VARIAI,ICE

H
T
HT
HH
TT
HHT
NNH
NHT

RESIDUAL
PURE ERROR
LACK OF FIT

TOTAL

DURBIN-WATSON STATISIIC - 2.46

+ Slcnlftcanf at the O.1I tevel.* NoE stgnlflcant at the 5F level.

FOR D.F.

MS-SS/DF
0.0 1 8266

F
81 .54+

0.00022q0.000360 2.4x
0.000150
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