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Th» uptake of True 
fa via a biphasic 
component is a high affinity. Km = 0.3 an, lou capacity, 
Vma, - 0.6 mmolea/h/g dry weight, proton aymport which 
(does not transport gtnooee and is independant of the 
maltose proton aymport. The presence of glucose has no 
effect on the uptake of fructose via the aymport. The 
two independent nymports compete for protons to drive 

' live transport systems. The stoichiometry of 
:ake is one proton per molecule of fructose. Maltose 
I ethanol non-competltively inhibit fructose uptake 

oton aymport with Ki = 21.3 iM end k = 0.74 
repectively. The second component is a lover 

affinity, higher capacity facilitated diffusion system 
uhich transports both glucose and fructose. Glucose 

s monophasic and has the highest affinity. Km = 
3 m, of all sugars for this transport system. Glucose 
mpetitively inhibits fructose uptake with Ki ■ 1.15 

ctoee competitively inhibits glucoses uptake to a 
set degree with Ki = 36.0 mM. Ethanol
-competitively inhibits glucose uptake of the 

d diffusion system with k -  0.96 L/mol. The 
reentation data closely correlates with the parameters 
membrane transport kinetics for glucose and fructose 

In the fermentations containing glucose and 
together, : ■ cose competitively inhibits 

uptake cau -g preferential utilization of 
over fructose. When glucose and fructose are 
i separately glucose is utilized faster than 
as i t  has a higher affinity for the facilitated 

diffusion system than fructose has for its biphasic 
transport. A consequence of slower fructose utilization 

ts if! residual fructose concentrations remaining at 
nd of fermentation when sucrose adjuncts are used, 

causing the "fructose block". A mathematical 
, based on the Increase in biomass up to



flocculation ami its subsequent decrease thereafter, 
plus all the parameters of membrane transport kinetics 
which affect fructose utilization, accurately predicts 
fructose utilization in laboratory scale fermentations 
using normal and high gravity sucrose adjisict worts.

Amelioration of the "fructose block" is multifaceted. 
The residual fructose concentrations in wort for the 
last three days of fermentation are inversely 
proportional to the pitching rate. An increase in the 
pitching rate w ill result in decreased fructose 
concentrations. Tin additions of growth stimulants such 
as "nutromix", a commercial preparation of nitrogen and 
vitamin sources, or pulses of oxygen during the in itia l 
stages of fermentation uhich are directly used in the 
production of sterols, chiefly ergosterol 19,99), both 
cause decreased fructose concentrations at the end of 
fa mentation. Extension of the fermentation time from 
240 to 336 hours also reduces residual fructose 
concentrations. The above methods may be used singly or 
in combination to bring about the reduction in residual 
fructose concentrations to levels which are below the 
fructose taste threshold for bottled beer samples.
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African Breveriaa ISAB) observed that significant 
fructose may be present in Carling 

bottled beer samples. This Bhenonenon only 
he beer is produced using a sucrose adjunct 
and has been termed the "fructose block".

dun and Bloemfontein both.he S.A.breweries 
produce Carling S 
adjunct in the war 
the fructose cones 
a period of time.

fermentation

Therefore only v.

situation may cause consumer reaetior 
sales of Carling Black Label beer, or 
sucrose is used as a adjunct in 
process. This project was undertaken in order to gain a 
fu ll understanding of the fructose block, and to this 
end, the project was divided into three main areas:

1. To establish the fructose block in a laboratory 
fermentation system and observe the rates of 
fructose and glucose utilization under 
conditions of differing growth media and sugar 
concentrations.

2. Manipulation and alteration of fermentation 
procedures in order to reduce the 
concentrations of fructose at the end uf 
fermentation.

3. To find the cause of the fructose block in terms

metabolic pathways of the brewing 
Saccharomvces cerevisiae 2036, which is ui 
the brewing of Carling Black Label beer b







oMledgeiBnts

INTROWCTXOD.

THE 6EVELOPHENT OF METHODS TO OVERCOME 
FRUCTOSE BLOCK.................. .................

THE MU7J0HSHIP B'TVIEEN GLUCOSE, 
FRUCTOSE, MALTOSE AND ETHANOL, AND THE 
SLUCOSE MEMBRANE TRANSPORT SYSTEM tH

THE EX1STANCE OF A 
TRANSPORTS FRUCTOSE

PROTON SYHPOPT WHICH 
IN ^  CSREVISIAE E036,

A MATHEMATICAL MODEL PREDICTS ntVCTOSS 
UTILIZATION IN SUCROSE ADJUNCT W 
FERMENTATIONS.....................................

CONCLUSION.



INTRODUCTION

1.1. The Role of Fructose and Slucoba In Fermentation

Wert H a coeplex aixture of eonotacchaM deE, 
dfaaachariJes, trisaccharldes, dextrin!, mine acids, 
peptides, proteins, vitamins, ions, nucleic acids and 
other trace constituents <69,68,134). It is the growth 
medium used by brewery yeast strains in which alcoholic 
fomentation occurs and from which freer is finally 
produced. Thus the manner in which wort sugars are 
utilized plays a crucial role in the final quality of

The major wort sugars, in order of decreasing 
concentration are:- maltose, (sucrose), glucose, 
fructose, aaltotriose and ealtotetraose 128). Dextrins 
are present but are rarely utilized by brewing yeasts 
1166,168). The high concentrations of glucose and 
fructose in wort, approximately 2,85 g/IOOml Tor each

carbohydrate adjunct in wort production.

A brewing adjinet may be dascribed as any carbohydrate 
source other than malted bar ley which contributes sugar 
to the wort (121,163). Adjuncts come in many different 
forms. Historically numerous materials have been used. 
Seme of these include coriander seeds, capsicum, orange 
powder, caraway seeds, salts of tartar and oyster 
shells. I f  a material gave a desirable flavour to the 
beer, there was a possibility that i t  could be used as 
an adjinet. At present, adjuncts used are divided into 
1) those which are added to the mash tun, (they may or 
may not need to be cooked) and i i )  those added to the 
copper. The mash tun adjuncts include raw whole grains 
such as barley, wheat, rye and Torticale, (a hybrid of



wheat and rye). These cereals may be in the form 
roasted or terrified grains. Other adjuncts used in t 
mash tun are flaked whole grains of barley, wheat, a 
oats, partially refined grain fractions which no. 
cooking such as maize, sorghizs, or rice grits i 
pre-cooked flaked maize or flaked rice (81). Intere: 
has been shown in the use of soyflour end casava star 
(121). Sucrose is the major adjunct which is added ■ 
the copper. It  may be in liquid or solid form. 
South Africa sucres- is produced exclusively from sug

The sucrose adjunct acts as a non-malt, carbohydrate 
source wii.h no enzymic activity and no protein present. 
It does not act as a flavouring agent to the beer. The 
required amylolytlc power of the wort must be provided 
by the malt (94). If the malt does not have sufficient 
amylolytlc power, then enzymes may need to be added in 
order to obtain acceptable extract yield and final 
attenuation. Sucrose adjuncts are an essential 
ingredient in the brewing of the lighter, more drinkable 
beers which have recently increased in popularity in 
"outh Africa (121). Sucrose is an adjunct which is used 
in the brewing industry world-wide. 1 Australia 
sucrose Is regarded as the traditional brewing adjunct

impurities are always present in commercial sugar »-id 
the concentration wilt depend on the grade of sugar. 
Sugar chemists classify these impurities as:-

Redusing sugars 

i> Other organic m.

Among group i) i.e.'the plant-derived components, are 
polyphenols such as flavanoids and breakdown products of



lin hen I cellulose. Broun refers to dertv
«xes, gins. Olid tflgnents. Included In this
aelanoidins, which are produced as a rest 
tion between reducing sugars and amino acii 
as alkaline degradation products of reducing

Sucrose, or cane sugar is a dissaccharide (112). It 
consists of two mcnosacchsridas, glucose and fructose 
bonded together by an K 1—>2 glucosidic bond. The 
systematic name of sucrose is O-p-D-fructofuranosyl-12 
-#1 )-0(-D-glucopyranoside. It is very abundant in the 
plant kingdom and is found in households as table 
sugar. Unlike most disaccharides, and oligosaccharides, 
sucrose contains no free anoeeric carbon atom; the

together. For this reason i t  is more easily hydrolysed 
than other disaccharides.

Figure 3. T

The glucose molecule of sucrose is in the form of a 
6-membe red-carbon' ring and is called Of-D-gluco- 
pyranose. The fructose molecule is found as a 
5-meebered-carbon ring called p-b-fructofursnose. Both 
monosaccaarides are optically active. Glucose is foundin 
nature in a dextrorotatory form 00^° - * 52,7*, whilst 
the usual form of fructose is laevorotatory,
92,4®. Glucose in its crystalline fora exists as a



straight chain structure. It is called an aldohexose 
due to a carbonyl oxygen at the end of the open chain
fora. O-glucose may exist in two different isomeric
forms, Of-o-glucose and p-O-glucose both of which differ 
in specific optical rotation. For K-C-glucose IK3^°= 
112,2* and for p-D-glucose 18,7*. The two

. aqueous solution, where the 
changes with time. The open 
an intermediate in the 
e X- and p- glucose isomers, 

n minute quantities. The 
CMd20 - 52,7*. This
ue to the formation of 
isomers. The and 8

interconversion betui 
I t  is present onl 
equilibrium finally 
change, called mutarotat 
an equilibrium mixture

z-tZ-GUJCOPYRANOSE
ALDEHYDE FORM

i- GUJCOPYRANOSE

Figure 4. The different structural forms of glucose 161).

Aldohexoses may exist in furanose forms, but as six 
membered aldo pyranose rings they are more stable than 5 
membered keto furanose rings, and thus the pyranose form 
predominates in aldohexose solutions.

D-fructose or levulose or fru it augar <14,139), i:

' 1 

.1

" <1



abundantly in nature. In its free state i t  is found in 
many fruits. L-fructose does not occur naturally. 
Fructose is called a ketchesose due to the presence of a 
carbonyl oxygen in the middle of the straight chain. In 
this case i t  is at Cj. The crystalline form of fructose, 
is exclusively the 6-membered pyranose ring form. There 
are two other isomers of fructose. These are a straight 
chai structure and a 5-meebered furanose ring form. As 
with glucose, the fructopyranose ring is more stable 
than the fructofuranose ring form. On addition of 
crystalline fructose to an aqueous solution, all three 
isomers become present 149,112). After a period of 
time, an equilibrium is established between the

f-d-FRUCTCPYRAMOSE 
Temperature

Ad-FRUCTOFURAIfOSE

ie different foms of fructose.

S-membe red fructopyranose, with 
aldehyde form being present as an 
the two ring forms. The aldehyde 
this discussion because i t  is 
quantities of much less than 1JS of 
fructose present (86). At 0*C 
D-fructofuranose, the remaining 88* 
pyranose form 156). As the temporal

straight chain 
ermediate between 

irrelevant to



uUibriua shifts slightly lore toward the furanose 
ra. ht 25at  there is 31X ^-D-fructofuranose present 
the egullibriiHi mixture <■

Invert sue rose, sucrose whit 
glucose end fructose, may alt 
of sucrose adjunct. In sugar 
usually carried out using 
although i t  can also be pi 
invertase. The hydrolysis 
mixture of glucose and fructose.

C’ t  On * KjQ —

1 hydrolysed to 
as another form 
this process is 

sulphuric acid, 
formed using the enzyme 

Its in an eguimolar 
Glucose Idextrose) is

dextrotatory, but fructose (levulose) 1. -trongly 
laevorotatory, so the eguimolar mixture has a negative 
rotation. It is therefore known as invert sucrose. The 
production of invert sucrose results in impurities such 
as methyl furfural and laevul inic acid which are 
produced from side reactions with fructose. Both 
glucose and fructose may react with nitrogenous material 
to produce melanoidirrlike condensation products. The 
impurities present in both invert sucrose and sucrose

certain circtostances, may possibly affect yeast 
metabolism (23).

The wort under investigation in this project is of the 
high gravity type produced normally at 15.1 - 15.3 "P. A 
sucrose adjunct is used in its production and i t  is 
usually added in the ratio of 65% malt : 35% adjunct



The secwence In which the wort sugars are utilised
starts with glucose and fructose. They ere utilised
slraultancously, but the rate of glucose utilization is 
faster then that of fructose utilization. Once these two 
sugars have reached low concentrations in the
partiatly-feraented wort, then maltose and eialtotrlose 
are utilized. Sucrose maybe taken-up 1n the form of Its 
constituent moieties glucose and fructose because i t  1s 
cleaved into the two sugars, by the yeast enzyme 
B-fructosldase (invertase) outside the cell. The 
molecular weight of invertase is approximately 270 000. 
I t  is a glycoprotein which contains about SOU
carbohydrate - predominately siannan with a small 
percentage of glucosamine -  and is located in the cell 
wall (131,170). In S. cerevislae there is a excess of 
hydrolysing capacity of sucrose over fermentation 
capability of 50 -100 fold. Yeast cells very quickly 
become flooded with the excess hexeses liberated from 
sucrose owing to the large concentrations of invertase 
produced by the yeast (51).

The firs t mention of glucose being preferentially 
utilized over fructose occurred in 1843 when Soubeiran 
observed that during the fermentation of invert sugar by 
yeast, the optical rotation of the growth medim 
diminished but remained laeverrotatory, frt that time the 
c cm position of invert sugar was mknown and so Souboiran 
was unable to deduce what was happening to the two 
sugars .

glucose was utilized faster than fructose in 
fermentations containing a mixture of the two sugars 
when using S. cerevislae. He showed that this selective 
fermentation phenomenon was Independant of the



concentration of total augers between the limits 3.6*

between the range pH 4.0 -  7.5. Variations in selective 
fermentations occurred with different yeast species end 
under different conditions of nutrition. glucose was 
preferentially utilized over fructose in defined growth 
promoting medium IDGPH), in fermentations using ale and 
lager brewing strains (167). feast cells subjected to an 
increase in osmotic pressure (by addition of increasing 
amounts of sorbitol, a non-metabolizable substrate, to 
the media), resulted in a decrease in the difference 
between the utilization rates of the two sugars, until 
the rate of glucose utilization equalled the rate of 
fructose utilization (135,137). Comparisons of D6PH and 
defined minimal media (DHM) with sucrose as the sole 
carbon source showed a reduced preferential utilization 
of glucose over fructose in the DGffl co:pared to DMM 
(137). Conditioning of the yeast by growing i t  either in 
glucose, fructose or maltose, and then transferring i t  
to a D6FH with sucrose had no effect on the preferential 
utilization of glucose over fructose (74,165). In ell 
cases glucose was preferentially utilized over 
fructose. This phenomenon does vary slightly from 
strain to strain. Using a different brewing strain, 
Stewart (165) showed that glucose grown cells produced 
slightly higher utilization rates for both glucose and 
fructose when compared to fructose grown cells. Maltose 
grown cells showed the same preferential utilization of 
glucose over fructose, but at a reduced rate when 
compared to glucose grown end fructose grown cells. 
Stewart stated that in DGPK with either glucose or 
fructose as the sole carbon source, the rate of glucose 
utilization equalled the rate of fructose utilization 
(137), Hopkins observed that glucose and fructose were 
utilized at approximately the same rates when they we-a 
In separate fermentations, with both sugars above 1* 
concentration. Glucose was utilized faster than



fructoao below IX 1169). When Saccharomyces belHi, the 
Sauternes wine yeast, was pitched into a fermentation 
containing an equal Mature of glucose and fructose, 
fructose was utilized faster than glucose 159,160).

Hopkins <78) postulated that fructose was utilized 
slower than glucose in s. cerevislae because the yeast 
is only able to utilize the p-C-fructofuranose farm of 
fructose, which aecoizits for a maxim us of only 31% of 
the total fructose present at 25*C in aqueous solution 
(4). tie also postulated that i f  the concentration of 
total sugar is low enough, a limiting factor controlling 
the rate of fermentation would be the concentration of 
the fe naentab le component and thus the rate of 
fermentation would be limited by the rate of 
«uta-rotation of the pyranose to the furanose form 
178). Hopkins and Roberts later showed thet both the - 
and B-pyranose forms of glucose were utilized at the 
same rate 179). Hopkins end Roberts also showed there 
was a direct relationship between yeast pitching rate 
and the rate of fermentation with a fixed concentration 
of fructose. As the pitching rate was increased so 
there was a corresponding increase in the rate of 
fermentation (76).

sa= d-Fruetofurancse r Trnnentotion products

ensymle caneral

Figure 6. Gottschalks scheme of fructose
interconversions prior to utilization (61).



Sottschalk stated that he had experimentally verified 
Hoi*ins hypothesis. He found p-6-fructopyranose to be 
unfarmantable by yeast and only the fruetofuranese fore 
of fructose could be utilized by brewing yeast

Gottschalks method involved a comparison of the 
utilization rates of fructopyranose, equilibrium 
fructose, and frue tofuranose using a brewing yeast. At 
0*C and pH 4.6 he observed that fructofuranose and 
glucose were utilized at approximately equal rates, 
whilst at ZS'C he found that glucose was utilized faster 
than fructose, and from this observation he implied
that only fructofuranose was being utilized, and 
fructopyranose was unable to be fermented by yeast. 
He postulated that the lack of an OH group at carbon 
atom six rendered the p-pyranose form unfermentable. 
156). ikiwever, this result was questioned by Heredia et
al (72), who ascribed a definite although rather small 
affinity to p-O-fruetopyrenese for the transport 
system. They concluded that the Km for the hexose
transport system is likely to be about 0,3H sane two 
orders of magnitude greater than that for 
fructofuranose. Sucmalainen and Toivinen state (60,169) 
that fructofuranose is fermented more rapidly than 
glucose (60,169). They postulated that in the 
fermentation of sucrose by yeast, sucrose was Inverted 
much faster than the resultant moieties glucose and 
fructose could be utilized by the yeast. Therefore
fructofuranose, the fructose fora in the sucrose 
molecule, would be present in excess concentrations in 
the immediate vicinity of the yeast cells. Insufficient 
quantity of the furanose form, then, should not be a 
limiting factor in the fermentation of fructose which 
aider these conditions should be utilized roster than 
glucose (169).



j, irGliiMWTanose.
\  Fermentation

■* S-FriKtofuranose 

B-FructopymioM

figure 7. OottsctiaXks schene of sucrose utilisation 158).

The rate of fructose utilization in beer fermentations 
is important because fructose is s very sueet sugar 
1107). On a mole per note basis, fructose is SOX 
sweeter than sucrose (167) and therefore i f  fructose 
remains at the end of fermentation in even residual 
concentrations i t  may affect the flavour of the beer by 
rendering i t  tainted with a sueet taste. I t  has been 
judged by the brewery that there are two threshold 
levels of fructose in beer, (125) 1) 500 mg/litre - the 
level at which educated tasters in the brewery are dote 
to detect the sugar and 2) 1000 mg/litre -  the level at 
which the man in the street is able to notice the beer 
is tainted with a sueet off-flavor.

i

ft



Wort fomentations ere anaerobic in nature, but despite 
this, oxygen is required by the brewing yeast in order 
to ferment the wort to the required degree (95). The 
wort is supplied with dissolved oxygen by bubbling 
either compressed air or pure oxygen through i t .  Oxygen 
may serve (120) two f(notions in yeast growth. I t  may 
act a; a final electron acceptor of electrons from the 
respiratory rhain, or i t  may act es a growth factor. 
Owing to the minute concentrations of oxygen available 
to the yeast (93) and the rapidity with which i t  is 
absorbed, i t  is certain that very l it t le  aerobic growth 
occurs. Rather, oxygen Is needed by the yeast cells for 
the production of lipids such as sterols and unseturated 
fatty acids, without which the yeast cells cannot grow 
and reproduce. The yeast strain used is particularly 
important as the oxygen requirement is not standard. 
Examination of large numbers of yeast strains (96) shows 
that the need for oxygen varies greatly. They may be 
grouped into * classes on the basis of their oxygen need 
to coapletely satisfy their metabolic requirements

Class 06 Yeasts whose requirement is not satisfied 
by oxygen-saturated wort.



as 2 mg/Utre 193) to mo. than 30 mg/Litre, the latter 
being the approximate concentration of dissolved oxygen 
in oxygen saturated wort. Yeast activity can be 
regulated when the oxygen requireaient of the yeaat is 
relatively high. When the oxygen regvi rement is 
relatively lou, accurate control of minute 
concentrations of oxygen is much more d ifficu lt. The 
concentration of dissolved oxygen in saturated wort 
decreases as the temperature increases, and also 
decreases as the wort concentration, i.e. specific 
gravity. Increases (93). Xfr saturated wort of 1,0*0 end 
1,060 specific gravity at 20*c contains approximately 
8,5 mg/litre and 8,0 mg/Utre of oxygen, respectively

It appears that the varying -oxygen retirements of 
brewing yeasts reflect differences in sterol metabolism 
(93). An interesting correlation exists between the 
magnitude of oxygen demand end the nature of sterols 
synthesized aerobically. Ameng these ergosterol and 
dehydro-ergosterol are particularly prevalent. I t  has 
been found that strains which synthesize 
dehydro-ergosterol in preference to ergosterol have a 
relatively low oxygen regui rement after anaerobic 
growth. The reasons for this are not clear. 
Dehydro-ergosterol disappears during anaerobic growth 
and cells whose further growth is inhibited by a lack of 
oxygen contain only ergosterol of the principal sterols.

Fundamentally oxygen determines growth, and thus, all 
other parameters related to growth will also be 
affected. The rate of fermentation is determined by 
the extent of new cell production in the reproduction 
period at the beginning of fermentation.



Figure 8. The response of S_. cerevislae HCTC 1062
to different levels of uort aeration:- X ,
deaerated uort; O uort SOX saturated with
air; #  uort air saturated ; 9  uort oxygen 
saturated (95).

An oxygen deficiency causes yeast grouth to be 
restricted. The fermentative activity of the new cells 
which are produced, is not substantially affected, but 
as the total number of neu cells is reduced, so the
total activity is reduced vs seen in figure 8. If
oxygen was supplied in optimum quantities, then the 
number of new cells would be increased, resulting in an 
increase in the total activity, and so fermentation 
would proceed more rapidly, than in a fermentation with 
an oxygen deficient yeast (93). Using a strain of 
S_. cerevislae. Markham (129) showed that the rate of 
fomentation ('P/M increases as the degree of oxygen 
saturation is increased from approximately SX up to 
20X. Above 20% oxygen saturation the increase in the 
rate of fermentations fa lls off (figure 9). Wort 
coapletely saturated with air corresponds to 
approximately 20X oxygen saturation.



Figure 9. The relationship between the fe Mentation rate and the 
in itia l percentage oxygen saturation of uort (120),

A aiaitar relationship was found between the yeast yiel 
Ig /lit re) and oxygen saturation. As the oxyge 
saturation (X) increases to approximately 20% so then 
is a resultant -increase in yeast yield, whereafter i 
remains approximately constant *en the oxyge 
saturation increases (120).

9 relationship 
lunation of bra 
ast obtained (1



percentage
unsaturated

relationship percent age
fermentation in itia l percentage

oxygen saturation

Yeast collected at the end of a wort fermentation 
contains very lit t le  sterol, i.e. approximately 1 eg/g 
yeast on e dry Height basis 199). towsvar, i t  contains 
considerable quantities of squalene, the immediate 
sterol precursor, which has accumulated during the 
previous feMentation. When the yeast is added to wort 
which contains dissolved oxygen, sterols are then 
rapidly synthesized from the sgualene and may reach 5 
ng/g of yeast in 20 minutes. Sterol synthesis does rat 
continue at this rate indefinitely even in the presence
of oxygen and the production rate slows dotn
considerably. Once sterol concentrations reach 10 mg/g 
of yeast (10), production then either stops or becomes 
very slow. Only once neu yeast mass is produced by
growth and the s“ rol concentration is diluted (71),
w ill sterol synthesis begin again, and i t  is 
approximately proportional to the growth rate. "Die 
synthesis of ■terols is dependent on the presence of 
oxygen in the wort <90). Replication of cells ceases



Uhen Cgrauisiae is grown aerobically, in order to
produce i  suitable (noeulim sfa for Hitching,
unsaturated lipids such as sterols and fatty acids are 
produced In excess of their ontlnun concentrations

deaerated wort and a normal fermentation produced (41). 
the lipids present are "diluted" with s it sequent growth 
of the yeast/ but they reeain present In sufficient 
concentrations to support adequate yeast growth. If the 
yeast from the fermentation Is harvested and used to 
elteh another fementation, then aerated wort must be 
used as there ere insufficient reserves of the necessary 
lipids. They have to be synthesized in the In itia l
stages of fermentation in the presence of ox;;sn (99).
Alternatively, yeast pitched into deaerated wort will 
produce a correctly attenuated fementation. If sterols 
and unsaturated fatty acids are added directly to the 
wort (95). Halt wort contains approximately 2X lipid 
and the procedures of wort preparation lead to the



becomes Inst to the wart. However, small Quantities of 
(fpftf do remain fn the w rt. This result® in a 
restricted amount of growth occurring in malt wort when 
an oxygen-requiring yeast is used to ferment wort to 
t&icb no dissolved oxygen has been added (93). The 
addition of spent grain lipids, which contain sterols.

control,* deoxyyenated w
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Figure 14. Effect of spent grains on fementation of
air-saturated xort by yeast S.. cerevlslae N
#  no oddlticn.O Upld addition (171).

file Limiting concentratioi

The sterol content does not increase beyond the level of 
about 10 -Wa (9), even i f  oxyg&n is continuously 
present. I t  has been suggested that cstabollte 
repression is responsible for this phenomenon, as euch 
higher levels of sterols are foread when the 
concentration of glucose is reduced 1143). The 
practical significance of these sterol teveis U tfiet 
the upper sterol limit in the cell is relatively lou and 
can be quickly reached when oxygen is present.



5. Oxygen uptake from

Oxygen consumntlon i 
fomatlon i figure 1 
oxygen ia cwismed I 
calculations show thi 
In air saturated nor 
synttieais of unsatur

fros the rapid and H 
quantity of sterol: 
inoculum size 18) ant 
dependant on the 1no<

when high gravity nor

wort containing I, 
fC 240 pitched at 
w ight/litre IB).

indicating that not 
!8 cells for sterol synthesis 

only 5 - 10* of oxygen avai 
jsed In this way, and the

18X Two eonsffcuencss f 
synthesis of sterols; la) 

duced varies directly w
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for* Unoatirol the firs t coapotnd with a sterol nucleus 
In the pethwey. Oxygen is essential for this 
comeraion. The $ubs«7Lent conversicifi of lanosterol 
to ergostarot. via demethylatlon and desaturation 
reactions also requires oxygen.

Sterols ere Involved In the physiological function of 
nembrane systems and they appear to add stability to the 
ecebrane structure <140). In model membrane systems 
steroU such as cnolesterol determine the fluidity of 
the bulk lipid In the eesbrane, by preventing membrane 
lipids from undergoing major phase transitions 1132).



. The Mitrtjaen Sources in Wort fermentations' 1

■Rie nitrogen sources 1n vort, which are used for yeast 
grovth, are obtained from barley. In the production of 
iselt from barley, germination occurs and anlno ecids are 
(jroduced by proteol yt'c enzyme activity 190). 
Al»iro«1*ately half of the amino acid content is pr -iueed 
during salt frcducticn, and the other- half results from 
proteolysis during Hashing 09). The amino acid 
ccpipotltlon of the vort depends primarily on the free 
amino adds found in malt 190). There is a large degree 
of consistency of cceposition of barley proteins and 
proteolytic enzyees In various types of malting barley, 
and the proteolytic enzyme activities thov general 
siellsrity. Hence there are marked qualitative 
similarities in the nitrogenous coeipoundo of various 
worts, even I f  the total nitrogen end amino nitrogen 
contents differ substantially 199). Only traces of true 
protein occur in wort, as most proteins have been 
degraded to peptides and amino acids 185). The amount of 
protein within the wort Is largely Irrelevant as 
brewers yttst Is wisbie to utilize protein as a nitrogen 
source 185). There Is a complete profile of amino acids 
1n wort 119). Sequential uptake occurs, and

Mil nuaS/itniuipa th „  ffiS ti siwft wm imrSSSmii

Table 1. Srouping of mlno acids based on their role of 
assimilation by brewers yeast 185).



they can be separated Into four groups <85), based on

ss«lntfUe«d. This order is dependant on the affinity of 
the various amino acid permeases for their particular 
ealno add substrates. Transamination la the eechanism 
of utilization of most amino acids as they ere not 
directly Incorporated Into neu protein <W>. Ammonia 
appears not to be a preferred nitrogen source, as It is 
absorbed after the majority of amino acids. Proline Is 
not normally utilized In the anaerobic conditions of 
beer fermentations.

The changes in climatic factors from year to year may 
cause the quantitative difference In the total nitrogen 
content of malt, and this is Inevitably reflected In the 
total assimilable nitrogen In wort which eay vary 
between 100 - 250 mg/litre In 10% wort <99). Wailgaard 
(122) states that yeast growth and fermentation time may 
be seriously affected i f  the free amino nitrogen content 
of wort, as measured by the nlntiydrln method, is below 
150 mg/litre. The fermentation of all-malt worts does 
not produce major . changes In the patterns at
fermentation which parallel the changes in content of 
assimilable nitrogen <99). Thus It appears that there 
are excess concentrations of assimilable nitrogen in 
such wort. However the situation changes when 
carbohydrate adjuncts are used In substantial 
fwoffwtions in the preparation of adjunct wort <97). The 
total amount of nitrogen present is reduced when
carbohydrate odjmcts are edded to wort because the 
adjunct functions wily as a carbon and energy source and 
does not supply any nitrogen material. An adjunct wort 
composed of melt wort and a carbohydrate adjunct in 
equal proportions will have the total nitrogens reduced 
by 50* compared to the original melt wort. The tjrowth of 
yeast in this edjmct wort is slow and inadequate in
comparison to the growth of the yeast 1n the malt wort



Figure 17. caparison of the tementations of adjuict wort and all

197). Nitrogen nutrients are aleost entirely absorbed 
froei the uort during the exponential phase of growth and 
removal of these and other nutrients is accompanied by 
new e»U growth <91 >. Inglsdsu (85) points out that in 
Lager fermentation, once yeast growth ceases, although a 
substantial amount of nitrogen eaterlal remains unused 
in the wort, vort appears to be deficient in utilizabla 
nitrogen. A nitrogen deficiency triggers the utilization 
of the internal carbohydrates glycogen and treliatose 
w'thin the yeast cell (138).

Experiments carried out In three litre EBC tall-tube 
fereenters at 18*C, showed the addition of serine as a 
readily utilizable anlno acid to an aerated adjmet 
wort, adjunct 50% : malt wort 50%, brought about a 
slight increase in the rate of attenuation, but i t  s t i l l  
did not equal that of an aerated salt wort 166). The 
joint treatfs&nt of oxygenation and added serine to 
adjunct wort produced attenuation patterns which 
approached, but did not equal that produced by

i

ta
d

*



adjunct wort produced attenuation patterns which 
approached, but did not equal that produced by 
oxygenated malt wort. There was a synergistic effect 
between the two treatments, with the effect of the joint 
treatments being greater than the sum of the two 
separate treatments (99). Hsu et .al (83) showed that the 
addition of a growth stimulant cceiposed of amino acids, 
lipoproteins, trace minerals and vitamins to en adjunct 
wort of 601! malt wort I 40% adjunct at 15,3"P at a rate 
of 40 mg/litre produced shorter fermentation times than 
a control adjunct wort without the growth stimulant. In 
stirred fermentations (91: the aotiftfon of srauth
factors such as yeast extract and casein hydrolysate 
produced more rapid fcrientetlons then an untreated 
controt. Further experiments showed thet the rate of 
fermentation In an adjunct wort composed of equal 
proportions of malt wort and corn starch hydrolysate uas 
proportional to the vali&j of aaino nitrogen implying 
that nitrogen exhaustion was the limiting factor of 
growth. The extent of exponential growth in the early 
stages ef femtefltation was proportional of the amount of 
anlno nitrogen added to the fermentation In adjunct 
wort. The extent of exponential growth in edjmct wort 
vitfi the addition of 150 mg/litre of serine, equalled 
that of malt wort (91). The growth of S. cerevlsiae 
appears to be reduced when the vitamins biotin, 
pantothenate end Inositol are each singly emitted from s 
growth medium (1,91). The results of Kirsop (77), 
indlcete that limited growth caused by the emission of a 
single nutrient, only occurs in simple media, and does 
not apply to o ccmplex medium such as wort. In order to 
Improve fermentation i t  may be necessary to alter more 
than one parameter at once e.g. an increase of the 
levels of dissolved oxygen and the amino nitrogen 
content in the wort can act synergiatlcally to produce 
more rapid attenuation in the fermentation.



Sugar Utilization RtlmJ to Yeast Growth in Wcrt
Fftrmentations

The rate of fermentation will depend on the rate end 
extent of yeast grovth. Nor-growing yeast fereents 
slowly, while growing yeast 'frments rapidly. The rate 
of s fermentation which contains ap»reciabU numbers of 
yeest cells in suspension may becme very slow before 
thi desired level of attenuation is reached I.e. it  
"sticks11 or "hangs". This phenomenon is primarily 
caused oy yeast growth ceasing too early in the 
fermentation. In order to get rapid and fu ll
attenuation i t  is necessary to somehow extend the growth 
phase (97). Thus i f  satisfactory fementetlon Is te

k days of fermentation <98,111),

There is no stoichiometric relationship between yeast 
growth and sugar use. >bwever, the sugar utilisation in 
wort fermentations must be seen as occurring primarily 
In association with yeast growth, rattier than a 
manifestation of the activity of the yeest population

considered to be two aspects of the same phenomenon

The specific rate of fermentation ■in stirred vessels
i.e. the rate of sugar utilisation per gran at yejst 
prerw;, continually declines from the start of 
fementation, un il a low and essentially constant level 
is reached after a period of ce, 45 hours in malt wort 
and adjunct wort c cm posed of 50% malt wort : 50% corn 
starch hydrolysate. The overall rate of fermentation 
only declines at a later stage as tie Increase in cell 
mass masks the reduction in the specific rate of sugar 
utilisation. Once cell mass ceases to increase then the 
overall rate of fermentation also ceases to increase and 
remains essentially constant.



Changes in the epeeifSc rate of carbohydrate 
utilisation with time when S. cerevlsiae NMC 1236 n. 
used to ferment eialt eort D , and adjunct vort ■

The application of treatments to the adjunct vort, such 
as 1) the addition of ergoaterol and Tween 60 11) 
alteration of the pitching rate, i l l)  the addition of 
air to the fermenter for a brief period end W  the use 
of yeast propagated in a shake flask rather than yeast 
harvested from a farmenter, all cause the overall rate 
of fermentation to be increased.



i I

In «(t casM, once yeast gmutk has tezsfneted 
essentially constant specific rate of fermentation 
observed. This period is termed the “maintenance phase 
of yeast activity because I t  Indicates the aiao 
activity necessary to aelntain a nen-grot-1 ng 
population l l 52)- 'The specific rate of carbohydrst 
utilization Is substantially higher In growing 
celts compared to norr-groulng cells. Vhen net 
growth ceases then the rate of fermentation 
considerably. I t  may be as much as 35 fold C 
mass continues to increase once cell growth has stopped 
due to the accumulation of Internal carbohydrates, 
trehalose end glycogen plus other reserves and cell w 
polieers. the mass of yeast produced in the & 
etponentlai phase depends on several factors, and 
changes from strain to strain 125). Once the w 

y utilised, then the total ye
declines catabolism

free a range of fementations with S. cerevlsiae WCV 
1234. Calculation of the regression line o 
carbohydrate utilization on u for the 49 values gavi 
the following values, r2 = 0,76336, at (slope) ' 
0,0748, intercept on y axis *  0,0044 <152).



e Internal ei

relationship between the specific gro«tft rate, u, «id 
the specific rate of carbohydrate utilisation is 
apparently linear. Thus where u approaches zero in 
tfie "maintenance phase", the corresponding rate of sugar 
utilization is also very low. Host of the utUilation 
of augers is associated with growth, and the rate of 
utilization which is not associated with growth is so 
low that i t  will only contribute significantly to 
fementation attenuation i f  the fementation times are 
extended. The wort composition or the etrains of yeast 
used do not significantly affect the yield of dry yeast 
pass per ml. of hexose utilised when the cells are 
growing in exponential phase (25). In batch
fomentations i t  appears that yeast growth and sugar 
utilisation are tightly coupled, and an increase In 
yeast growth results in an increase in the rate of sugar 
utilisation. An Increase in the pitching rate produces 
a corresponding increase in the amount of yeest mass ' 
produced 198).

Pitching n id yeest growth

I
*



synthetic media, » 
different yeast stri 
eer-effldents. In ( 
fu ll attenuation,

be carried out In tfi 
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actively growing 
flocculation (98) or 
fermented wort lay 
fermentations (152 
fermentation Is depi 
Moonent f si growth 
fermentation (25).
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High Gravity Wort fementaHofts

High grsi/ity bnvlne, in uhieh high Brevity xort is 
fermented, and concentrated beer la produced and then 
diluted at the final stage of production, has become 
standard practice in many breweries due to the inherent 
economic advantages of the process. An increase of ca. 
25 - 30* in beer production can be obtained using 
existing brewhouse and fermentation plant, manpower end 
energy (65,183). However, there are disadvantages to the 
process and the use of high gravity worts in the range 
of 19,8 - 59V causes loss of yeast viability within the 
first 24 hours of fermentation (29,42). This phenomenon 
becomes Increasingly severe vith the increase in vort 
gravity. The loss of yeast viability is large enough to 
cause the pitching rate to be effectively reduced due to 
the large nisbera of dead cells. Each yeast cell is 
intrinsically able to bring about fermentation at the 
same' rote as the surrounding ceiis in the mediue,
provided that the conditions are constant. So the rate
of fermentation of a given volme of fermentation medium 
should be edle to b# increns ed i f  the yeast
concentration is increased CUD. Thus an Increase in 
pitching rate is able to counteract the loss of 
viability (29). In worts of 18’ P and above the osmotic 
pressure generated is substantial and eay distort cell 
metabolism and also play a role in decreased yeast 
viability (133).

The maximum level of ethanol tolerance by brewing yeasts 
in fe mentation is reported (62) to be In the range of 
7-916 w/v). Bthanol toxicity effects at higher
concentrations we re t ho light to be the primary cause of 
cell death and therefore low yeast viability, causing 
fementations to become either sluggish or stuck 130), 
However, the addition of 60 ppm ergo sterol 0,4% Tween 
80, with 1X yeast extract to a 29" Plato wort produces 
good attenuation patterns in which complete fermentation



occurs in S days con oared to 14 days for the
unsuppleaOTted control (3T1. The ffnaC etftanoC 
concentration reached is 14,2% (v/v). In 31= Plato 
wort, ctmc ant rations of 16,2* (v/v) are obtained. The 
yeast viability at the end of fementation Is high. The 
yeaat can be repitched 5 successive times Into wort o# 
the seme concentration producing nomal attenuation 
patterns in each case (31). These s*perimenta show that 
the Inability of yeasts to ferment high 
gravity worts I.e. 18*P and above, is dua primarily to 
a nutrient deficiency in wort and not to ethanol 
toxicity effects. Thus brewers yeast 1s able to
tolerate ethanol ccficsntrations of 16% (v/v) without 
genetic manipulation 131), which is similar to the
tolerance levels found In distillers and sake yeest <31)

Dissolved solids versus tlieo during fareentation

supplemented#,01).

$



Characteristics of the Glucose Hwbrana Can '.er

The ygast cell menbrsne acts as a protective barrier to 
the cell, and controls the entry and exit of solutes 
(72). For a sugar to be utilized by a yeaat cell. It  
must firs t be transported across the cell membrane, by 
means of a carrier associated with the nembrane. These 
carHers have several similarities to eniyees.

1. Where Investigated the carriers have been shown 
to be proteins.

2. The carriers form complexes with their 
eitistretes.

3. The carriers have varying degrees of substrate 
specificity.

4. They show saturation kinetics.

5. deny are indue 1ble and repressive.

The general principle by which the carriers function 
Involves the binding of the sugar to the carrier on the 
outside of the membrane, i t  1s translocated across the 
merh-ane, and the sugar is released Inside the cell. 
Such movement Is described as either 1) facilitated 
diffusion, lAen the leovwent requires no metabolic 
energy or II) active transport, which involves the 
expenditure of metabolic energy. A sugar entering a 
yeast cell by active transport may be accumulated inside 
the celt to several hundred times the concentration of 
the sugar outside the ceil <13,103,1051,

Glucose Is taken up by a membrane carrier which Is 
reported to be common to glucose, fructose and a wide 
range of metabolizable and non-setabolliable sugars in 
8. cerevlsiae (35).



Kotyk end Horak (80) have isolated a 35 OTO moietular 
weight glucose binding lipoprotein front the cell 
aeebrane of S. cerevUlae. It has the spec1f<c<ty of 
the typical glucose carrier by binding to C-glucose,
0-xylose, D-arebinose end L-eorbose but not to 
D-gatactoso and L-ara6<nose. They escieet# there are a 
minimum of 3*10* glucose binding sites per cell.

The bagfi: atrietursl reê jS rement for trenaport to be 
per formed Is reported to be a pyranose ring for glucose 
(36,37) and a furanose Mng for fructose (72). With 
co»l»und« ran be regarded as structurally related 
to D-gtucopyranose, there Is a broad tolerance for 
modification (72), The relative Importance of single 
substitutions at each of the carbon positions, with 
glucose In the Cl glucopyranose conformation, decreases 
In the following order Cl > :3 > C4 >C5 (36,72,104,106, 
109). The hydroxyl group at carbon 2 Is not necessary 
for uptake, as 2-deoxy-glucoee has the same affinity for 
uptake as C-glucose. Cirlllo G6) points out that In 
all cases of singl.- substitutions, there is a decrease 
of sugar affinity, but It Is not significant. The 
exception 1s the methylation (or glycosylatlon) of the 
ancmeric hydroxyl group, which results In abolition of 
binding. However, marked reduction In affinity results 
from Multiple changes of the D-glucopyronose font. In 
all cases the combination of store then one change ha? an 
effect greater than the effect of each change alone. 
Cirlllo statau that the pyranose ring la the active 
structure for transport since 6-glucose shows the 
highest affinity for the membrane transport terrier end 
Is known to occur almost exclusively In the pyranose 
conformation. To support his argment he notes that 1,5 
enhydrogtucl Ml, i*lch ia a remanent pyranose, has a 
relatively high uptake rate. Title finding with respect 
to fructose contrasts with the results of Heredia et al 
172) and dottscbatk (55,60) who both state that the 
furanose fens of fructose Is necessary for uptake.



l-fucose when cceipared to Cl B-glucopyranose, has 
changes at carbon 1,2, end 5 md show: a very lou 
membrane carrier affinity, Tina supports EirUto's 
finding that multiple substitutions cause significant 
changes in membrane carrier affinity. However, when 
0-fructoae 1s compared to the pyranose conformation. It 
also has multiple substitutions at carbons 1,2 and 5 and 
yet It has n relatively high affinity when compared to 
C-glucose and one several hundred times higher than 
L-fucose. Ciritlo states the high affinity of fructose 
ia an enigma (34), becouse i t  does not f i t  the pattern 
of the other aldoses listed and he notes that in 
solution at 25=c, 51X of fructose ia in the furanose 
form 14). the issue of the relative importance of the 
pyranooe and furanose fanis in fructose uptake appears 
ambiguous.

the affinity of fructose

i values determined a

FRUCTOSE

Table 3, Km values for glucose and fructose 
in S.. cerevlsiae





Dlffuiiw Varsgg
PhosphorvUtion Theory

The neture oi the glucose transport syatea of
5_. cerenlsiae has not been tine»>ivocally resolved 
despite more than tuo decades of study. The controversy 
centre, iround the question of whether glucose Is 
transported by e carrier across the cell membrane by 
facilitated diffusion, and then phosphorylatad by the
action of !"?xokinase alter I t  enters the cell, or
whether i  transported via a group cranalocation 
systm in which i t  is phosphorylated during transport, 
as in the veutoriaV-phosphorylation transport systems 
found in bacteria <16?). The transport associated 
phoiphoryletion hypothesis, advanced In 1954 by 
Rothstein (148) was based on observations that 1>
Intracellular free glucose was not detected In actively 
metabolizing cells 11) yeast cells were reportedly 
ieperaeeble to non-metabollzable sugars and i l l )  there 
was an apparent eo.relation between substrate 
specificity for sugar transport and sugar 
phosphorylation. Experimental evidence appears to be 
weighted toward the facilitated diffusion model and 
consequently i t  has gained wider acceptance. clH llo 
£56) has shown that the non-metabolizable sugars 
L-sorbosc, L-fucose, D-xylose, L-glucose- and many others 
of cerevisiae are all teken up, but not concentrated, 
by the liexose transport system, and all these sugars 
competitively inhibit D-giucose transport to varying 
degrees.

Cells inhibited with lodoacetic acid under nitrogen, 
order to completely block metabolise, exhibited noroi 
glucose uptake with free glucose detected Inside tl 
cells 06). These results indicate aetabollse Is n< 
Involved In transport I.e. the first step In tl 
glycolytic pathway, after transport, involves tl 
phosphorylation of glucose and or fructose, using or



ATP molecule per molecule of iiAatrate, and results in 
the {creation of gLucoEf'6-phosphate and fructoae-6- 
-phosphate. lodoacetic acid ceopletely depletes the cell 
of ATP, and the presence of nitrogen Inhibits eetabolic 
activity. The lack of ATP implies that the
phosnhorylation reactici of the two sugars cannot be 
perfumed. Hence i f  uptake occurs under the above 
conditions i t  should be due to the action of the 
leibrane carrier alone and nee phosphorylation I.e. the 
uptake Is by facilitated diffusion and not active 
transport. Glucose-6-phcsphate and fructose-6-phosphate 
act as regulators of facilitated diffusion using feed 
back inhibition (16,48).

A variation of the original phosphorylation theory of 
sugar uptake was revived by van Steveninek <178), in the 
form of a hybrid earrlei-phosphorylation nndel based on 
metal binding studies. The proposed uptake system had 
two parts 11 facilitated diffusion where glucose has a 
low affinity uptake in poisoned lodoacetic dcid cells, 
and so have non-metabolizable sugars in normal cells. 
Under these conditions, where facilitated diffusion 
occurs the binding of W®* ions to the cell surface did 
not Inhibit glucose uptake 075). UOgZ* ions Inhibited 
facilitated diffusion at relatively high concentrations 
11) active transport, in which uptake is directly 
connected to metabolism. Here high affinity uptake 
occurs via polyphosphate groups at the cell surface 
<176). Glucose Is supposedly transported in normal cells 
in this mode. The argieent was that Ni2t 1ons partially 
inhibit glucose binding at the cell surface and 
therefore inhibit transport. flte binding sites nere 
said to be phosphoryl groups and TIJssen and va> 
Steveninek (174) postulated that they were polyphosphate 
In nature. By Implication these polyphosphate groups 
are part of a carrier system, where the phosphorylation 
reaction plays an integral role perhags by chemically 
altering the carrier at the outer surface. U022> ions



ccnpXetety Inhibited transport at relatively ton
concent rations- The difference in Inhibition 
concentrations of for facilitated diffusion and
phosphorylation i t  due to the different sites of its 
action. Van Steveninek states Wj2'' causes inhibition 
in facilitated diffusion by Interacting with the
carboxyl groups in the cell surface whereas in
aatabollcaUy active phosphorylation UOg2* ions inhibit 
phosphoryl groups. In facilitated diffusion Ni *̂ did 
not affect glucose transport, as the Ni2* ions did in 
active transport phosphorylation, due to the different 
sites of action for the two systems, fan Steveninek 
(176,177) and van Steveninek and Jaspers (88) supported 
the above model by performing experiments using 
2-deo*y-0-fllucose. This is a partially metabolized 
analog of D-glucose vlth a high affinity for the
D-glucose transport system, and can be phosphoi ylated by 
hexokinase. In pulse-labelling experiments with 
radioactive 5-deoxy-gtueose conducted In order eo 
determine the time sequence of the appearance of 
2-deoxy-glucose in intracellular pools, they reported 
that Intracellular Z-deoxy-glusote firs t agpeared in Its 
phosphorylated form. They also reported that 
intracellular concentrations of 2-deoxy-glucose 
phosphate reach higher concentrations thin external 
2-deoxy-gtueose. ifereflith and Romano <124; also found 
that 2-deoxy-glucose phosphate is the firs t species to 
be detected intracellularly In pulse-label experiments. 
However they did not find that 2-deoxy-glucose exceeded 
the extracellular concentrations. This Implies 
transport Is by facilitated diffusion and not active 
transport phosphorylation. This result was confirmed by 
Frenzusoff and Cirfllo <50>. Using sffiffie-kinas# eirtant 
strains containing only one of the two hexoklnases or 
glucoklnase, they showed that If a phosphor,-ation 
•associated transport mechanise is present, then It does 
not depend on a specific kinase to operate. However, 
they urged caution In Interpreting the results of pool



labelling experlaents uith whole cells, in which 
problems of cofepartaentaHzstion and multiple pools are 
difficu lt to access. Seeker and Betz <16), and Rcmano 
t146> point out that the Ke values of hexokinase and 
glucokinase are one and two orders of magnitude lower 
than the glucose Ka value for transport. This difference 
causes membrane transport to be tightly coupled to 
hexokinase activity and would result in immediate 
pjioshorylaticn of 2-deoxy-gl ucose as i t  enters the 
cell. Thus In itia l free sugar pools may be too small to 
be detected by the methods used (16,37,144).

It was found by Fuh ream and Rothsteln (46) that the 
effects of Hi2* on glucose uptake, which was formally 
attributed to the association of Ni2* with superficial 
polyphosphate involved in glucose transport, is actually 
due to Its adsorption into the yeast cell, where it 
probably inhibits alcohol dehydrogenase. Also, I t  has 
been shown that uranyl ions also inhibit transport of 
atino acids and various other solutes and the existence 
of this effect need not imply that polyphosphate Is 
involved in all or any of these processes <46),

Further evidence against the phosphorylation theory

6-deoxy-e-glucose, a structural hoacaorph of 0-glucose 
which lacks a hydroxyl group at carbon 6 and thus cannot 
be phosphorylateo" by S. cerevtaiae. is transported' by 
means of facilitated diffusion. It has the same affinity 
for membrane transport as does glucose. This result 
negates one of the principal tenets of the 
phosphorylation theory of transport, namely, that 
phosphorylation is necessary for the carrier to operate 
in the high affinity mode 1146). The previously 
observed low affinity uptake of the transport system for 
glucose analogs could be due to their reduced structural 
inccepatibillty with the stereospecifio characteristics 
of the carrier. Kotyk and Wchaljanlcove (106.) observed



that D-glucose is taken up without phosphorylation, and 
at a high affinity rate by facilitated diffusion.

The glucose transport system in S. cerevisiae has two 
uoteke components 1) a high affinity uptake with Ke ca. 
1 afl for glucose and Ke ca. 6 lor fructose; and a to* 
affinity uptake tilth values of Km ca. 80 afl and Km ce.SO 
mH respectively (19). The wyeaes hexokinase A CP-I), 
hexokinase B IP 'II! and glucokinase are linked to the 
functioning of the tiro uptake systeas. The high Km - 
i.e. Ion affinity uptake -  for glucose only exiate when 
all three kinases are absent, whereas for fructose, 
the high Km system reguiree $he loss of the two 
Serolinese/i. Evidence points against a direct collection 
between entry and oetabol isa, where a transient 
Bhosphorylation occurs during entry, or where formation 
of the firs t metabolic intermediate hexose-6-phosphete, 
would occur by an obligatory vectorial phosphorylation 
(08 wfth the bacterial phosphotransferase system 
119)). ExpeMeents with 4-deony-glucose, also show the 
low affinity uptake when all three kinases are absent, 
and high affinity uptake when any one of the kinases is 
present (21). Thus high affinity uptake appeals to 
depend on the presence of any one of the kinases, but 
not in their phosphorylation role. Bisson and fraenket 
(19) propose a model where the kinases form a functional 
pert of the hexose uptake system i.e. they are Involved 
in transport, but not in a phosphorylating capacity. 
Thus the kinases should be membrane bound enzymes. 
However, they are characterised as solifcle enzyaes. It 
is possible that a smell fraction are tightly membrane 
bound, or that there Is a loose association with sane 
meebrane components that perfore the primary recognition 
of the external sugar (19). In yeast the two 
hexokinoses act to phosphorylate fructose In the 
6-position (161), while all three kinases are able to 
phosphorylate glucose. The roles of the three kinases 
for glucose are not well understood even wfth respect to



FnetaboU SB (20), Hexokinase A IP-I) has a ratio of 
Bhosphorylation of fructose to giucose of approxiietely 
2:5 and hexokinase B V-II) has n fructose to glucose 
ratio of approximately 1:2. Slucokinasa has no activity 
lor fructose (52,119). Although any one of the kineses 
1s adequate for growth on glucose (52,102,113,114) in 
the wild-type strain hexokinase B is predcninent in 
growth on glucose and hexokinase A seems to be a 
repressive enz/ne that appears when gluoose has been 
used up. Fructose mediated growth retires at least one 
of the two hexekinases to be present (52). The activity 
of the two hexokinase: appears to be adaptive and 
depends an conditions in the growl)) eediim. While 
glucokinase action Is constitutive end independent of 
the carbon source present, cells grown on 3X ethanol 
showed predominant hexokinase A end tit t le  hexokinase 
B. When grown on 6% glucose the pattern was reversed 
w<tii fiexofcliiase B being the major enzyme present. Mien 
cells grown on the 3X ethanol were incubated on medium 
containing 6X glucose, hexokinase A was repressed and 
hexokinase B was induced (127). According to Bisson and 
Fraenkel (19), any one of the three kinases (for 
glucose) or either of >te two hexokinases (for fructose) 
is adequate for io j Km i.e. high affinity Uptake. Both 
the high affinity uptake and low affinity uptake operate 
by facilitated diffusion. Low affinity uptake is 
present in growth in high concentrations of glucose (100 
an) whereas high affinity uptake occurs 1n growth In low 
concentrations of glucose (0,5 art) and In growth in 
normal concentrations of ethenol, galactose or lactate 
Plus glycerol. A change fro* growth in 100 mH glucose 
to 0,S iff glucose results In a ten-fold Increase in the 
level of high affinity uptake in 90 minutes. Either 
protein synthesis or energy metabolism or both is 
required (21). Re-imposition of the high glucose 
concentration caused the cells to revert to the tow 
affinity uptake. Depression of high affinity uptake is 
not correlated with the levels of the kinases



themselves. Bisson and Freerkel (21) propose that low 
and high affinity uptake should be seen In a 
physiological context, where the ce'.U can obtain eost 
benefit fro* the prevailing growth conditions I.e. in 
low glucose concentrations high affinity uptake occurs 
and vice-verso. They also observe that the low and high 
affinity c cm portents of their eodel say go someway to 
explaining the low affinity uptake end high affinity 
uptake of van stevenlnck's phosphorylation theory of 
sugar transport.

Not all yeasts utilize glucose faster than fructose. 
S.. baUii <59,69,1M,159,1<0) end Torulocsia stellate 
037) preferentially utilize fructose over glucose, 
whilst Klceckera aoicutate 1136) uses both glucose and 
fructose et equal rates.

Sottschalk (59) thoroughly ground dried preparations of 
S. baUil, causing the cells to rupture. He found the 
groizid celts utilized glucose faster than fructose. He 
proposed that the differences in the rates of uptake for 
the two sugars was due to the preferential permeability 
of the celt membrane for fructose. Sols had s in I Ur 
findings 1160) and stated fructose was takerv-up faster 
than glucose owing to Its greater affinity for the 
comcn hexose transport carrier.



ie Transport

A proton syaport for carbohydrates was deeenatrated In 
yeast using a strain of s_. cereulslae, which, after 
adaptation to the sugar, absorbed protons with maltose, 
sucrose and 0<-methyl gl ucoside but not with
2-deo»y-glucose, galactose and glucose 143,65,106,151).

A specific ayst«ii siists 1n 8_. cerevlslae for the 
transport of sucrose across the cell eeebrane as an 
Intact molecule i ^ .  without hydrolysis occurring 
outside the cell prior to uptake. Sucrose uptake does 
not Involve active transport. Cells pretreated with 

Tide, en agent which Inhibits glycolysis and 
; substrate phosphorylation and reuses complete 

tit, .1 of ATP in the cell, carried out sucrose 
transport normally. The energy requirasent for sucrose 
transport is provided directly by ^H*, the electro­
chemical gradient of protons across the ywst cell 
■wbrane. It is known as a proton syoiport in which the 
in itia l rate of uptake shows a proton/suerose 
stoichioeetry of 1:1. The K* cation appears to act as a 
counter ion to the protons entering the cell, in order 
to maintain elcetroneutralit)'. The sucrose transport 
system shows similarities with the transport system for 
maltose uptake (151), in that.

h systems a > proton syeiports.

n Inhibitory effect oi

3. Both systems are stimulated by Na+ ions, the 
socras? sjnpirt acre so then dt# saltojff syitK-rt



Proton Syanorts with Particular Emnhasis on the Maltose
Transport System of S. ceravlaiae.

proton Bjmoorts are transport syateis located within the 
cell iBeabrane of yeasts and bacteria 143,46) and 
function to translocate solutes across the cell meabrsne 
into the cell. They operate via secondary active 
transport In which the movement of the solute across the 
cell aeabrane 1*4) is coupled by a purely physical 
process to the eoveaent of acne other specific 
particle. Here the particles are protons. This systea is 
In contrast to primary active transport, where the flow 
of solute across the cell membrane Is coupled to an 
exergonic chemical reactlcn, where the Increase in free 
energy of the solute fa derived from changes in chemical 
bond energy associated with the reaction e.g. the 
bacterial phosphotransferase systea 166). In its 
simplest form one proton is taken up with one molecule

2:1 or 3:1. The aeebrane potential required to just
balance the proton current through the proton pump is 
about -0.* V. The total energy available froa the 
hydrolysis of ATP in vivo is estimated to be
approximately -0.5 V. This Indicates that the voltege
generator across the cell eiesbrane is fuelled by ATP, 
and infers that the punp ejects one proton for each ATP 
molecule hydrolysed. The proton stoichiometry appears to 
be variable and can rise in certain drcinstances of 
energy restriction (66). The cell membrane Mg** ATPase 
is an integral aeabrane protein, which Is able to 
expel charged species such as protons from the cell. 
This Indicates that ATPase Is probably the electrogenlc 
proton pump (*6). It functions to maintain 
electroneutrality across the cell Membrane after solute 
uptake has occurred.

Maltose is a disaccharide composed of two molecules 
bound together by an alpha 1-4 linkage 146). It Is
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The Km of mattes* transport Increases from 5.2 nil at pH 
5.8 to 36,0 rft at pH 7.8 in S. carevisiac. For the same 
pH Increise tke ys«  Is helved. External pH effects the 
specific growth of a petite mutant of s_. cerevisiae in 
the range pH 5 -  7, uhila the cells shoved no such 
effect when groin on glucose or galactose. This pH
effect Is probably related to the transport step. The 
presence of K* ions has an inhibitory effect on
transport. At values above pH 5.0, the Veax ' s decreased 
end the Ken is Increased. At pH 4.0 and below the 
presence of K* ions has a stimulatory effect 1117). The 
addition of zinc, magnesium and ammonium ions to S_. 
cerevisiae grown In metal-free buffers produced
stimulatory effects on maltose utilization 1182). In
S. cerevisiae Irrtracelluar meltase lies a relatively low 
affinity. Km * W-i, for maltose. Thus proton syeparH 
•ay have been developed in order to meintain high 
intracellular concentrations of maltose, which dri'as 
the reaction catalysed by mattes#, to keep a good rate 
of maltose hydrolysis <117).

Ethanol I’m  a non-conpstitlve effect on the maltoss 
transport system In 2- cerevisiae. The for maltose 
transport is decreased conpared to untreated cells but 
the X» remains constsnt. This decrease is probably 
caused by an alteration of the lipid erwlroment of the 
maltose transport system in the cell mesibrerte <116).



Cat&bplita Repression of Haltose Transport

The transport of maUoai- jeross the cell membrane In 
S, cerevisiae is via e eei*rane transport protein 
K-gtucoaide permease. Once aialtose enters the ceC[, it  

is catabolized into two glucose inits by the enzyme 
61-glucosldase 1156). Meltose is needed to induce the 

maltose transport system in S. cerevisiae, whereas it 
may be repressed Ir the presence of gtusose and fructose

A brewing yeast S. cerevisiae HCtC SO sfiowd deiayed 
utilization of maltose in a laboratory fementation 
system, using brewer: wort, when the inoculation yeast 
was grown up in a glucose rich MYPO mediui. when the 
yeast is inoculated into the fomentations, repression 
of maltose utilization occurs whilst glucose is present 
in the wort. Once the glucose concentrations in the wort 
reach Ion ievels, maltose utilization Begins <27;. 4 
similar phenomenon was shown in synthetic media. Cells 
grown in synthetic media containing 2X Iw/v) meltose and 
2X glucoie, exhibited diauxlc growth 166). Only glucose 
was utilized in itia lly , with maltose utilization 
completely repressed. When glucose reached a cut-off 
concentration of 0.4% Cw/v), derepression occurred and 
maltose utilization commenced. Sloeoee iai»es the 
inhibition of transcription as well as translation of 
K-glucoside permease. Hence there is repression of de 

novo synthesis of the K-glucoside peroease 1155). 
Heltose grown cells incubated In glucose over a 90 
minute period show almost complete inactivation of the 
maltose transport system due to inactivation of 
M-gluses ide pcmoss*. This occurs under aerobic as 

well as anaerobic conditions. Curing this period the Km 
for maltose transport Increases from 4 mH at time zero 
to 15 mM at 65 minutes and at 90 minutes is about 50 
mm. Recovery of the maltose transport system occurs





1.11. Tha Effect of Etha.ml cm the Transooft System

Ethanol Inhibits the rate of fermentation and the growth 
of cerevisiee i45,f10). Ethanol has the effect of 
decreasing T eax (the lax In in temperature for growth), 
increasing T lin  (the minieun tmpenture for grouth) 
anfl decreasing r op. (the opttaui temperature fw 
gi'owth). A temperature profile of maxlmun ethanol 
tolerance shuns an increase in ethanol tolerance frotg 
3®c to K°C, then a plateau of ethanol tolerance at 11X 
v/v from 13 - 27 C and thereafter from 28*C to 42*C the 
ethinol tolerance drops to zero 1149,181J.

Figure 24. Temperature profile of »aximm ethanol tolerance of S.
cerm-isf*. Enperfnentsl points indicate th' 
concentrations of ethanol above which grovth could no 
be detected (149).

In lower temperature fermentations, i.e. those before 
the plate.u (below 13°C>, the yeast is more ethanol 
sensitive with respect to yeast growth, than in 
fermentations at intermediate temperatures 080). Tills 
situation is especially relevant to the beer industry

fermentations.



Existing plar 
concentrated i. 
consequence ci

he beer fereentatien exceeds tho maximun ethanol 
olerance level shown In the graph, then the inhibitory 

of ethanol on yeast growth and viability may 
he fermentation to terminate prematurely.

' affinity of the system expressed by Km, the 
constant neO). Soae authors have reported 
cacadty for Inhibition is a hyperbolic 
1 the ethanol concentration, while others 
sar, exponential or other formulae to their 

Shoda (180) managed 
f i t  both hyperbolic and exponential relations to 
ir data, when using a Bakers yeast, fioaano (116) 
I a strain of SchizosacchartMivces poabe in the 
m»l inhibition of t-*ylulose farmentation and found 
results fitted linear, hyperbolic and exponential 

ilts eoually well. All these apparently equivocal 
itions for ethanol inhibition iiply that several 
Ferent mechanises are involved and the overall 

composfte (780).

different kinetic

physiological state of the cells and 
chemical and physical factors. Leao and Van Uden 

10) studied the effects of several different alkanols 
. ethanol, isop.-opanol, proeanol and butanol or the 
nsport of glucose across the cytoplasmic membrane in 
cerevisiae. Each of the alkanols Inhibited the
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:5. Semi-log plots of the relative tit) aedmun initia l
uptake rates of d-xylose by S_. cerevj si ae as a
function of alkanol concentration. # Ethano I; 
A  isopropanol; D propanol; andAbutanol 1110).

uptake of D-xylose by the glucose transport system and 
the inhibition effect increased with their 
solubility. Also, the molecular volune of each a 
played a role in the inhibition aechanism there he 
inverse relationship betveen the molecular volu 
degree of Inhibition. The alkanols only decreased the 
Vnax, and did not affect the Ke. Each obeyed exponential 
kinetics. The effect of the alkanols on the glucose
transport system could be expressed in terns of the
equation

Where S is the concent ration of glucose. Km is the 
Michaelis constant, v is the in itia l uptake rate without 
alkanol under the same conditions, x is the ethanol 
concentration, and k is the inhibition constant 
characteristic for the alkanol. Thus using a determined

1
'4



value for k In g_. cerevisiee 8034, tM« efluetlon can be 
a&plied specifically to ethanol inhibition of growth and 
fermentation uelng a particular sugar as the carbon 
source. Thus the ethanol Inhibition effect on the 
glucose transport system in S. cerevisiae, which is an 
electroneutral uniport, eey be exnlained exclusively by 
its action on the hydrophobic areas of the membrane

The above equation exhibits exponential kinetics of 
ethanol inhibition as long as the transport step 
detemlncs the overall rate of growth and fermentation. 
Mhijn other metabolic steps show significant inhibition 
by etfiancl, ccapared to membrane uptake, than their own 
inhibition kinetics w ill contribute to the overall 
kinetics which nay then no longer conform to a simple

As ethanol is able to exert an inhibitory effect on tile 
membrane carrier protein, i t  may also possibly exhibit a 
slmlL.r effect on soluble enzymes within the cell 
involved in the sub sequent metabolic steps to membrane 
transport 1180).

The degree of inhibition of glycolytic enzymes by 
ethanol shows large variation from strain to strain. In 
bakers yeast, ethanol showed no Inhibitory effects at 
6.3* Iv/v) on twelve glycolytic enzymes and only at 
concentrations between 21.5* Iv/v) and more than At.3% 
Iv/v), at 30’ C, did ethanol Irreversibly reduce the 
activities of these enzymes. Using S.. cerevisiae. 
Sagodawithana 030) showed that ethanol inhibits 
ho*okina« and gldolas# activity at ccrcentntlens of 
198 v/v, while key glycolytic ens>tnes in Ktoeckera 
apjculata exhibited irreversible denaturation in vivo in 
the presence of 10% ethanol. In contrast, 10% ethanol 
showed insignificant effects on the same enzymes 1n



SaccharoCTvces eviformfe. ’ In hfgh grsvfiy beer 
fenaeitationt, there Is approximately 7X (v/v) alcohol 
at the end of fensentetlon (4S>. At this concentration, 
the ethanol Inhibitory effect on the glycolytic pathway 
enzyeea in S. cereviaiaa Is negligible, the assmption 
befng that the ethanol concent ration within the yeast 
cell is the Bene as that in the surroinding eiedii*. 
Becker and Bn: (16) nhoued that mmbrane transport is 
the rate limiting step in the glycolytic flux of £. 
cerevisiae. Biller et al <125), using a Saccharoayces 
strain stowed thut even i f  the hewkinese capacity is 
reoueed Uy 50%, the glycolytic flux would not drop 
notice*ly due to the excess capacity of the enzyee as 
compared ufth the glucose eeibrene transport syitee. 
Thus, although ethanol does have an inhibitory effect 
on the action of certain enzymes of the glycolytic

insignificant when compered to the rate of glucose 
uptake across the eeAran* which is the rate Limiting 
step in the glycolytic flux. I f  one assumes that the 
concentration of ethanol within the yeast cell is auch 
higher than that 1n the surrounding medium, then ethanol 
should have a much greater inhibitory effect on the 
glycolytic flux than the experimental data presented 
above supposes. This situation also iaplies that the 
inhibition of glycolytic enzymes may be significant 6nd

pacemaker of the glyulytic pathway. This assumption is 
probably false, as w ill be shown below.

Several authors (15,180) have reported that 
intraceHuler levels of ethanol in batch fereentatione 
aay be auch higher than its concentration In the 
extracellular medium. Nagodawithana and Stelnkraus 
(128,129) end others (126) reported that externally 
added ethanol was leas toxic for S. cerevisiae than



ethanol measured at sinUar external concentrations 
whicli uas endogenously produced. Their explanatiori for 
this ptienaMnon uai th*t the rate or net outflow of 
ethanol fro* the cell was slower than the rate of 
ethanol production wltnin the cell, and consequently, 
thers was an Increase In the concentrations of 
intracellular labelled ethanol. Loureiro and Farreiro 
1113) shewed that in cerevisiae ecfiiHbriuie between 
extra- and intracellular ethanol is established in 25 
seconds, and the maxima ethanol gradient to be expected

Beeven et jrl <15) showed that when the fermenting yeast 
is Hashed with water or buffer, ethanol is very reoidly 
released. Their findings confirm that ethanol diffuses 
rapidly through the membrane which fs unlikely to 
constitute a barrier against ethanol accumulation in the 
celt. In batch fe mentations, they found that the 
intracellular ethanol concentration was higher thm the 
extracellular concentration, and in the earliest stages 
the ethanol gradient was approximately 1.0 M.

In checking the technique for determining the 
intracellular ethanol levels, Casari et (40) found 
that fementetfon continued during processing of the 
yeast sample. By preceding samples to 4°c and reducing 
the centrifugation time, they found that the 
infracellular ethanol levels were significantly 
reduced. Further, during the early stages of 
fermentation when the ethanol concentrations are 
relatively low, the intracellular concentration was 
higher than the extracellular conconcent ration, with a 
maximum ethanol gradient in the order of 0.2 M, while in 
the later stages of fermentation, when the ethanol 
concentrations approach the maximum ethanol tolerance 
limit of 11% Iv/v) in the case of S. cerevisiae. the 
ethanol gradient was reversed so that the extra'.ellular 
ethanol concentration was higher than the



ie gradient exceeding

d be siellar In vivo as-the results above show 
ntraceliular ethanol concentrotlons are not highe 

e eitreceltular eoncontrations at the upp 
■1 ethanol tolerance in S. cerevisiw. Indeed t 
i t  eniymeo of S.. cerevisiae are not inhibited 
r-tions of 11:  (v/v) in vitro. Hence the ethano 

effects »ii Int racelliAar components such ea th 
glycolytic enzyaes are not likely to play a slgnifican 
role in the overall ethanol inhibition kinetics <180),



. General Classes of Mathematical Models

Bivloglcal systws may be quantified and predicted 
through the uee of eethonatical models. The more
complex the system the more likely mathematical models 
are to be used. They allow quantification of systems 
where i t  is not possible to measure the complex 
underlying mechanisms and interactions which allow the 
particular system to operate.

The firs t general type of mathematical models are of the 
empirical «orm (12). They rely on the Identification of 
the most significant factors affecting the behaviour of 
the system. Through observation and Intuitive ideas 
these factors are conceptualized into the fore of a 
mathematical model, where the r.odel correlates the 
performance of the biological system. This type of 
model Is rarely predictive as It does not significantly 
exseine the inderlying processes which determine the 
overall system behaviour ie. It  is a "black box” 
approach, where the intricacies of the system are either 
unnecessary or too complex to be Included in the model 
(101). The model wiU only operate for a specific set 
of conditions, and It can not be manipulated to predict 
the operation of the system, when the conditions of the 
system are altered. Therefore, an empirical model is 
not able to add to our fundemental knowledge of the 
system under question.

The mechanistic model (12) is the second general type of 
mathematical model. It  is much more sophisticated than 
the empirical model In that i t  attempts to incorporate 
the postulates of how the system variables interact to 
form an integrated whole. Tl ' ' -ne of model requires
much greater scientific ng and precision as
the underlying mechanic system ere set out
explicitly in a mathemat. ,rm within the model. 
Once all the basic premises of the system have been



estebUefied, tfwy cwr*ltt*4 »nd s matlimsticel
statement Is developed from them. Provided all the 
underlying aaamotions within the model are correct, and 
they have been rigorously developed into a mathematical 
fora, then the model should accurately predict the 
performance of the system. Thus the model should be
able to add a greater Insight Into the operation of the
syetes as ft I t  able to predict uithin the system what 
happens under different conditions. As far as
possible the assumptions within the model must be
capab.e of experimental verification. Also, all the 
assumptions within the model must be clearly stated, 
and the model must not contain any hidden or inherent 
assumptions. When mechanistic models are successful in 
predicting a particular system they become useful
scientific tools and add to our progressive 
understanding of the system under investigation.

Obviously a mathematical model which could fce used by 
the brewing industry to predict the concentrations of 
residual sugars In fermentations when using various
adjunct types would be of use. Hence the aim of the 
present study was to develop a mathematical model which 
would predict the rate of fructose utilization during 
sucrose adjunct f.-mentations and the residual
concentrations of fru n ,.» in the fermented wort ei Me 
end of fermentation.



The Establishment of a Laboratory Fermentation System

2.1. Intreduction

A laboratory scflU fereentation system needs to produce 
date which. Ideally, Is identical to data that is 
obtained from fu ll scale plant fermentation vessels when 
both types of fementation vessels are operated under 
exactly .the same conditions. In practloo, this may not 
always be achieved, with amell differences existing 
between the two systems. Therefore, e laboratory system 
which produces data which correlates as closely as 
possible with data from fu ll scale plant fermentation 
vessels is required. RuUe 114) had previously made use 
of 500 ml Kartell plastic volmetrlc cylinders as 
laboratory scale fermentation vessels. He found good 
correlation existed between data produced by such 
Ie mentation vessels, and data produced by fu ll scale 
plant fermentation vessels, when both systems were run 
under identical conditions. The parameters he monitored 
duri 1-j tho course of the fermentation were yeast count, 
and »df1c gravity. The saee laboratory fe mentation 
vesse . ue-e chosen for this project. New parameters, 
of fructose, glucose and in some cases maltose

the correlation between the two cyslers when monitored 
for these new parameters and '-t••iwck the correlations 
for yeast count and specific travity, the two systems 
were set up using identical c-m,itions of growth and 
temperature. Both types of fe wtatlon vessels were 
monitored daily and comperiM* was made of the 
subsequent data.

I t  was important to know the n'-ir’ier of repetitions of 
fermentations needed to produce valid data. Six



laboratory fermentations uere set up, using exactly the 
same yeast and uort, and oach tanentation was Incubated 
at the saee temperature. each fermentation uas 
monitored dally for yeast ceu.it, specific gravity and 
glucose and fructose concentration. Analysis was 
carried out on the data using statistical methods.

it fermentation Vi

plant fermentation vessel in which a Carling Black Label 
(CSV) fermentation had been set up several hours 
previously. This fermentation contained the wort 
excluding adjunct, i.e. CSV all-malt wort plus * glucose 
adjunct as opposed to a sucrose adjunct, which fhen 
fermented under normal full-scale plant conditions, 
produced the fructose block. As each laboratory

identical fermentations to be established. The sample 
was stirred, to effect homogeneity and then poured Into 
six SCO ml Kartell plastic volvasiric cylinders, up to 
volume. They were Incubated at 11'c for the duration of 
the fermentation. This was the temperature used in all 
other fermentations esteblisheflfor this research, unless 
otherwise stated. A Lauda KAR water bath set at 11 C, 
which was connected to an external bath, in which the 
six laboratory fermentation vessels were pieced, 
maintained temperature control. The plant fermentation 
vessel and the six laboratory fermentations were 
monitored every 36 hours, for the duration of the 
fermentation i.e. 216 hours (9 days). The sample from 
the plant fermentation vessel uas taken aseptically from 
Its sample cock, and the samples from the laboratory 
fermentation vessels wore taken using sterile 10 ml 
pipettes. Thereafter, each sample was analysed for the 
parameters :



hi Specific gravity 
cl Glucose concentration 
d) Fructose concentretion

The nunber of yeast cells per ml of uort uas determined 
either by using a Coulter Counter Industrial t> cell 
coulter (Florida, U.S.A.), or by determining the 
relative yeast count using a spectroptiotcnotrlc method 
by reaching the ebsorbence of the sample et 600 m 
against a wort blank.

Specific gravity

The partially femeated uort sroflle was filtered 
using a 0.45 ua membrene filte r to remove the yeast 
free the sample. The specific gravity xas measured by 
injecting approximately 2 ml of sample Into an Anton 
Pear DM20 calculating density meter (Graz, Austria). 
tho reading ass converted to degrees Plato <«>> using 
standard tables (5,53).

The Determination of the Glucoae and Fructose 
Concentration

Sugar analysis was performed using e hioli performance 
liquid chromatography (HPU) system (26,39), which 
consisted of a HUroeeritlcs 'Georgia, U.S.A.) 750 
eutelnjector, a 750 solvent delivery system operated In 
the constant flou mode at 0.S ml/minute of solvent and a 
731 column capartment set at 85tc in which an Amine* 
HPX - 87 carbohydrate HPLC column (Bio-nad Laboratories, 
California, U.S.A.) uas placed. Sugar detection was by a 
ftiauer differential refractometer <raunfs, e.F.K.) set 
at a sensitivity of 32. Sugar concentrations were



recorded and calculated using a Hewlett-Packard 3390 A 
recording integrator (California, U.S.A). The eluent 
used was double distilled de-ionized water filtered 
through a 0.45 urn uieabrane f ilte r. The HPLC syatei was 
aerated using external standards of glucose 1.000 g, 
fructose 0.500 g, maltose 1.000 g, and sucrose 1.000 g 
(Analytical grade, Merck, dernstadt, G.F.ft. for each 
sugar). All fermentation samples were filtered through
0.45 um membrane filters prior to HPLC analysis. Two 
drops of a bacteriostatic solution of pentachlorophenol 
(BBH, Poole, U.K.) were added to the samples which were

response was linear up to a concentration 
100 ml of solute. All samples had to be 
iat this upper limit was not exceeded. As 

glucose and fructose exceeded this 
upper limit at the beginning of fermentation, the 
samples were diluted V.3 with filtered distilled water.

concentration. The firs t sample to run through the HPLC 
flushed the column. Tfie next three eeeptes i/ere 
glucose/fructose standards which were run to determine 
response factors for the integrator. The fermentation 
samples followed, and Interspaced, at regular intervals 
by water, standard, and water samples. At the end of 
every run two aliquots of 30% acetonitrile were used to

Statistical Test fermentations

Carling Black Label wort was collected from the paraflow
i.e. CBL all-malt wort plus a glucose adjunct as opposed 
to a sucrose adjunct. When CBL all-malt wort with a 
sucrose adjunct is fermented under normal full-scale 
plant conditions, the fructose block is produced. The 
collected uort was oxygenated to 14 mg/litre using 
medical grade oxygen CAfrox, Johannesburg, R.S.A.) and a



yellOM Springs Instruient Oxygen meter, model 54, ARC 
(Ohio, U.S.A.). Approximately 50 g of the brewing yeast 
saccharoayces cerevisiae 2056, formerly named 
Saccharomyces uvarum 2056, uas collected aseptfesUy, 
from the yeast collecting vessels. The yeast uas 
centrifuged at 3000 rpe for 10 minutes on e Beckaan TJ-6 
centrifuge IGalway, Ireland). The supernatant uas 
discarded. Six, 4 g samples of the compressed yeast 
pellet were weighed cut end used to establish six 
identical fermentations each containing 500 ml of uort. 
The yeast and the wort were thoroughly ntxe n order to 
effect hoeogeneity. The length of the fermentations was

specific gravity, yeast count, and glucose 
concentration.

arbitarily

obtained.
lined. This procedure uas carried out 
eter monitored, on each day of 
standard deviation and standard error 

ich time a parameter was monitored (see 
standard error was calculated which 

ere only two identical fermentations

calculated

ermentations produced in duplicate would produce valid 
data. I f  this standard error value was greater than 10* 
of the mew,, then the number of fermentation repetitions

ylucose
statistical

assayed ie the glucose and 
nd the standard 
particular sample

fructose
deviation
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then determined as a percentage of t 
tvo assay values. -This procedure i 
f ifty  samples essayed for glucose 
fif ty  Sanpies assayed for fructose

Overall, good correlation uas found between the data for 
tfce laboratory fomentations and the plant .enaentation 
vessel uith resoect to yeast count, specific gravity, 
and glucose and fructose concentration (Figure 26.}. 
Small variations between the tic systems did occur. The 
specific gravity plots both showed similar trends In 
gross terms with an In itia l slow decrease up to 120 
hours and finally a very gradual decrease until 196 
hours (Figure 26a.). In each of these three stages, the 
plant fementaMon showed a slightly greater decrease 
than the laboratory fermentations. The glucose and 
fructose concentration plots (Figure 26A.) reflected the 
specific gravity results (Figure Z6A. and 268.). Here 
the trend of decrease in the glucose concentration was 
the same for both systems but the plant fermentation 
showed a slightly greater decrease than the laboratory 
fermentations. This difference was most prominent at the 
end of the fermentations. The yeast count plots both 
shoked (Figure. 26c) an Increase in biomass until 
flocculation, and thereafter a gradual precipitation of 
yeast. The piant system showed e greater nunber of cells 
at flocculation and a more rapid increase up to this 
point than the laboratory fermentations. Flocculation 
occurred slightly earlier in the plant fermentation 
vessel. The rate of precipitation of cells out of 
suspension after flocculation was very similar in both 
cases until the end of fermentation where the laboratory 
fermentations, showed a slower decrease than the plant 
fermentation vessel.



srccrnc cunvnv

A con pari son of the laboratory fermentation system with 
a fu ll scale plant fere enter, for the paratieters:- A, 
glucose and fructose concentration. B, specific gravity 
end, C, cell count. A indicates the laboratory systee; 
•  the plant feroeoter. The plots of experimental data 
frotg the laboratory fermentation system in 6,8, end C 
were drawn from mean values obtained from the 6 
identical fermentations.
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standard error calc 
tereentations vas

■free the fermentations, each time the fern 
eonltored. Thus 1ementations aay be set ui 
and the subsequent data obtained free 
considered valid.

duplicate

fructoso

analysed

Discussion' -

The statistical tests showed that only two replicate: of 
each fereentation under investigation ware needed in 
order for the fermentations to produce representative 
data. Thus throughout the project, all fermentations 
were set up in duplicate, unless othervise stated. 
The results of the comparison between the laboratory 
fermentation system and the fu ll scale plant 
fomentation vessel with regard to yeast count, specific 
gravity and fructose and glucose concentration, showed 
good overall correlation. Thus the results from 
experiments set up In the laboratory fermentation system 
should be, under conditions of Identical growth media, 
temperature end pitching rate, approximately equal to 
those obtained frcoi fu lt scale fe mentation vessels used 
in the brewery.



»
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The standard error calculated for the two repetitions of 
the fermentations uas less than 10% of the mean for 
each of the three parameters tested in the sample taken 
from the fermentations, each time the fermentations were 
monitored. Thus fomentations may be set up in duplicate 
and the subsesjent data obtained from them may be 
considered valid.

The variability of the HPU assay showed that for 
glucose the mean S.6. value for the f ifty  values was 
1.005 S of the mean assay value. For fructose the mean
S.O. value uas 1.30ZX of the assay mean. Hence in all 
further analysis each fermentation sample was analysed 
twfce in order to obtain o value for :hc sugar 
concentration.

The statistical teats showed that only two replicates of 
each fementation under Investigation were needed in 
order for the fermentations to produce representative 
data. Thus throughout the proj ect, all fe mentations 
were set up in duplicate, unless otherwise stated. 
The results of the conparison between the laboratory 
fermentation system and the fu ll acale plant
fementation vessel with regard to yeast count, specific 
gravity and fructose and glucose concentration, showed 
good overall correlation. Thus the results from 
experiments set up In the laboratory fermentation system 
should be, under conditions of identical growth media, 
temperature and pitching rate, approximately squat to 
those obtained free fu ll scale fementation vessels used 
1n the brewery.



An Investigation Into the R&tes of Glucose and Fructose
tttfiiratTOT In Different fermentation Media.

3.1. Introduction

Fermentations were set up in the laboratory ferhentation 
systee, established as satisfactory by data presented In 
chapter 2, using brewery wort uith a sucrose adjunct, to 
see If the fructose block which occurred in full-scale 
plant fermentation vessels could be reproduced in the 
laboratory fermentation system. Also the utilization 
rates of fructose and glucose were examined when 
fructose, glucose and equal mixtures of fructose and 
glucose were used as adjuncts in a variety of growth 
media, at several different concentrations. Panchal

glucose utilization, when both sugars were present in 
the same fermentation, altered with different 
physiological conditions. In a defined growth promoting 
medium, with equal mixtures of glucose and fructose, 
fftucoee was titfUzed fester'thsn fructose 1167>, In a 
defined minimal medium with equal mixtures of glucose 
and fructose, the 6referential utilization of glucose 
over fructose was reduced (137). Also an increase in 
the osmotic pressure exerted on the yeast, by the 
addition of sorbitol to the growth medium, resulted in a 
decrease In the preferential utilization of glucose over 
fructose 1137). Here a series of wort fermentations were 
performed using malt wort as a base, and then separately 
adding fructose and glucose as adjuncts at four 
different concentrations) 10 g/litre, 20 g/litre , 40 
9/Utre, and 80 g/Utre for each sugar. In the brewery, 
fermentations are performed using high gravity tHO) 
sucrose adjunct wort - 15.2 W - which has approximately 
40 g/litre glucose and 32 g/litre fructose present, and



•loroal gravity <H0> sucrose adjinct vort which has 
i-ROroxieateLy 24 g/litre glucose and 16 g/litre 
fructose. There is tnerefore eore fructose present in H6 
ULi.-t than in NS wort. The trends in the rates of glucose 
and ■fructose utilization in laboratory fermentations 
with the four different adjunct concentrations can be 
extended to brewery fermentations with 16 and HQ vort as 
the glucose and fructose concentrations are similar. 
Experiments were performed to assess utilization rates 
of the tire sugars using a such higher adjunct 
concentration of 80 g/litre for glucose; fructose; and 
160 g/litre of an equal aixture of gtucose and fructose 
were also performed.

Impurities are present in commercial sucrose and the
grade of sucrose depends on th 
IHBurities gresent. Here the 
whether the impurities from the 
significant Inhibitory effect i 
and glucose utilization, by ui 
grades of sucrose as adjuncts i 
set of fe mentations using si 
sucrose adjuncts was set up.

concentration of the 
in was to establish 
mrose adjinct exert a

ng several different 
wort fomentations. A 
different grades of

, Analytical grade sucrose.
Laboratory grade suere«e.
Commercial grade invert sucrose (produced b 
aciii hydrolysis)

Invert sucrose (hydrolysed by the enzyn 
invertase>.

. Brewery grade sucrose.
Eouei eixturei of laboratory grade glucose ar 
fructose.

<



adversely affected ty trace element: in vort. »nfined 
media fermentations with maltose at the smt 
concentraHon found In uort, and four different 
adjuncts! glucose; fructose; an eerat tcinture of eiucose 
end fructose; and sucrose, eech at 40 g/Utro 
concentrition were conpared with wort fereentntioni vlth 
the swa adji»cts end at the same concentrations.

To exnlne the rates of fructose utilization and glucose 
utilization as separate adjusts, defined media 
fMentations were set up with maltose at the seme 
concentration as vort fermentation; and either glucose 
or fructose at several different concentrations. Also 
glucose and fructose wre added to separate defined 
media fermentations, et several concentrations, as the 
only carbohydrate source present.

Aerobic growth stud fee of Ml toss end glucose or 
fructose utilization were conducted in order to 
determine whether S. cerevitiae 2036 exhibits diauxic 
growth patterns when grown on these combinations of 
sugars i.e. duet glue»s» or fructose exert catabolite 
repression on maltose uptake or its subsequent 
cetebot ts» t» giuaMfl

.1. Wort Fermentations Set Up with Several Different 
Grades of Sucrose as Separate Adjuncts.

Sight litres of Carling Black label malt wort was 
collected from the brewhouse of Castle Brewery, 
Jsando. The wort was cooled and filtered using 
kieselguhr end folded filters. The specific gravity of 
the wort was adjusted to 7.36 aP with water. This Is the 
Plato value o- normal gravity Carling Black Label wort



pH or tc "" 'P addition of the carbohydrate sdjmct. The 
adjunct v,, added in the ratio of 35% adjunct: 65% natt
wort. The final specific gravity of the wort was 11.2
“P. The specific gravity of the malt uort was Increased 
fron 7.36 =p to 11.2 ‘ f  using laboratory grade sucrose 
«  th# adjunct. Hops Mere added at the rate of 
2 g/litre. The uort was boiled for 50 minutes to
sterilise i t ,  and then allowed to coot. The dissolved 
oxygen content in the wort was oxygenated to 14 mg/litre 
using medical oxygen and a Yellow Springs Instrument 
Oxygen Meter, model 5‘  Me. Approxfmetely Sflg of yesst 
uas collected frou the ynaat collecting vessel. The 
yeast ms centrifuged at 3000 re® for 10 minutes and the 
supernatant was then discarded. Six grams ->f the 
pelleted cos pressed yeast was weighed out and added to 1 
litre  of wort and mixed until a homogeneous mixture of 
yeest and wort uas formed. The mixture was equally
divided Into tie laboratory fermentation vessels. The 
technique described above was used to produce 1 litre of 
sdjuict wort with the adjuncts below.

Acid hyA-elysed sucrose (Hewlett* refineries LI 

Liquid sucrose (Hewlett: refineries Ltd curban, 

Brewery grade sucrose Uievletts refineries Ltd,

Enzyme hydrolysed sucrose. 6 wort with a laboratory 
gra* sucrose adjunct was produced. Twenty four 
hours prior to pitching 160 g of invertase enzyme, 
Invertase concentrate free yeast 1BDH, Poole, U.K.) 
was added to wort. This was sufficient 
concentration to Invert all the sucrose present in 
the wort as the tntyme has en activity of 310 EU







fenult as in 3.2.3. Stucoss and fructose u 
separate adjuncts at seven different c 
each sugar. The concentrations were 1 g/Lltre; 3 
9 'titre; 6 g/U«rei 10 g/Htre; 20 g/Mtre; 40 g/Utre; 
and 80 g/litre . The feracntations were performed in 
duplicate and oxygeneted. Bitched and monitored using 
the techniques stated in 3.2.1. Each fermentation sample 
was analysed tuice foe glucose and fructose 
concentration 12.2.1.). The length of fermentation ties 
2<0 hours 110 days). The slots of glucose and fructose 
utilization were drawn using the statistical methods

a Eerffentations Set Up Dsi 
as the only Carbohydrate 5<

The growth promoting medium was prepared ei 3.2.3. vilfc 
the exclusion of maltose. Glucose or fructose were added 
to separate fereentatiens at the rate of i) 5 g/litre , 
(i) 10 g/litre , and 1ii> 20 g/litre. The fermentations 
were oxygenated to SO mg/litre of dissolved oxygen, 
pitched at 6 g/litre of yeast, and monitored for glucose 
and fructose concentrations every 24 hours for a period 
of 240 hours using the techniques described in 3.2.1. 
Each fermentation sample was analysed twice for glucose 
and fructose concentration and the resultant utilization 
plots were drawn using the statistical methods stated in

The Relationship Between Maltose and fructose, and 
Maltose and Glucose utilization Under Aerobic Growth 
Conditions

defined growth medium was prepared using the formula 
in 3.2.5. except maltose, fructose and glucose were 
added at 2X lu/v). Two separate media were prepared. One 
contained maltose and tmctast, the other MUose and

1
'4



glucose. Each aedluie uas inoculated vtth d g/iltrs of 
yeast end then incifcated In on orbital shaker 
(GillenkiFip, U.K.I at 110 rev/ein av 20 =C. saiptes ware 
taken at regular ineirvaif, and analysed twice for

Wort Fermentations Set Up with Several Different Grades 
af Sucrose aa Separate »diucts.

A coeiparisw of the rates of glucose end fructose 
utilization in each fermentation with a different grade 
of sucrose adjunct, shoved that the rate of glucose 
utilization was much faster Man efie rste of fructose 
utilization throughout the entire fermentation period. 
This difference in the utilization rates of the two 
sugars, retui ted in a fructose block occurring at 
approximately 168 hours 17 doysl and 240 hours (10 days) 
in all samples (Table 7.). A comparison of the residval 
concentrations of glucose and fructose at the end of 
fermentation, of the various grades of sucrose versus 
the reference sucrose, (Figure 27.) showed almost 
identicel correlation for all fermentation) except those 
containing the adjunct ecmposed of an equal mixture 0f 
glucose and fructose. Here the adjunct concentration was 
approximately 3 g/litre higher than the reference 
ferserctatioo containing the laboratory grade 
adjunct, against which i t  was con pared. The difference 
in sugar concentration at the beginning of fomentation 
would accoint for the difference in the rate of glucose 
and fructose utilization between the two fermentations 
a» the rate of utilization of the two sugars is related 
to the concentrations of sugar present.



Wort P»rai«ntatinns Set Up Using D Iffergnt Concgnl rati ora 

Fructose, as Adjuncts.

The utilization rates of fructose and glucose were 
exmined In terms of the slopes of the linear sections 
of the graphs for each adjunct type, at each sugar 
concentration, from the initia l stages of the 
fermentation. This allowed comparisons to be made of the 
rates of sugar utilization amongst the fementations. 
The fermentations containing either glucose or fructose 
as adjirtcts showed that the utilization rate of gtyear* 
and fructose increased with increasing sugar 
concentration (Table 8.). This trend was most marked for 
fructose from 10 g/litre to 40 g/litre , whereas froa 40 
g/litre to 80 g/litre the increase in the rate decreased 
. There was no fructose block at 240 hours for the 
fe mentations containing a fructose adj wet of 10 
g/litre and 20 g/litre. At 240 hours there was residual 
fructose of 1310 mg/litre in the fe mentations with 
fruetose st 40 g/litre concent ration and at 80 g/litre, 
7480 mg/litre fructose remained after 240 hours. These 
tie values constitute serious fructose blocks, 
especially the residual fructose frcni the 80 g/litre 
fructose adjunct fomentation (Table 9.). There was a 
decrease in the residual fructose concentration frcn 
148 hours (7 days) to 336 hours (14 days) for each 
fructose adjunct concentration (Table ?.). The slopes of 
the graphs of the fereentations using e®ial mixtures of 
glucose and fructose as adjuncts showed tha utilisation 
rate of frtctose increased frcs 10 g/litre to 20 
g/litre; i t  stayed approximately constant froa 20 
g/litre to 40 g/Crtre, and froe 40 g/litre to 80 g/litre 
i t  decreased (Table 10.). With the increasing 
concentration of fructose 1n the adjuncts, there vss a 
corrosponding increase in residual fructose toward the 
end of fermentation (Table 11.>. From 10 g/litre to 20 
g/litre there was a decrease from 405 ng/Utre to 335

4



B

COWCENTRHTIOH Cq/1)

A ecmperison of the rates of fructosa and glucose 
utilization when using various grades of sucrose 
«ywets. The glucose A ,  and fructose 0  / coipwients 
of the laboratory sucrose adjwet ,A, are used as a 
reference Cŝ pooled 9 0.665) against i*1ch all other 
grades of sucrose are separately compared B, 
analytic*! gride suercse l ! 2peoUd ’  0-s5,J* c/ HquW 
sucrose 'sJB00leij =0.«A>} D, brewery grade sucrose 
t9*6ooled ■ O.MP); E, acid 6ydrolyaed sucrose 
Iŝ poolad * 0-359); F, enzyme hydrolysed sucrose 
lsZDooled * and 6, equal ratios of glucose and
fructose (spooled " 0.459). The constituent moieties 
for each of the above grades of sucrose are sham by 
glucose A , and fructose •  . Each fermentation was 
perfomed in duplicate. Each ssaole was assayed twice. 
ISee following pages)



CONCENTRRTION (q/l)

CONCEHTRHTIW (a/1)

Figure 87. (continued).



CONCENTRATION (q/l)

CONCENTRATION

cQNimmmriON c /u

Figure 27. (continued)



RESIDUAL FRUCTOSE 
tug / Litre)

Ufluid sucrose 
Analytical sucrose 
Laboratory sucrose 
Autoclaved sucrose

Laboratory sucrose 
Enzyme inverted sucrose 
Equal concentrations of 
fructose and glucose

?. Residual concentrations of fructose at 
various times during fermentation, when 
fermentation* vere set up using various 
different grades of sucrose as adjincts.
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Figure 28. tcontinued)



CONCENTRATION

CONCENTRATION (g-'l)

1 maltflae utilization in wort fermentations 
Idts of glucoses A UZpooied = 0.373); and 
Spooled ■ 0.246J; at:" 6  10 g/Utre; Q , 

; □  40 g/Utre; V K  g/Utre. Each 
n ves performed In duplicate. Each sample



, CQNCENTRSnON (o/l)

CONCENTRRTIW

I, A eoeiparlson of the rates of fructose utilization 
the fructose adjunct fermentations O / and the f 
component #  , of the fermentation; with equal m 
of glucose and fructose at adjunct concentrations o
10 g/Utre is2p00led • O.Oti); 9, 20 g/litre U2pooled 
» 0.220); C, 40 g/litre u2pooted = 0.309) a 
g/litre <s2p00ie(J = 0.4%). Each fermentation 
performed in delicate. Each sample was assayed ti 
(continued overleaf).



D

CONCENTRATION (0/1)

Figure 30. (continued)





1-fWrFMTRHTIOH (m/ll.

rnur-TMl.^TION (a / l)_

Figure 31. (continued).



FRUCTOSE 
slope of Ur 
section of ; 

(mg/litre fructose 
ut#tlz«</6>

section of Diet 
■g/Utre glucose

Table 8. The rates of glucose and -fructose utilization in 
wort fomentations containing sitter glucose or 
fructose as adjuncts.

FRUCTOSE
m m r

CONCENTRATION
(9/litre)

Table 9. The concentration of resldml fructose at various
tfees during fermentation. In fructose adjunct 
fermentations at several concentrations of fructose.



GLUCOSE 
. slope of linear 
section of plot 

teg/Utre glucose 
utilized/ li>

Table 10. The rate of glucose and fructose utilization in
fermentations containing equal mixture: of glucose 
and fructose as adjuncts.

MIXTURES OF
glucose amp 
fructose, ig/utr-

11. Residual fructose concentration a
during fermentation, in fermentations containing e> 
mixtures of glucose and fructose as 
various concentrations.



ng/lHr* ol residual fructose, at 240 hours 110 days). 
From 40 g/Utre to 80 g/Utre there was an Increase from 
4465 mg/i I ere to 39080 ng/litre of residual fructose 
ITable 11.). The residual fructose concentrations 
decreased from 146 hours 17 days) to 356 hours 114 days) 
for all four adjunct concentrations.

fermentations Set Uo using Defined growth Promoting 
Media with Fructose. Slucose. Sucrose, and an Equal 
Mixture of slucose and Fructose as Adjuncts.

The fermentations which contained either glucose or 
fructose as adjuncts, showed that glucose was utilized 
slightly faster than fructose iFigure 32.). The 
difference in the utilization rates became apparent 
after 24 hours and continued until the end of 
fermentation. The fermentations which contained sucrose, 
and an actual mixture of glucose and fructose as
adjuncts, both exhibited similar trends (Figure. 324 and
328). In each case glucose was preferentially utilized 
over fructose, with the rate of glucose utilization 
being significantly faster than the rate of fructose 
utilization. This difference between the utilization 
rates of the two sugars when they were together, was 
greater than the difference in the utilization rates of 
glucose and fructose when they were separately
fermented.

Fermentations Set Up Using Defined Growth Promotion 
Media with either Glucose or Fructose at Several 
Different concentrations.

At all concentrations of fructose and glucose tested, 
glucose was utilized faster than fructose. The
difference was most marked from 1 g/Utre to ?0 g/Utre, 
where glucose was utilized significantly faster then 
fructose. In fermentations containing 20 g/litre and 40



Figure 32. The rotes of glucose &  , ond fructose O , utlHzatlon 
In defined eedlum feraentatlons using. A, either 
glucose or fructose, B, an equal mixture of glucose end 
fructose end e, sucrose. The dashed lines represent 95% 
confidence limits for each utilization curve. Each 
fereentetfon ves performed in duplicate. Each sample 
yes assayed twice. Icontinued overleaf).



32. (continued).



A cospaHaon of the rates of glucose and fructose 
utilization In defined medium fermentations containing 
maltose with either glucose 6  , or fructose © , at 
concentrations of:- A 1.0 g/Utre; B 3.0 g/Utre; C 
6 g/Utre; a 10 g/Utre; S 20 g/Utre; F 40 g/Utra; 
aid 0 00 g/Utre. The dashed Unes represent 952 
confidence limits for each utilization curve. Each 
fermentation was performed in duplicate. Each aaispla 
was assayed twice, (see following pages).



figure 33. tcontinued).



Figure 73. (continued)



Figure 33. Icontinued)
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Figure 34. Defined nediue fereientstiong using either glueoss & , 
or Trust 036 © , as the only carbon source t
concentrations oft- A S g/litre; B ID g/litre; C 20e/ 
litre ; end b 40 g/litre . The dashed lines represent 
95!S confidence Units for each of the utilisation 
curves. Each fermentation was performed in duplicate.



(continued)



CONCENTRATION (n/iBBini)

CONCENTRATION (g/IBBai)

The rates of utitiiation of ,h, maltose O , and 
glucose •  ,  and, B, maltose O - and fructose* , under 
aerobic growth conditions in a defined medium.



g/litre of either sugar, the glucose was utilized only 
slightly faster than fructose IFigure 33). The 
difference In the rates of utilisation of the two sugars 
decreased as the concentrations were increased to 80 
g/litre. At this concentration glucose was utilized 
only aarginally faster than fructose.

3.3.5. defined Media Feraentatlons Set Up Using either Slucose 
or Fructose as the only carbohydrate Source

In the concentration range tested free 5 g/litre to 40 
g/litre for glucose and fructose, glucose is utilized at 
a faster rate than fructose in all cases (see figure 
34./. The difference In utilization rates is suullest at 
5 g/litre. From 10 g/litre to 40 g/litre , the difference 
becomes more marked. At all concentrations, bar the 
lowest one, residual fructose remains in the medium at 
the end of fermentation.

.3.6. The Relationship Between Maltose and Fructose, and 
Maltose and glucose Utilisation under Aerobic Growth 
Conditions.

The growth of S. cerevisiaa 2036. in both the 
maltose/fructose and maltose/glucose defined media, does 
net exhibit a characteristic dieuxlc growth curve. Plots 
of sugar utilization for the media, (see figure 33.) 
show that maltose is utilized simultaneously with 
glucose and fructose from the time of inoculation. 
Maltose and fructose are utilized at approximately equal 
rates, white glucose is utilized fester than maltose. 
Comparison of the rates of glucose and fructose
utilization reveal that glucose is utilized faster than 
fructose.

The laboratory ferawntefion system produced residual



fructose concentrotlons above the fructose taste 
threshold for beer, when sucrose adjunct wort 
fermentations were performed. These fermentations were 
reproducible, (Figure 27 and Table 7.1.

There were no marked differences amongst the
fermentations set up with various grsdes of sucrose 
adjuncts. I f  differences were present in the
fermentations then they would have had to be attributed 
to the grades of sucrose used, as this factor was the

fermentations indicated that the impurities present in 
the various grades of sucrose used, do not
markedly affect glucose end fructose utilization in 
sucrose adjunct wort fermentations. The impurities do 
not "black" fructose uptake, or contribute an inhibitory 
effect such that fructose utilization is greatly 
reduced.

Defined media fermentations containing maltose, with
either glucose or fructose at several concentrations 
revealed that glucose was utilized faster than fructose 
at all concentrations tested (Figure 33.) IKS). The 
defined media fermentations using only glucose or 
fructose as carbohydrate sources, also showed similar 
trends (Figure Si.I CSV and in the wort fermentations 
with either glucose or fructose as adjuncts, glucose was 
utilized faster than fructose at all concentrations 
tested. With increasing fructose concentrations, there 
was an increase in the rate of fructose utilization, but 
i t  was not sufficient to maintain or reduce the residual 
fructose concentrations at the end of fermentation at a 
constant level end consequently with each increase in 
the fructose concentration there was a corresponding 
increase in the residual fructose concentrations at the 
end of fermentation (Figure 28. and Table ».). This 
phenomenon was particularly evident at in itia l fructose



concentrations of 40 g/Utre end 80 g/Utre. Hence much 
lower adjunct concentrations of fructose compered to 
glucose would have to be used If these two sugars were
required to be completely fomented. Based on the
fermentation parameters of a temperature of line, and 
Pitching rate of 6 g/Utre of yeast, the use of fructose
adjuncts at 60 g/Utre and above <3i> would produce
problems of residual fructose concentrations above its 
taste threshold. However the use of glucose adjunct 
concentrations of up to 80 g/litre would not present

In the fermentations using equal mixtures of glucose and 
fructose os adjuncts, the rate of glucose utilization 
increased from 10 g/litre to 40 g/litre and decreased 
from 40 g/litra to 80 g/litre. Fructose utilization 
increased from 10 g/litre to 20 g/litre , appeared 
approximately constant from 20 g/litre to 40 g/Utre, 
and dropped significantly from 48 g/litre to SO g/litre 
I t would appear that this slower increase in the rate of 
fructose utilization, compared to the increase in the 
rate of glucose utilization (compare Figure. 30. and 
31.), could be due to glucose competitively inhibiting 
the uptake of fructose, particularly at higher sugar 
concentrations where It appears that the rate-limiting 
factor is the total number of membrane transport 
carriers present. One would expect the competitive 
inhibition to bo much lower at lower sugar 
concentrations, as there are more available membrane 
transport carriers for the sugars, i f  a constant 
Inoculum of yeast fs used for each djunet 
concentration. A consequence of the slower utilization 
rates of fructose, when glucose is present, is that the 
fructose concentrations at the end of fermentation are 
higher than in the fructose adjunct fermentations 
(compare Table g. and 11.) and this is particularly 
evident at the higher adjunct concentrations. For 40



g/litre and 80 g/litre of both glucose and fructose, 
there uaa 1730 ng/Utre and 20190 eg/litre respectively, 
of fructose at the end of fermentation. These results 
are quite relevant to the brewery particularly as the 
trend 1a toward the use of higher gravity worts, so that 
more beer can be brewed In existing plant, the 
indication is that at 80 g/Utre glucose and fructose, 
which is equivalent to a wort of 19.76fl’ -  a poor 
fermentation would result using the present temperature 
llla t) and pitching rate of 6 g/litre of yeast for high

under aerobic growth conditions S. cerevisiae ZCSd 
'-es maltose simultaneously with eithur glucose or 

a which shows that the strain is de-repressed. it  
not exhibit typical diauxic growth patterns with 

either combination of sugars. Thus glucose or fructose 
does not appear to exert catebolite repression maltose 
ugleke or its subsequent utilization. Maltose 
utilization plots for the fermentations containing
either fructose or glucose adjuncts ranging from 10 
g/litre to 80 g/litre reveal that maltose utilization
Is virtually identical in all fermentations. I f  glucose
and fructose are able to exert oatabolite repression on 
the maltose membrane transport system or any of the 
subsequent steps of maltose catabolism to glucose, then 
maltose would only begin to be utilized when glucose or 
fructose levels fa ll to a cut-off point below which 
catebolite repression does not occur (32). «
concentration of 0.4% (w/v) has been reported for 
glucose (do. i f  eatabslfte repression did occur in 

cerevisiae 2034. then the lag period before maltose 
utilization begins would become longer as the adjunct 
concentration is increased. However, results obtained do 
not exhibit this trend as the maltose utilization 
patterns are approximately equal irrespective of the 
adjunct concentration.



CHAPTER 4.

Having estabLlshed that the fructose block could be 
obtained in the laboratory fermentation system, various 
procedures to ameliorate this effect were 
investigated. Panchal and Stewart pointed out 1137) that 
the relative rates of utilization of glucose and 
fructose are dependant on the physiological condition of 
the yeast. Increasing concentrations of sorbitol, caused 
an increase in the osmotic pressure of the growth media, 
and this resulted in a decrease of the preferential 
utilisation of glucose over fructose. He also reported, 
the preferential utilization of glucose over fructose 
decreased in a minimal media, compared to the 
preferential utilization of glucose over fructose in a 
growth promoting media.

Conditioning of S. cerevisiae fey suPeulturing the yeast 
on either glucose or fructose as the sole carbon source, 
may cause one or both sugars to be utilized at a faster 
rate in a subsequent wort fermentation. Steuart et el 
(167) observed the conditioning effect varied slightly 
from strain to strain. In this set of experiments, 5. 
cerevisiae 2036 was grown up from a slope culture, 
through several steps, until a 3.5 litre  stage 
either glucose or fructose as the sole carbon sou 
Then both types of propagated yeast were pitched 
two separate wort fermentations, each with 
adjunct and allowed to ferment over a 260 hr 
period. The aim was to see If conditioning 
effect on reducing the residual fructose c; 
at the end of fermentation. In the brewery, y 
never repitched through a series of successive



fermentations containing relatively high concentrations 
of fructose, because i t  is thought that the residual 
concentrations of fructose may increase with each 
subsequent fermentation. The normal practice is either 
to discard the yeast once i t  has been used in a 
fermentation with a sucrose adjunct wort, or repitch the 
yeast into a fermentation with another non-sucrose 
edjmc? e.g. a glucose adjunct, in this study, a
fermentation containing wort with Mg/litre fructose
adjunct was established and the yeast used was repitched 
through eight successive generations, each time using 
the same type of wort as above. The trends in the rates
of fructose utilization were then observed over the
course of the eight fermentations.

i f  all the main parameters in wort fermentations, the 
one which is likely to exhibit most variability is the 
pitching rate. The measurement of specific gravity (=P) 
by saccharoeeters in breweries Is remarkably accurate. 
Cross-checks with HPLC analysis revealed fluctuations of 
only 200-300 mg/litre per 0.1 np. Dissolved oxygen 
concentrations In the wort are kept within close 
tolerances. The free amino nitrogen content of the malt 
remains within the narrow range of 160 - 200 mg/litre, 
using the the ninhydrin method 12). A preliminary 
examination of data from full scale fermenters indicated 
that up to 6 fold variations in the pitching rate 
occur, laboratory fermentations were performed with 
various pitching rates in order to determine their 
relationship to residual fructose

In order to bring about Increased attenuation of 
fermentation and therefore greater fructose utilization 
in fermentations, the addition of various growth 
supplements to the wort was investigated, various 
substances have been shown to stimulate yeast growth in 
fermentation 19,83,99). The growth supplements



<nve»tfgflted ver? nitrogen sources in the forts of amino 
acids e.g. serine; salts, e.g. ammonium sulphate; and 
yeast nitrogen base, which were added to fermentations 
as veil es the general growth stimulants yeast extract 
and nutromix, (Chotiserve, Johannesburg, U.S.A.) a 
commercial preparation of vitamins, trace elements and 
nitrogen sources. Also short bursts of oxygen were added 
to deoxygenated wort during the in itia l stages of 
fermentation, and near oxygen saturated wort was used at 
Pitching.

. methods

. Propagation o r glucose or Fructose 1
order to Determine the subsequent Fermentation Patterns

Yeast Nitrogen Base 

Sodium Citrate

The media was oxygenated to H mg/litre of oxygen using 
medical oxygen, and 10 ml of the media was inoculated 
with cerevisiae 2C3& and incubated overnight at 20=C 
and then centrifuged at 3000 rpm for 10 minutes. The 
pelleted yeast was resuspendod in 5ml of water and 
transferred into 200 ml of oxygenated media. Incubated 
overnight at 20"C, ond again centrifuged, as before. 
The yeast pallet was resuspended in 20 ml of water. The 
yeast was then propagated in 1.5 litres and subsequently 
3.5 litres of media. Each stage was incubated over. ,ght 
at 20»C, with continuous oxygenation. Finally, the media



and six grams Kara neighed out. The procedure above uas 
used to produce 6 g of ; jcose-propagated yeast, using a 
grouth promoting media, uhich had the 40g of fructose, 
substituted with 60 B of glucose.

Concurrently ufth the above procedure, 2.5 litres of 
Black label wort with a 60g/litre fructosa adjunct was 
prepared using the technigue described In $.2.1. The 
fructose-propagated and glucose-propagated yeast were 
separately pitched into the above wort and two sets of 
duplicate fermentations were set up. The fermentations 
were monitored as before far a fermentation period of 
336 hours <14 days). Bach fermentation sample was 
analysed twice for fructose concentration.

Bepjtchina of the same Yeast into Successive 
fermentations containing Fructose Adjuncts

A batch of 2.0 litres of Black Label wort with a 40 
g/Utre fructose adjunct was prepared, and four separate 
identical fermentations were set up using a pitching 
rate of 6g/Utre of yeast and the techniques described 
In 3.2.1. The fermentations were monitored for fructose 
concentration over a period of 240 hours 110 days) es 
described In 2.2.1. Each fermentation sample was 
analysed twice for fructose concentration. At the end of 
the fermentation period, the yeast from each 
fermentation vessel was collected and stored in 20 ml of 
the fermented wort for 24 hours, at 4=C. 4 batch of wort 
of the ease type used in the first set of fermentations 
was prepared, and another set of four fermentations was 
set up, using the same pitching rate, and monitoring 
procedure as above. At the end of the fennentatlen 
period of 240 hours <10 days) the yeast from the 
fermentations was collected, and stored as before, and 
then repitched into another batch of the same Black



four fermentations. This technique ties repeated ot 
period of eight successive fermentations.

Jo using Various Pitching gates

A normal gravity iw t containing a sucrose adjunct in 
the ratio of 6SX malt wort: 3SI sucrose was prepared 
using the technique described in 3.2.1. The wort was 
oxygenated to 13.8 iag/litre of dissolved ov gen. The 
fermentations were performed in duplicate pitched at 
"vying pitching rates of f j 1.5 g/litre , ll> 3.0 
g/litre , i l l)  d.O g/litre, iv) 12.0 g/litre, and 24.0 
g/litre of yeast and were monitored every 24 hours for a 
period of 240 hours for glucose and fructose 
concentration using the methods stated in 2.2.1.

Hiah gravity Fermentations Set lip with the Addition of 
Various SuvDlements

6 high gravity wort containing an adjunct of equal 
ratios of glucose and fructose, in the ratio of 60% malt 
wort: 40% adjunct was prepared using the technique 
described in 3.2,1. The wort was o*«erwted to 14 
■g/litre of dissolved oxygen. The supplements added to 
the fermentations were 11 yeast nitrogen base 2.5 
g/Utre, i i )  yeast extract 2.5 g/Utre, Hi) serine 
Iherck, barestadt, G.F.R.) 200 mg/litre, iv) magnesium 
stearate <AR, Riedel-de Haen, Seelze, G.F.R.) 2
mg/litre, v) ammonium sulphate ISaarchem, U.S.A.) 160 
■g/Utre, vi? zinc sulphate rsaemhem, R.S.A.) 160 
mg/litre vii) Nutromix at 2.5 g/Utre and v iii)  8 
mg/litre, a commercially available growth swplement 
which, according to independent laboratory analysis, is 
composed of the following components:-

Total soluble nitrogens 
Was i tol



Fantotitenete
Riboflavin
Thiamin

2.25 g/litre 
40 eg/litre 
15 eg/litre 
4 mg/litre 
10 mg/litre 
7.0 g/litre

5.8 g/Utre

lead S mg/litre
iron 110 eg/litre
Cooper 10 mg/Utre
Calcium 2.0 g/litre
Arsenic 1 mg/litre

and ix> the addition of dissolved oxygen to the uort to 
reach concentationa approaching oxygen saturation. The 
fermentations were pitched at 6 g/litre of yeast 
monitored every 24 hours for a period of 240 hours for 
fructose concentration using the methods stated in
2.2.1. An additional fermentation uaa set up with the 
high erevity adjunct uort as described above using the 
sane pitching rate. The uort was not oxygenated before 
pitching, once the fermentation had commenced medical 
oxygen was bubbled through the fermentation for a three

three days of fermentation. The length of fementatH 
was 240 hours and was monitored as described in 2.2.1 
All of the fermentations were performed in duplicate.

Patterns.

The fructose-propagated

n either slucose or fructose in 
the Subsequent fermentation



fructose at a i 
glucose-propagated

shoved itself

of fermentation 
concentrations a

114 days).

GLUCOSE

Table 12. Fructose concentrations lag/litre) at various 
times during the fermentations

The fructose concentrations at 240 hours 110 deys) in 
the fermentations vith both the fructose-propagated and 
glucose-propagated yeast constituted serious fructose 
blocks. After an additional M hours 14 days) of 
fermentation for each yeast, the fructose concentrations 
in the two fermentations decreased to 1245 mg/litre and 
1495 W titre respectively. These concentrations uere 
abo" .1, taste threshold for fructose in beer.

4.3.2. Repitching of the Same Teast into Successive 
Fermentations containing Fructose Adjuncts

When the same yeast uas repitched in eight successive 
fermenteticws, the rate of fructose utilization 
decreased progressively vith each fermentation (figure

1
/ *







Fermentations Set Up using Various Pitching Retea

there Is s direct relationship between the pitching rate 
end the rate of fructose utilization. As the pitching 
rate is Increased, so there 1s a corresponding increase 
in the rate of fructose utilization during fermentation 
(figure 59.). Consequently the residual fructose 
concentrations at the end of fermentation decrease with 
increasing pitching rates. Plots reveal that the 
pitching rate is inversely proportional to the residual 
fructose concentrations for the last 3 days of
fomentation (figure 41.). Samples taken at 240 hours 
contained 2.7 g/litre of residual fructose when the 
fermentation uas pitched using 1.5 g/titre of >east. A 
five fold decrease of residual fructose uas found in 
the fermentation pitched uith 24 g/litre of yeast, which 
contained 0.54 g/litre of fructose. When the normal 
pitching rate of 6 g/litre of yeast mbs doubled or 
halved i t  resulted in the residual fructose
concentration either decreasing by 1.55 told or
increasing by 1.30 fold respectively.

High gravity Fermentations Set up with the Addition of 
Various Supplements

"The treatment of all fermentations, bar the addition of 
zinc sulphate, by the addition o* various supplements, 
had a positive effect causing the concentrations of 
residual fructose at the end of fermentation to be 
reduced when compared to an untreated control.
Treatments containing nitrogen sources of various types 
i.e. serine, a readily utilizable amino add; ammonium 
sulphate, an Inorganic nitrogen salt, and yeast nitrogen 
base all exhibited modest decreases in residual fructose 
concentrations with serine causing the largest decresso 
of the three treatments (figure 42.). The addition of 
general growth stimulants i.e. nutromix and yeast



!. The residual fructose concentration at the end of M#ht 
successive fermentations, ulth each fermentation 
pitched using the sa« yeast, (s ^ o u j .  0.352).



CONCENTRATION (q/l)

19. The rate of fructose utUiretion during fermentation 
when using pitching rates of i .  1.5 g/Utre; 0  5.0 
g/Utre; ■  6.0 g/Litre> V 1Z.Q g/litre? and O 2‘  
9/litre of yeast, (spooled ■ 0.321). Each fermentation 
was performed in duplicate.

extract, which contains e general array of vitamins, 
trace elements, mineral:, and nitrogen sources, showed 
Larger decreases than the nitrogen sources used above. 
Nutromlx at the higher concentration of 2.5 fl/Utre 
showed the largest decrease within this group, with an 
approximate 2.75 fold decrease when compared to the 
control. Nutroelx was used at concentrations of 8 
mg/litre and 2.5 g/litre, and although there Is a 
several hundred fold dlffcrenceln the concentrations 
added to the fermentations the dlfferetv.-c In their 
effect were marginal with the larger er-ti smaller 
concentrations reducing fructose concentrations to 1.710 
g/litre and 1.947 g/Utre reapectlvely (figure 42.). 
Further treatments Involved the addition of oxygen to 
the wort In near saturating concentrations prior to 
pitching. Also oxygen was supplied by slowly bubbling It 
through the deoxygenated wort for 3 hour periods during 
the firs t three days of fermentation, oxygen is a

I
' 4



CONCENTRBTION (g/|)

(g /lltre  of YEAST)

Residual fructose 
when the pitching

duplicate.

The relationship beti .j ret
fructose concentration ir. c at i
216 h, and ■ 240 h, Is'gooled * 
fermentation was performed in duplicate.



. -m i-

-  magnesium stearate i 
at concentrations near 
= oxygenation of the

suCpfiete 200 ng/(ftr<j 
g/litre. YE ■ /east 
nutronix 2.5 g/Utre; I

f pitching CONt = control; fis 
mg/litre; 60 = dissolved oxygen 
saturation concentration; 0% 5h 

K0rt for 3 hour periods for each 
s of fermentation; AS ■ ammonium 

twe a yeast nitrogen base Z.S 
extract 2.5 g/litre; NUT 1 = 
UT 2 » nutromlx 8 eg/litre; ZS =

Fructose utilisation In fermentations with additions of 
B oxygen bubbled through the wort for 3 hours for

each of the firs t 3 days of fermentation, 9  2.5
g/litre nutromlx and, A untreated control,(s^gied = 
0.294). Each fermentation was performed In duplicate.

i 4
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trials would have to be run to determine the Ideal 
pitching rate for any particular fu ll scale fermenter, 
when using high gravity sucrose adjunct wort.

Klrsop 197) has shown that dilution of salt wort with a 
carbohydrate adjunct to give an adjunct : Halt wort 
ratio of SOX : SOX produces longer fomentation times 
and decreased attenuation, owing to the reduction In the 
nitrogen sources by SOI caused by the carbohydrate 
addition. The wort used for this set of experiments W  
a malt wort : adjunct ratio of MM : 40%. The dilution 
of the nitrogen sources due to the adjunct did not 
appear to have tny s ffn t cw fermentation attenuation as 
supplementation of the wort with separate nitrogen 
sources, i.e. serine, arononiuR sulphate, and yeast 
nitrogen base, did not cause dramatic Increases In 
maltose, fructose and glucose utilization (figure 42.). 
The addition of growth stimulants such as nutromlx, a 
commercial preparation of nitrogen sources, Wtanins, 
and trace elements, brought about a dramatic reduction 
in residual fructose concentration at the end of 
fermentation (figure 42.). I t  appears the eleiients 
within this preparation act In a synergistic fashion in 
order to bring about increased yeast growth and hence 
increased fructose utilization, i t  is unlikely that the 
nitrogen sources within nutromlx have a large effect on 
yeast growth because, as mentioned above, the addlton of 
single nitrogen sources to fermentations only brought 
about modest reductions In residual fructose 
concentrations. The lis t of contents within this 
preparation does not appear to be an exhaustive one and, 
as i t  is produced from yeast, the possibility exists 
that i t  contains a lipid fraction, which along with the 
other elements, stimulates yeast growth. Short bursts of 
oxygen to won during fermentation caused dramatic 
reductions fn fructose coneentrstlona vith tructos? 
being completely utilized 5 days prior to the end of



teriMntntlon. The attenuation patterns for the control 
coapared to the above treeteent (see figure 43.) are not 
dramatically different uhlle the fomentations Here 
being oxygenated up to 72 hours. However the differences 
becoae enlarged once the treatment had stopped. This wes 
probably due to e carry over effect of the Increased 
sterol concentration; present In the yeast, which were 
produced as n result of the oxygenation, being passed on 
to subsequent generations which thus eids further 
growth, and In turn causes Increased concentrations of 
fructose to be utilized. The common factor in all of the 
above treatments fo that cfre concentration of yeast In 
the fermenter Is increased, either by the addition of 
substances which stisuilete yeast growth, or by using 
more yeast at the beginning of fermentation. Increased 
yeast Inoculum sizes utilize greater concentrations of 
fructose and this results in a reduction of the residual 
fructose concentrations In the uort at the end of 
fermentation.

The conditioning experiment, showed the yeast which was 
propagated in the medium with glucose a; the sole carbon 
source, utilized fructose in the subsequent fermentation 
at a marginally faster rate than the yeast which wes 
propagated In a medium containing fructose as the only 
carbon source. Stewart 1102) reported sieiilar findings. 
He noted that glucose-propagated cells utilized both 
glucose end fructose at slightly faster rates than 
fructosr-propegalnd cells. This tech .flue would not 
significantly reduce the fructose concentrations at the 
end of fermentation, as it  only brings about a marginal 
increase in the rate of fructose utilization.

The data presented here has shown that there are several 
methods of aaeUoratfng the "fructose block" problem. If 
pest records reveal that fructose concentrations of in 
bottle beer samples exhibit large variations, then it



highly Likely that pitching rates are not being 
nstv-t at breweries using sucrose adjunct wort 

id tighter controls would be
appropriate. This as sum: that all other parameters in

brewing process have been kept constant. I f  fructose 
:antrations froa bottled beer samples are 

consistently above the recomended taste threshold
Broblee may be ameliorated by a) 

Increasing the pitching rate, b) adding nutroai* at
concentrations above 8 mg/litre, c) giving short bursts 
of oxygen to the wort during the initia l 72 hours of 

extending the fermentation times by up 
urs. Care must be taken *o closely oonitor
concentrations in the wort, as the "fructose 

block" problem becomes exacerbated with an increase in 
fermentation ni'iber i f  the fermentations are
consecutively pitched with the same yeast [figure SB.). 
Experimental data shows that residual fructose

the end of fermentation rose fro*

1





If  the two sugars, tihlch use the glucose transport 
system, are present In a growth eedium, with yeast 
cells, tfien boeh soger-s u iii ccsisrte for binding, and, 
therefore, uptake, via the sase membrane carrier. The 
transport of the sugar „ ! th the lover affinity for the 
membrane carrier should be competitively inhibited by 
the sugar with the higher affinity <36).

Membrane transport studies were performed using £, 
cerevisiae 2036 to see i f  the membrane kinetics trf 
fructose and glucose uptake correlatM vitfc glucose and 
fructose utilization data obtained under various 
fermentation conditions. These experiments aimed to 
determine whether fructose transport is inhibited by the 
presence of glucose, and vice versa. Maltose Is present 
in wort at the highest concentration of all the wort 
sugars, and although i t  is taken up by a proton symport, 
a transport mechanise separate from the glucose 
transport system, f t  was thought important to determine 
i f  maltose had any effect on glucose transport.

Lean and van uden <110) demonstrated that ethanol 
adversely ,-ffeets the operation of the glucose transport 
system by 'nbibiting the rate of glucose intake. The 
inhibition by ethanol of the glucose transport system in 
S. cerevisiae SOM exhibits exponential kinetics, vhlcb 
allows a simple eguatfon to express the Inhibttion 
relationship <110).

The inhibition constant k enables a value to be placed





trl9-c<vate buffer pH 1.0. The tubes uert eileved to 
eguHlbrate for 5 minutes in a 25"C Mate;- hath. Final 
glucose concentrations of 0.5 biM, 1.0 mfl, 2.0 nM/ and 20 
siH nere preoared, with D-C3N>glueose (Amerahen, U.K.) 
In each concentration at 50 ud/ml. For each 
concentration, four uptake experiments were performed In 
duplicate. These were at tiae Intervals of Os, Ss, 10s, 
and tSs. Eseli uptake experment was started by adding 
the radioactive labelled-glucose into the conical tube 
and was stopped by the addition of 5 Bl of ice cold 
water Into the tube after the required tine Interval. 
For 0s, the labelled-glucose was added after the ■fee 
cold water. The contents of each conical tube were 
fllterd through a glass fiber filte r using vacuum 
apparatus. The filte r was then washed with 10 nl of 
Ice cold water, and transferred Into a scintillation 
vial containing 10 ml of scintillation fluid, which was 
composed of 10X Iw/v) naphthalene, 0.7% IwM 2,5- 
diphenyloxazote A'POJ i-nd 0.03* <«/tr? J,4-tis-Jf5- 
iriienyloxatolyl) benzene CFOPOP) in 1,t-d1oxane. A" 
aliquot of 10 ul of each labelled-glucose solution was 
directly added to the scintillation fluid to determine 
the specific activity of the labelled-glucose at each 
concentration. The scintillation vials were placed Into 
a Beckean IS 6100 scintillation counter, and the counts 
from each viai were recorded.

The Determination of the Fructose Ki for glucose Uptake.

A suspension of £. cerevislae 2036 yeast end its dry 
weight, was obtained using the techniques outlined in
5.2,1. The labelled-glucose concentrations used In this 
exeerieent were the sane as those used in 5.2.1. 
Separate uptake experiments were performed for each 
glucose concentration in the presence of three fructose 
concentrations at time Intervals of 0s and 15s. Bach 
tlsie Interval was perforied in duplicate. For each 
uptake experiment, an aliquot of 20 ul of fructose and



RADI0ACTIVE-1.ABH.LED B.UCOSE COHCEIITHATIOSS

10 ut of labeUed-glueose uere eixed together in a teat 
tube, rod the uptake experiment was started by adding 2D 
ul of yeast suspension to the tube. The reaction was 
stopped with ice cold water, as before and the samples
were processed as outlined in 5.2.1.

The Determination of the Glucose K1 for Fructose Uptake.

The methods for this experiment follow those of 5.2.2. 
except the concentrations of labelled solutions and 
inhibitors were changed, four final concentrations of 2 
Bit, s efl, 10 aH, and 50 mM, radioactive-labelled 
O-t^Ofructose (Aaersfw, U.K.I were wed. The
concentrations of glucose used were o.5»M, 2.0 sN, and

t Petcrainttlon < Ethanol inhibition I

'east vie prepared M stated in 5.2.1. The eetbods 
were essentially the same as those described in 
. with the following modifications:- 1) the 20 ul 
•1 s-dtrate buffer was replaced with separate 20 ul 

7X, iw/v) final concentrations of ethanol In' 
citrate buffer. The mixture was vortexed, and

' 4



RAHOACTIVE-t.AB'iU.EC 8UJCOSB CONCENTRATION

ETHANOL
CONCENTRATIONS

Table 14. concentrations of ethanol used to determine the 
ethanol inhibition constant k

allowed to stand for 5 minutes prior to the adu'tion oi 
labelled glucose, i l l)  the time intervals used were Oa 
and 13s. Each time interval was performed in duplicate, 
iv) the control for the uptake experiments was the 
re determination of the glucose Km, as this was 
effectively OX ethanol, v) the determination of k for 
glucose uptake was repeated, but the ethanol 
concentrations used uere (X, 6X, BX, IvM .

.2.5. The Determination of the Ethanol inhibition constant >

The methods for this experiment follow those stated in

5.2.4, end the l»b#U»d-fructose concentrations used 
Here 2HH, S mM, 10 til, and 50 mM.

.2.4. The Determination of the Maltose Ki for Glucose 
Transport.

The method used for this experiment followed that 
outlined in 5.2.2. The concentrations of maltose used 
were 10 mM, 20 eti, and 50 mM. The concentrations of 
labelled-glucose used were the same es those in 5.2.2.
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, Decermi:;ation of the Ethanol Inhibition Conttant. k. for 
Hattoae Uptake

£. cerevlsiae 2D36 uas grovn, harvaated. Hashed end 
suspended es described 5.2.1. The pH roter/recorder 
epperatus (5.2.7.) uas used to perform the experiment. 
Yeast suspension and Mater were added in the sane 
quantities as before IS.8.7.). Separate ethanol 
solutions of final concentrations *X <w/v>; 5X; 6%; 7X; 
9X; and 10% were then added to the Miaeber and tke 
resultant mixture uas allowed to stand for S minutes. A 
meltoae solution of 23.8 mH final concentration uas then 
added to the mixture and the subsequent alkalitatian of 
the mixture was traced by the recorder. Calibration was 
performed aa before (5.2.7.).

Specific activity = com
n moles of 0-glucose

The rate of uptake of D-glucoae (n mol 
calculated by plotting s mean value of ■ 
activity versos time, and determining the si

n eoies of e-glucoae » _____ tm

n moles of glucose



gr-epks for eseh glucose concentration. The initial 
uptake vas converted fi'om <n moLes/sec) to is moles/g.h) 
using the yeast dry Height values. The reciprocal of the 
In itia l uptake rate of o-gluccse against the reciprocal 
of the D-gtucrse concentration Mas plotted I.e. a 
lineneaver-Burk plot (figure 45.). H»i<»utat1»n of tlie 
Hicheells equation;

produced an equation 
reelerocal plot.

straight

weight of yeast

eoLea/g.

Table 15. Experimental data resulting from the intake of 
Ubelled-glucose.

when S=0 then 1_ = 1_ end 2 ■ 0.84$
" veax Vma],

Vee* .  1.% m noles/h.a dry weight.



The correlation co-efficient 
Hemputetton of die rouatfen

value of K* - 2.6 »M for glucose affinity of the 
acUitated diffusion system uas calculated from 10 

determinations. Free the experimental data, resulting
rom iabelled-glucose uptake, line 

ed for the straight tine 1 
lot. Mto, all subsequent i 

his chapter and the fallai’ine c 
technigue.

ha t&ternlnatlcn of the fructose K1 for slucose Uptake

r regression analysis 
t on the Unsueaver-

&i were fitted using

specific activity am initia l uptake rates were 
determined using the methods stated in 5.2.1. 
.ineveaver-Burk plots of each fructose inhibitor 
concentration including the control, were produced, and 

li^ea of the plots at each inhibitor concentration 
calculated. Manipulation of the equation (114):
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CORRELATION CO-SFFICI6STFRUCTOSE CONCENTRATION

ruble 16. The stupes of the Llneweaver-Bui-k Blots of labelled 
glucose uptake, alone »nd. In the presence of 4 «M» 
8 Wl, aiid IS mH fructose.

an Inhibitor concentration I ,  Kl is the inhibitor 
constant, and the kb is the Nichaetls constant, produces 
the derivative equation:

The equation in this form, may be plotted as « straight 
line (y • m ♦ c). Information from the graph i.e. the 
stops end the Intsrcn't wire used to calculate Ki.
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•k plots of Ubelled-fructoio uptake; A 
greienee ef •  0.5 <*/ T  2 *B andBS aM,

The Kapp's for tabeiled-fructoM intake 
of glucose determined from figure 68. ab 
glucose concentrations.



i« glucose K1 datgnnl nation i

The D«t»rninat<an of the Ethanol Inhibition constant k 
fop slucose Uptake

The specific activity and In itial uptete retei as veil 
as the Vaa, for each ethanol concentration was 
determined using uineveaver-eurk plots (figure 50.) and 
the Bethods stated in 5,2.1. The natural logarithm of 
Vmx against the ethanol concentrstian vas clotted 
(figure 51.) and the inhibition constant k was 
calculated usir.; the equation (179):

m V'max -  Vmax - **

where » 1a the ethanol concentration.

elope = -* lrsQ.99S> therefore k= 0.04 L/aoi

The data as depicted In figures 50 and 51 and Table 17 
were used to determine the ethanol constant for glucose 
uptake. The glucose k determination was repeated twice 
and values of 0.84 t/nol and 1.07 L/mol were obtained.



labeUed-gtucoseFigure 5(1. Llneveaver-Burk

ETHANOL CONCENTSRTION

Labelled glucose

ethanol ethanol concentratiM.



the Vmx's «■< UheUed-glucose uotake In 
the presence of ethenel concentration! 
ranging from 0 to a !  («/v).

$.1.5. The Determination of the ethanol Inhibition Constant k

The k glucose lethod (5.2.4.) wee used to calculate k 
for fructose uptake using the data presented In Table 18 
and analyses of the plots in figures 52 and 53.

gTHMOl CWCENT8ATI0H

Table 18. The vM,'s  of labelled-fructoee intake In 
the presence of ethanol concentrations 
ranging from 0 to 83 (v/v).



LabeUed-fructose uptake; AFigure 52. Lineueaver-Burk

ethanol.

ETHANOL CONCENTRATION

presence of 4 X (u/v); 
the ethanol concentration.



The fructose t  deteminetlm vee repeated tuic 
values (if 0.73 L/noL and 1.05 L/nol were obtained.

Slueose

The analyses of these results 
same methods as stated in 5.2.2

calculated for each concentration 
as the control, using Llneueaver-Eh

MALTOSE CONCENTRATION

Table 19. Slopes of the plots of labelled-glucose uptake, 
atone and. In the presence of maltose 
concentrations ranging from 0 to 50 «M.

Using the equation:

j' JL2EE = “  ♦ 52____ -1
“  Vme, V,a« Vm „ k,

intercept

therefore



This value Is theoretically Impossible. The itihtt

inhibitory effect present. Therefore maltose fi 
inhibitory effect on glucose uptake.

Determination of the Km for Maltose Transport

1 maltose addition, u
calculated for each mai tose
being a representative

Using the calibration, (figure 55.> the rate of proton 
uptake for each sialtoeo concentration can be calculated. 
These values were converted to units of ci moles H*/g.h 
using yeast dry weight values, i.e. V  sig of yeast/ 0.5 
ml of yeast suspension and the results presented in 
Table 20 are used to draw a Lineucever-Surk plot of





«&. B»t«rmn«t<en of tht ethanol inhibition constant, k, far

presence of several ethanol concentrations.

A semi-log plot (figure 57.) of ethanol concentration 
verses In was drawi using the methods stated In
5.5.6. Calculations from the plot reveal that the 
ethanol inhibition constant for maltose uptake is k =

Piscusaion

The glucose affinity for the facilitated diffusion

value is within the same order of magnitude for the Km 
determined by c irillo  and others (21,36,109) for various 
strains of 8. cersvisiae. The values are closest to 
those of Becker and Bets (16) who calculated In three



separate trials, glucose Km values of 4 <«ti, 0.6 mM, and 
0.4 BH. The differences in the Km values determined by 
the various authors stay be attributed to the use of 
different experimental methods and different strains of

calculation of Ki for glucose and fructose in s_. 
cerevislae, shou a p. ttern which is characteristic of 
competitive inhibition i.e. glucose competitively 
inhibits the i»take of fructose, and fructose 
competitively inhibits glucose uptake. Here, the Km for 
the sugar being taken up, increased with a corresponding 
increase in the inhibitor concentration although the 
v„e, for uptake with each inhibitor t 
remained approximately constant (figure 46 and 66). 
situation implies that both sugars use the

across the cell membrane in the presence of a s 
sugar as a competitive inhibitor, is described h 
equation:

where v Is the velocity 
concentration of the sugar. Km 
membrane transport system, Vma: 
of uptake, 1 is the inhibitor c 
the inhibition constant, from the equetfor ft can be 
seen that a small Ki value Implies a large " Km.I/Ki" 
term, and consequently a decreased v value. Thus a small 
value for Ki implies a large degree of competitive 
inhibition, and vice versa. ; * glucose inhibiting 
fructose uptake, the Ki -  1.15 iW, while the value for 
fructose inhibiting glucose uptake, is much larger at Ki 
= 36.0 mil. Glucose inhibits fructose uptake much more 
strongly than fructose inhibits glucose uptake. In a 
growth medium with both glucose and fructose present.



glucose would be expected to be taken up faster than 
fructose and hence the rate of glucose utilization 
should be faster than the rate of fructose utilization. 
This assumes that the rate limiting step in glycolysis 
is the transport of sugars across the cell membrane via 
the membrane transport systems. The Km value for sugar 
Uptake, in the presence of another sugar acting as a 
competitive inhibitor, is described by the term " K 
apparent" IKapp). The equation below shows the 
relationship between Kapp, the Km, the competitive 
inhibitor concentration I ,  and the competitive
inhibition constant Ki (114).

The Kgpp for glucose in the presence of maltose is the 
same as the glucose Km. Therefore maltose exerts no 
effect on the uptake of glucose (5.3.6). This is not 
surprising eg glucose has the highest affinity of all 
sugars for the glucose transport system, end maltose is 
taken up by a separate transport system to glucose, 
which operates as a proton symport (117). Maltose has an 
affinity of Km = 17.4 mM for the maltose proton symport 
(5.3.7.), and ethanol non-competltively inhibits maltose 
transport with ft = 0.56 L/iscl (5.3.S.).

The ethanol inhibitory constant k for glucose transport 
is 0.96 L/mol 15.3.4.), and k for fructose transport is

k = 0.62 L/mol for glucose uptake in a strain of £. 
cerevisiae. This value is in the same order of magnitude 
as k for glucose and fructose uptake in £. cerevisiae 
2036. Although not Identical, these two values for 
S. cerevisiae 2036 Imply that the preferential affinity 
for uptake which glucose has over fructose is not 
compounded by an ethanol effect, when both sugars are





E«Utencg of a Proton Syapsrt which Trananoris Fructose <n

Many different solutes are transported by proton

uptake of the aalno acids l-eethlonine, L-lysine, 
L-phenyl-alanlne, and L'leueine in Saccherosiyces spp. 
1153) via the general amino add permease system with an 
uptake ratio of protons to amino acid molecules of 2:1. 
The specific amino acid permeases far l-lysine, 
L-methienine, L-prcline and glutamate are proton 
syeporls IW  as veil as the transport systems for 
phosphate, sulphate, and hypoxanthint. Several sugars

glucose in Neurospora spp.J 6-deexyglucose, 
1-deoxyglucose and 0-glucose in Chorella si 
0-golactose, 2-deoxyglucose and xylitol i 
spp. (73); and c-glucose and 0-xylose in Candida 
Seccharomyces spp. sucrose 051), maltose 115 
6-methylglucose 124) have all been reported 
trenaported via Independent proton s/reporti u 
intake rate of protons to sugar molecules of 
strain of Saceharomvces fraoiUs absorbed protoi 
lactose uptake but not vith glucose uptake. Per 
tested seven strains of s, cerevisiae grown 
different media, each containing glucose, one 
(w/v), and the other at 4X, for the existence of 
symports when Induced with glucose. In all c»: 
results were negative. The strains were not tea

possible existence of a fructose proton sympor 
chapter documents, for the first time, 
such a proton symport in s. cerevisiae.



Methods

.2.1. The Kinetics of Fructose Transport ueino RadlocatWa 
Labelled fructose

S. cerevisiae 2036 was inoculated onto a peptone, 
fructose (2X w/v) agar slant and grown overnight at 
25*C. The yeast was then inoculated into a defined 
aiediue 15.2.1.) which contained 2% (w/v) fructose, 
(Analer, BOH, Poole, U.K.) as the only carbohydrate 
source present, and grown overnight on an orbital shaker 
at 150 rev/pin at 25*C. The yeast was harvested in 
exponential phase end washed twice as described in
5.2.1. Nine concentrations of radioactive labeUed-C1t C3 
-fructose were used for the uptake experiment. The final 
concentrations used were:- 0.2 ■*; 0.275 Ml; 0.4 bNj 1 
hM; 2 irpi; 2.75 iril; 4 riH; 10 mM; and 50 afl. The protocol 
for the experiment follows that described in 5.2.1.

6.2.2. Determination of the Membrane Kinetics of the fructose 
proton Symport

S. cerevisiae 2036 was grown in a 2% iw/v) fructose 
defined medium, (5.2.1.) harvested, washed and suspended 
in water, and the dry weight calculated as described in
5.2.1. The protocol for the experiment follows that 
described for the maltose Km determination (5.2.7.).Six 
final concentrations of fructose were used :- 0.125 UK; 
0.25 mM; 0.5 Hi; 1 mM; 5 mM; 25 mM.

6.2.3. The Kinetics of Radioactive (.abetled Fructose Transport 
in the Presence of 5 mM and 50 mM alucose

!•  cerevisiae 2Q36 was grown overnight in a 2% (w/v) 
fructose defined medium (5.Z.1.). The protocol of the 
experiment follows that described in 5.2.2. except the 
concentrations of the labelled and unlabelled solutions 
were changed. The final concentrations of radioactive



" f - .

rsdiMCtlve labelled fructoae used Here i 
B«; 0.4 aHj 1 sM; 2 mM; 2.75 # ; 4 mM; 
an. The concentrations of glucose used * 
mM. The experiment was repeated using d 
2% lu/v) alucose Unalar, BOH, Poole,

. The Kinetics of Glucose Transport using Radioactive 
Labelled glucose

S. cerevisiae 2036 mbs groun on peptone fructose agar 
sUnts end trsnsfered into 25 Im/v> fructose defined 
medium and Broun overnight as described in 5.2.1. The 
final concentrations of radioactive labelled glucose 
solutions used Here 0.1 mM; 0.15 mM; 0.3 mM; 1 mM; 
1.33 mM; 2 Wl; 4 mli; and 10 mM. The protocol for the 
experiment foltova that described in 5.2.1.

6.2.5. Determination of the Ethanol inhibition Constant, k, 
the fructose proton symport

5. cerevisiae 2036 uas groun overnight in a 25 lu 
fructose defined eediue (5.2.1.). The protocol for 
exper'ment follow that described in 5.2.6. except 
final radioactive labelled fructose concentration u 
uas 0.04 eff, and the ethanol concentrations used Here

6.2.6. The xinaiica of Labelled fructose Transport via

t. cerevisiae 2036 uas groun overnight in a 2% lu/v; 
fructose defined medium (5.2.1.). The protocol for tb 
experiment follows that described in 5.2.2. Th' 
concentrations of labelled-fructose used were 0.2 mM,
0.275 mM, 0.4 isM, 1 mM, and 2 mM. The concentrations o 
maltose used were 1 mM, 10 mM end 100 mM.



The Kinetics of Fructose Transport in the Presence of 
imW end 10 mM L-8or6ose

_S. cereuisiee 2036 uas groun overnight in e 2% lu/v) 
fructose defined medium 15.2.1.). The protocol for the 
experiment follows that described in 5.2.2. The
concentrations of labelled-fructose were used were the 
same as in 6.2.1. The concentrations of L-sorbose used 
were 1m* and 10 mM.

accumulation Experiments Performed uith the Hon-
Metaboliaable Sugar l-Sorbose

S. cerevielae 2036 was grown up in a 28 (w/v) fructose 
defined medium, harvested, suspended, and the dry weight 
determined as stated 1n 5.2.1. The experiments were 
performed using conical centrifuge tubes. Into each tube 
uas added W Jit trls citrate buffer pH 5.0, 80 pi of the 
yeast suspension end 20 pi of radioactive labelled 
L-ITl*Osorbose lAmersham, U.K.), with a final
concentration of t mfl. agitation uas supelied by a 
magnetic bar. The tubes were placed In a water bath set 
at 25'e. Samples of 10 >il were taken at times 0) 2; 
5) 10) 30) 60) 65; 90; and 120 minutes, placed on 
microglass filters, washed with 10 ul of water and then 
put in scintillation vials containing scintillation 
cocktail and read on a Beckeian IS 8100 scintillation 
counter. The experiment was repeated with slightly 
altered protocols in that 1) 250 mM glucose was added 
after 60 minutes end samples were subsegwentiy taken at 
61; 65; 90 and 120 minutes. 11) 250 mM fructose was 
added at 60 minutes and samples were taken as in 1). 
111) CCCP, carbonyl cyanide m-chlorophenylhydratone 
(Sigma, Missouri, U.S.A.), a protonophore, was added 
after 30 minutes, and samples were subsequently taken at 
31)35; and 60 minutes. 1v> CCCP was added at time zero, 
v) 250 mM sorbose was added after 60 minutes and then 
sampled as in 1).



2.8. investigation Into the Possible Existence of Fructose
Symports Occurring in Strains of 8. Cerevisiae other 
than 8. cerevisiae 3>36

Six different strains of S. cerevisiae
S.. cerevisiae Rh, t. cerevfaiae 2532, S. cerevisiae ISC 
3507, S. cerevisiae *8-6, £. cerevisiae Hb and s. 
cerevisiae MIS were grown overnight in a 2X tw/v) 
fructose defined medium 15.2.1.). and harvested, washed, 
and suspended in water as described in 5.2.1. The pH 
meter/recorder apparatus t 5,2.7.) was used to determine 
whether fructose proton symports existed in any of the 
above strains. The protocol used followed that described 
in 5.2.7. One fructose concentration of 25 i# was used.

1.1. The Kinetics of Fructose Transport using Radioactive 
Labelled Fructose

A Lineveaver-Burk and Eadie-Hofstse plots were drawn 
from the experimental data, using the methods stated in 
$.3.1. Seth plots show that fructose transport is 
composed of a low end e high affinity component (Table

w affinity component

High affinity component

(miaoles/h.e dry weight)

Table 21. The Km's and v>ax's of the two components of 
diphasic fructose transport.



ITTWweaver-Burk plot cf labelled-fructose transport 
Hng labelled-fructose concentrations ranging from 0.2

lamolesyg/hl/ti#!)

so plot of labelled-fructose transport 
concentrations as In figure 59,



Figure 61. A plot resulting free a mathematical model which
predicts the biphasic nature of fructose transport.



TSe )>)flh affinity component ties a low maximum copacity 
with a Vraax approxImatBly 4 fold lower than the VMK of 
the low affinity component.

A theoretical plot is dinun from data produced by a 
mathematical rode I which predicts the biphasic nature of 
fructose transport. The model is based on the parameters 
of Km and V»ax determined experimentally. The 
theoretical plots shows fructose transport to be 
composed of a low and high affinity component which 
exhibits close correlation with the experimental plots, 
further verifying the experimental results.

Where s is the fructose concentration, v1max and vSa* 
the maximum velocities of the low and high affinity 
components, and Ka*i and Kef2 the Nichaelis constants 
of the low and high affinity components respectively.

patermination of the Membrane Kinetics of the fructose

i Lineueaver-Burk plot was drawn using the 
Itated in 5.3.7. The cells were harvested at 
!.05. From the plot (figure «> the following di

to = 0.3 mM and Vaax - 0.6 mmolos/h.g dry weight



i  - .



The stoichiometry of the uptake of protons : fructose 
molecules was cleterelned from figure 63. Cu'-.ulatloo 
from the plot indicates that the stoichiometry is 1 : 
t.J (protons •• fructose molecules).

The Kinetics of Radioactive Labelled Fructose Transport 
in the presence of 5 «W and 50 ai alucose

Lineveaver-Burk plots were drawn from experimental data 
using the methods stated in 5.3.3. The plots (figure 
65) show that competitive inhibition oy glucose occurs 
in t. e low affinity component, but does not exist in the 
high affinity component, when the cells are grown in a 
2X I w/v) fructose defined medium. The glucose grown 
cells show similar results. Further verification of 
these results was obtained from e theoretical plot, 
derived from a mathematical model (figure 64) which 
proposes that glucose competitively inhibits fructose 
uptake of the low a'lln ity component, but has no effect 
on fructose transport of the high affinity component. 
Theoretical plots correspond well with the results of 
the experimental plots.

i. A mathematical model w 
fructose transport 
glucose.

I ,  is the glucose inhibitory concentration, and Ki® the 
constant for glucose Inhibiting fructose transport.



Figure 65. A Lineueaver-Burk plot of labelled-fructose transport 
A. alone; and In the presence of #  S e# and B SO im 
glucose.

Figure 66. Uneweaver-Surk plats resulting from a mathematical 
model which predicts glucose competitively Inhibits the 
low affinity component of fructose transport, but has 
no effect on the high affinity component. Fructose 
transport *  atone; and in the presence of *  5 mM and 
50 mM • glucose.



The Klnatlca of qtucose Transport ,

m e»B6p1eiental d

Labelled plugosa

A Lineueaver-Burk filot ki 
(figure 67) using the methods stated in 5.3.1. The plot 
shows glucose uptake Co be ronepbasic vith km " 1.3 MU 
and Vna, = 3.5 eaoUs/h.g dry weight. This experiment, 
using more concentrations of substrate, confirms the 
results of the one performed in the previous chapter
5.3.1. In both cases glucose transport is seen to be 
eonophasic.

re Ethanol Inhibition Constant, k. for

A semi-log plot of ethanol ci

plot, (figure 68) the ethanol inhibition constant for 
fructose uptake via the fructose symport was determined

The analyses of these results were performed using ' 
same methods as those for the determination of 
fructose * i for glucose uptake (5.3.6.). The slopes o

fiALTOSE CONCENTRATIOS SLOPE OF PLOTS r



t



.

the straight Lines (table 221 were calculi 
Inhibitor concentrations of maltose as i 
control using Lineweaver-eurk plots (figure

plotted

straight

intercept

4.3.7. The kinetics of Radioactive Labelled Fructose Transport
in the Presence of 1 set and 10 eW L-sorbose

Lineueaver-Burk plots were drawn from experinental data '
using the methods stated in 5.3.3. Both the high and low | ;
affinity components of fructose transport are " |
competitively inhibited by L-sorbose (figure 71), a | 1
sugar which is not metabolized by s. cerevisiae. i j

6.3.8. Accumulation Experiments performed with the Non- i?;
HetahoUzsbU sugar L-Sorbose '''

L-Sorbose, a non-metabolizable sugar of S. cerevisiae '!
accumulates to approximately 25 fold in S. cerevisiae :;|
2036. After 60 minutes the addition of 250 Ml fructose "!
resulted In a very rapid efflux of sorbose from /.

!
'  i



• «$N-w



. of labelled-fructose transport; 
presence of A 1 re* and *  10 i»



accumulated sorbose (figure 72,}. The addition of 250 siM 
glucose caused a transient Increase, and then a decrease 
in sorbose accumulation but tit a slower rate than that 
which occurred after fructose addition (figure 72.). the 
addition of SOu* CCCP, at time zero, a protonophore 
which breaks down the proton gradient across the 
aeabrane and allows protons to flow frewly into and out 
of the celt, resulted In negligible sorbose accmrailatlon 
(figure 72.). Mhen 50 uH CCCP was added after W minutes 
(figure 75.) the amount of sorbose accumulated decreased 
rapidly. Calculation of the sorbose concentration inside 
and outsfde the ce(t for accmuletion studies on 
untreated fructose grown cells 1s show be low for the 2 
minute sample. The same cethod of analysis was used for 
j i l  tfte otfcer smplss

/

Dry weight of cells 5.0 mg/100 ul 
Thera 1s 80 ul of yeast suspension In the total volume 
of 160 ul. The concentration of yeast in the total 
volume is 0.222 eg/10 ul dry weight of cells.

The Internet volume of water within the cell la taken to 
be 2ul/mg dry weight of yeast (75).

The Internal volume 1s 2 x 0.222 = 0.6« ul

Sorbose within tiro a l l  » 0.539 ntaUa I specific 
activity = 4461 cpm/nsol, see 5.3.1. for method)

Molarity ■ Boles 0.559 » IQ-9 = 1.214 mM 

CSljnaide <= 1.214 i»H

Total sorbose - sorbose inside = sorbose outside 
(nmole) Inmole) (nmole)

I





figure 72. The uptake of labelled i-aorbose by cerivlslee 
2036. In itia l extracellular sorboEe concentration Is 1 
m. Uptake of sorbose A , by fructose grown cells. The 
arrow indicates the aoUitien of B ZSO mt glucose, and 
•  250 ell fructose, at 60 minutes. 50 UM CCCP V , was

I
Figure 73. The uptake of labelled u-sorbose by s. cereutsiae 

2036. in itia l extracellular sono«e concentration Is 1 
Ml. tptake of sorbose ▲, by fructose grown cells. The 
arrow indicates the addition of SO uM CCCP # ,  after 30 
el mites.
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Piscussion

Fructose uptake by £. eerevitiae 8036 Is via a 6.1 |*as1c 
transport system (33) in which the f i r i t  component is a 
high affinity. Kit = 0.3 m, low capacity, = 0.4 
ienolee/h/fl dry weight of yeast, proton syeport t•figure 
62). The second component is a facilitated diffusion 
system of lower affinity and higher capacity which 
transports both glucose and fructose, plus other sugars 
which are structurally similar (36). The fructose proton 
syeport is independent of the syapon which transports 
maltose. Hattie grown celts showed very weak proton 
signals when induced with fructose but strong proton 
signals when induced with maltose. Also maltose
non-coepetitively Inhibits the uptate of fructose, Kt «
21.3 ad, by tlie proton symport. These two separate 
symports compete for protons in order to transport their 
respective sugars neress the rail membrane. Two 
transport systems are known to e»i st for glucose in 
several different yeast species (162: e.g. Candida 
HcJtarharoii, where glucose la transported Into the celt 
via a proton syeport, but under conditions of glue ise 
repression, the tymport is not formed and glucose is
taken up via a facilitated diffusion system. In S. 
cerevisiae 2036 glucose is not transported via the 
fructose proton symport, neither does its presence 
affect fructose transport of the syaport in any way 
(figure 6S). I -  cerevisiae 2036 appears to be 
derepressed as both glucose end fructose grown cells 
exhibit very strong proton signals when Induced with 
maltose. Ethanol non-conpetftlvely fnhUfta fruetote 
uptake, with k -  0.74 Umot, vis the symport. Analysis 
of experimental data shows the stoichiometry of
molecules of fructose trsnspcrt : proton uptake 1» 1.3 : 
1. However this value for fructose transport is a
combined value for both the proton syeport and the 
facilitated diffusion system. If the contribution from
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th6 faciUtated diffusion system is discounted then the 
ratio becomes 1:1. t'.ueose transport is monophesic 
leisure 67), Ka = 1.S «* and VMX = 2.5 aaoles/h/g dry 
heigftt of ye»»t, vU the facilitated diffusion syste* 
Wilch also transports fructose.

A mathematical model which postulates that glucose 
competitively inhibits fructose transport via the 
facilitated diffusion component, but has no effect on 
the fructose proton symport, is verified tty experimental 
data from kinetic studies of labelled-fructose transport 
in the presence of glucose, using both glucose and 
fructose grown cells. The upward displacement of the 
high affinity transport components of labelled-fructose 
•in the presence of glucose compared to the Msk affinity 
component of tabelled-fructoee alone, (figure 45) is due 
to the high maximum velocity which glucose has for 
the far.iti ated diffusion system, which in turn makes a 
contribution to the velocities of fructose transport via 
the proton symport.

inhibits both components of fructose transport, 
indicating that it  is able to utilize these two 
transport systems. L-sorbose has a S-carbon furanose 
ring structure identical to that of e-D-fructofuranose. 
Fructose also exists in the 6- carbon pyranose ring form, 
p-O-fructopyranose, which is the same ring 
structure in which glucose exists. As glucose is not 
transported via the fructose proton symport, i t  is 
Interesting to pose the question of whether the fructose 
pro ten ejwpoft transports only furanose sugars? Also 
does this imply that only p-b-fructofurenose is 
transported via the proton symport and p-s-fructo- 
pyrenose must use the facilitated diffusion system? 
Perhaps further work in the future will answer these 
questions.



Since L-sorbose is not setsbolized by £. cerevisiae i 
can be used to verily whether the fructose protn 
symport actually represents secondary active transport

lose concentration 
(figure 72) at pH 4.5. This accumulation must be via the 
fructose proton symport, implying that secondary active 
transport does occur, as the facilitated diffusion 
system cannot operate against a concentration gradient. 
Sorbose accumulation within tha cell does not go above
25 times the concentration outside the cell, as the
facilitated diffusion system probably acts as a leak for
the intracellular sorbose. The aiMition of 250 e#
fructose effectively stops the entry of sorbose Into the

competitively inhibits the uptake of the relatively 
smell concentration, 9 m, of labelted-eorbose. 
Counterflow is induced and there is rapid efflux of 
sorbose free within the cell causing the concentration 
of accumulated sorbose to decrease. The addition of 250 
■R glucose caused a transient increase Ifigure 72) in

production, stimulation of the proton pump end increase 
in the membrane potential. Thereafter the glucose 
induced a slow efflux of the labelled sorbose probably 
by exchange through the facilitated diffusion system. 
CCCP, a protonophore, added at time zero, prevented the

protons into and out of the cell and thus stopping the

membra. Six additional strains of cerevisiae were 
teste- tor the existence of symports which transport 
fructose, and preliminary results reveal they were found



CHAPTER 7.

. Introduction

Free the experiments detailed in the creceding chapters, 
i t  has become clear that severel factors directly affect 
fructose utilisation. A greater understanding of 
fructose utilization maybe obtained If these factors ere 
combined together into a mathematical model which could 
quantify and predict the amounts of fructose remaining 
In the wort during the course of fermentation. For the 
model to have any value, ail the factors which govern 
fructose utilization must be deduced and experimentally 
verified. Only then can they be incorporated into a 
mechanistic mathematical model which would provide 
greater insight into the way these factors operate, in 
combination, to affect fructose utilization under 
various fermentation conditions.

The importance of developing a mathematical model based 
on experimentally proven, and scientifically documented 
fact cannot be overemphasized. Engasser and Hare ê  at 
(47) have developed mathematical models which predict 
the rate of utilization of various wort sugars during 
fermentation. Despite the fact that these equations do 
predict wort sugar utilization, they are of l ittle  value 
«  the underlying Bremiaes on which they are based do 
not f i t  experimental results, e.g. 1) Glucose inhibits 
maltose uptake. Glucose is transported via a 
facilitated diffusion system which Is independent of, 
and not effected by, maltose transport which Is via e 
proton symport. 2) Glucose transport Is unaffected by 
fructose. These two sugars ere transported by the same 
facilitated diffusion system and i f  they are both 
present in the wort, fructose will have a competitive



Inhibitory effect on glucose uptake. 3) Yeast 
flocculation starts when glucose Is completely exhausted 
from the wort. This statement dees not l i t  experimental 
data. It would require flocculation to occur during the 
tatter stages of fermentation. In the laboratory 
fementation system used In this project, flocculation 
routinely occurred between 84 - 100 hours (figure 26), 
but glucose Has oniy coapletely utilised by 
a«iroximately 1*4 hours of a 240 hour fermentation when 
using a glucose adjunct wort fermentation, simitar 
results are observed in fu ll-sole plant fermenters.

This chapter details the development of a mechanistic

utilization in sucrose adjunct wort 
r various conditions In the laboratory

Fermentations Established U
Sucrose Adjunct Wort.

A high gravity won containing a sucrose adjunct In the 
ratio of 60* malt wort : tOX adjunct was prepared using 
the methods stated in 3.2.1. and oxygenated to 14.B 
mg/litre of dissolved oxygen. Three fermentations were 
established with pitching rates of 3g/litre, 6g/l1tre 
and izg/lltrr of yeast. The fermentations were run for 
240 hours and monitored every 24 hours for specific 
gravity, yeast count, and glucose, fructose end maltose 
concentrations. Analysis of these parameters followed 
the methods stated in 2.2.1. The fermentation samples 
were assayed for ethanol using a Varian Model 3700 gas 
chromatogram (California U.S.A.) at oven temperature 
110=5, injection temperature 1S0»C and detector 
temperature 1S0=C. Nitrogen was the carrier gas, used at



approximately 345 eil/m1n respectively (all gases 
supplied by Afro*, Johannesburg, U.S.A.). The column nag 
coiroosed of in$ carbouax 20m on chroeosorb v in a 3em x 
4e stainless steel casing. Ethanol waa used as the 
external standard, and butanot as the tntemal 
standard. Additional fermentations were run, using a 
normal gravity wort containing a sucrose adjunct, under 
the same conditions of uort composition, pitching rate, 
fermentation time and monitoring procedure as detailed

Mathematical equations were developed which predicted 
the biomass, glucose, maltose and ethanol concentrations 
during the course of the laboratory fermentations for 
the three different pitching rates. These sets of 
equations were derived from the experimental data 
obtained for the biomass, glucose, maltose and ethanol 
changes in the fermentations. The constants within 
these sets of equations are dependant on the wort 
composition and pitching rates used. The variable in 
each of these derived equations is time. They are then 
incorporated into a mechanistic mathematical model which 
predicts fructose utilization based on the kinetics of 
the various membrane transport systems in 8. cerevisiae 
2036 which are involved in fructose transport.

7.3.1. The Biomass

Growth of the yeast in the fernenter normally causes the 
inoculum size, or pitching rate, to increase 
approximately 3 - 4  fold until the time of flocculation 
when the yeast cells in the wort start to precipitate to 
the bottom of the fermenter. pitching rates of 3g/t1tre,



used in normal, and Mgh gravity laboratory fermentations 
using sucrose adjunct uort. The specific growth rote 
constants for the high gravity fermentation pitched at

1/h, The equations below predict the increase in 
biomass, U3 to flocculation and the decrease thereafter 
to the end of fermentation.

Xt = X0.ek'-l=vWMc

X, - Olomoss concanliollon ol lime I.
Xe -  8I0ITI06S concenltollon ol Ifrne zero,
k, - SpscW grovdh role ovoi lime range Kl,,.
k, = Speclk! Bccctitoflon rale cwi (tre range |>^.

. Glucose Concentration

glucose utilization occurs at a relatively sIok rate 
le initia l stages of fermentation up to

hereafter utilization occurs more rapidly until the end 
f fermentation. The specific utilization rate constants 
or the high gravity fermentations pitched at ig /litrs 

are k3 = 0.D076 1/h end k4 ■= 0.0202 1/h. The





, ethanol Concentration

Ethanol production occurs at 3 relatively rapid rate 
during the firs t half of the fermentation. I.e. until 
the cross over tire, t c4 = 90 hours. Thereafter i t  it  
produced much more s Lowly until the end of 
fermentation. Tho final concentration in the fermented 
wort is dependant on the pitching rate. Kith the range 
being 5-6% <v/v> for normal gravity fermentations and 
7.5 -  8.2* iv/v) for high gravity fermentations. The 
specific production rate constants for the high gravity 
fermentation pitched with 6g/Utre of yeast, are k7 ■ 
0.0288 1/h and kg • 0.0031 1/h. Ethanol production
under these fermentation conditions 1n the laboratory 
fermentation system is predicted by the equations below.

= snonti concenkallon M Bms I.
= Blionol c»Kenlra(lon ol lime asm,
« SpecHlc ptoducllon rare over Hme range 
= specWc pceducilon role ovoi lime rongel?!,.

r-CrocS'Ô  lime

7.3.5. Fructose Utilization

The deve'ogment of a mechanistic mathematical model for 
fructose utilization Is based on the fact that the rate- 
limiting step In glycolysis Is »t the cell membrane. 
Thus the kinetics of the various nembrane transport 
systems transporting sugars Into th. cell. In effect 
will be the pacemakers olysis (16,54,100,176,
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179). If the kinetic data are detereineu experiiantaUy, 
then one shooid tie able to ppedict the rate of 
utilization of the particular sugar. In th1s case 
fructose, under Investigation. Membrane transport 
studies have shown that fructose uptake 1s via a 
biphasic transport system in $. cerevisiae 2036 133), of 
which the first component is a proton symport of high 
effinity, and low capacity with Km = 0.3 W and VB„  -
0.6 BMles/h.g dry weight respectively 16.3.2.) (figure 
59 and 60). The second component is e tower effinity, 
facilitated diffusion system which transports fructose 
and glucose and other structurally related sugars (36). 
The fructose affinity for this transport system is Km =
6.3 mu. This is a mean value calculated from several 
determinations, glucose competitively inhibits fructose 
transport with K1 ■ 1.15 mM (figure 67). Maltose 
non-competltlveLy Inhibits fructose transport with Ki B
21.3 efl. Maltose transport Is via a proton syeport, 
independent at fructose tranegort end has e to « 17.4 
iw. Ethanol ron-competltlvely inhibits fructose uptake 
of both the proton symport with k » 0.74 L/eol and the 
facilitated diffusion system with k « 0.89 L/eol. The 
Vmax for fructose transport is taken to be 0.275 
msoles/h.g dry weight of yeast. The mathematical model 
takes the form of two expanded Michaells-flenten 
equations, which describe the factors affecting fructose 
uptake via the facilitated diffusion system, snd the 
fructose proton symport (figure 74). All of the above 
experimental paramet?•. re combined within the modot. 
The terms for the biomass, glucose, maltose and ethanol 
concentrations arc 'obtained by substituting into the 
model the equations obts' :ed which predict each one of 
these parameters. The model relies on the approximation 
that all the parameters affecting fructose utilization
will be constant far a suitably small time interval.
Here 2 hour intervals are used. Thus for time = 0, all
the parameters are substituted into the eauet-ion
(figure 74), and the change in fructose concentration.



Krr>'

= Fruclose concentration.
= Glucose concenlrallon.
= Maltose concentration,
= Biomass concentralion.
-  Elhand concenlroton.

j -  Mlctiaslls eonslanl ol ftuclose Iranspoct. 
ig -  Mlcnaeils conslanl of glucose tronspol. 
m = Michael!! constant of maltose transport.

-  hhlbhion ccmslanl of competitive InhlbMon of fructose 
tonsport by glucose.

= Inhiblllon conslanl ot non-competltlve Inhlbllloii d  Ini close 
transport By maltose.
Maximum veioclly of fructose transport for Ihe fadllfoted 

101= Maximum velocily of fructose transport for Ihe fructose

billon conslanl of fructose transport for Ihe fructose

= Fructose concentration ol time t. 
= Fructose concentration at time l+ 
= Fixed time interval.
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"-dF/dt" is deterailned. This value H substituted into 
the second equation and a fructose concentration for 
time = 1 Is obtained, which 1; then substituted beck 
Into the first equation to determine "-dF/dt" for time ■ 
1, which In turn Is used to calculate the fructose 
concentration for time ■ 2. Thut the model continues in 
a cyclic mode until fructose concentration Is predicted 
for the time Period of the fermentation. The 
manipulation of all the equations was performed using a 
computer progrei, written in BASIC, on an 
Hewlett-Packard HP 9845 B computer. A program for the 
prediction of fructose utilization In o high gravity 
sucrose edjunct wort fenwnMtfsn using # pitcfiing rite 
of 6g/t1tre of yeast appears on the following page. 
Similar urograms exist for the pitching rates of 
Sg/titrs and W U tre  as well es the normal gravity 
fermentations.

plots of fructose utilization in the high gravity wort 
fermentations at pitching rates of 3g/Utre, 6g/Utre, 
end Ug/Htre of yeast, obtained from experimental data 
by HPLC analysis of samples show close correlation with 
the plots of fructose utilization predicted by the model 
for these fermentatiors. An example of tfvfs curreietfon 
Is shown In figure 76 for the fermentation pitched at 
6g/Utre of yeast. similar correlation exists for the 
normal greyfey rort fentntatfens.

Discussion

Fructose utlllzstion Is accurately predicted In 
laboratory fermentations when using normal and high 
gravity sucrose adjunct worts, by a mechenistlc 
mathematical model. The model can be 0 useful scientific 
tool as Information concerning fructose utilization is 
combined into a mathematical form which Is then able to
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75. A computer prograa of the nethemtieal model vhich 
predicts fructose utUUetion. Here the program 
predicts fructose utilization at a pitching rate of 6g 
per litre  of yeast, using a high gravity sucrose 
adjunct uort.
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Figure 76. Plots of fructose utilization obtained from 
experfeenta( data el a high g w itr  sucrost adjunct 
uort fermentation at a pitching rate of 6g/litre of 
yeast #  , compared to the utilization rate predicted 
fay the ■athenatical model A .
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quantitatively predict fructose utilization which was 
not previously possible. The model may be considered a 
true one as the underlying assumptions from yhich i t  was 
developed have been verified by experimental data 
obtained from membrane transport studies of _8_. 
cerevisiae 2036 in the laboratory. Thus fructose 
utilization in laboratory scale fermentation? using 
nomel and filgh gravity surrose adjunct wort, is 
dependant on several factors which operate in unison. 
These are th* affinity of fructose for the fructose 
proton symport snd the facilitated diffusion system; the 
contpeefeive Inhibition of fructose uptake by glucose via 
the facilitated diffusion syste#; non-c-'-istitlve 
■fnhiSftfon of truct-.-je uptake via the s>i#ort by 
maltose; the non-competitive inhibition by ethanol of 
fructose uptake vie the fructose proton symport and the 
facilitated diffusion system; and the increr.se of the 
biomass up to fioecidstfon, and its subsequent decrease 
theresfter.



CMPTM 8.

CONCLUSION

In ail fermentations set up with equal eixtures of 
glucose and fructose as adjuncts, glucose Has 
preferentially utilized over fructose. A consequence of 
the slower rate of fructose utilization Is that at the 
end of fermentation not all the fructose has keen 
feraented and residual concentrations of fructose remain 
in tfre beer above the taste threshold for fructose, 300 
eg .'litre, and taint the beer uith a sweet off-flsvor. 
Glucose 1s utilized at a faster rate than fructose and 
thus It is all fermented before the end of 
fermentation. Comparison of the fermentations using 
various grades of sucrose adjuncts rewaf M differences 
amongst the rates of fructose utilization. It is highly 
unlikely that Impurities in the sucrose somehow "block" 
either fructose uptake or Its subsequent utilisation to 
a significant degree. The reason for the preferential 
utilization of glucose over fructose is to be found at 
the yeast cell membrane. Several authors 116,56,100, 

heve observed that the rate-limiting step 1n 
glycolysis is the transport of sugars across the cell 
membrane by the membrane transport systems* The kinetics 
of these systems are effectively tha pacemakers of 
glycolysis (16) and If all the kinetic parameters which

used t j  predict the relative rates of fructose 
utilization 1n fermentation.

The uptake of fructose In S. cerevisiae 2036 is via a 
biphasic transport system in which the first component 
Is a low capacity, V„ax = 0.6 meoles/h/g dry weight of 
yeast, higli affinity, Kb ■ 0.3 efl, proton symport. 
Glucose is not taken up via the symport neither does Its 
presence affect fructose transport via the symport in



uhen induced H
n"t very weak proton signals 
;e but strong iroton signals 

occur with eaitoae induction. Ihe tvo indegendant
tyngorts eonoet? for protons in order to transport their 
respective sugars across the cell meabrane. ethanol has 
a non-coapetitive inhibitory effect on -fructose uptake 
via the symport with k ■ 0.74 L/nol. The stoichicaetry 
ot uptake is one proton per eoleculs of ■fructose. The 
second component of fructose uptake is a lower affinity 
higher capacity facilitated diffusion syctei which 
transports fructose, gtueose end ether structurally
related sugars, filucoae competitively inhibits fructose 
uptake Kith Ki = 1.15 ffi, while fructose exerts e 
decreased competitive inhibitory effect on glucose 
uptake of Ki ■ 36.0 =H- Ethanol non-competitively 
inhibits fructose and glucose uptake with k = 0.89 U/ieol 
and k = 0.96 L/»ol respectively. L-sorbose, a
non-eetabolizable sugar of S. cerevfsfae is taien up yf» 
both components of fructose t —isport. It  was used to 
determine whether active s transport exists in
the fructose proton syep :
»prc*isately 25 fold with-, <
Accumulation of sorbose within 
secondary active transport has to 
syeport as facilitated diffusion i

gradient.

a passive system.

The relaclv# ratei of glucose and fructose utilization 
in wort and defined media fermentations under various 
conditions show close correlation with the kinetics of 
the membrane transport systems. Wort and defined media 
fermentations which contained equal concentrations of 
glucose and fructose exhibited preferential utilization 
of glucose over fructose. This corresponds with membrane 
transport data which indicates that glucose 
competitively inhibits fructose uptake, defined media
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feneentations containing i 
ekowd plucosg was utilized fasWr than fructose at all 
concentatlons tested. Membrane kinetic data reveals the 
glucose affinity is approrfnatffty i  Mid greater than 
fructose aiflnity for the faclUtated diffusion system. 
Although fructose has a higher effinity for the proton 
swort than glucose dees for the facilitated diffusion 
system, the proton symport has a lover capacity and at 
the concentrations of glucose and fructose tested it 
fluiekly becomes saturated causing Host of the fructose 
to be transported via the facilitated diffusion system. 
The difference in glucose end fructess utilisation in 
defined media with maltose. Is similar to the 
differences found ahan either glucose or fructose are 
the only cerbvkydrstes present.

The kinetics of all the membrane transport parameters 
vbich affect fructose uptake are incorporated into a 
mathematical model which Is able to predict fructose 
utilization In laboratory scale fermentations using 
normal and high gravity, sucrose adjunct wort. The model 
takes into account the increase in biomass up to 
flocculation and Its subeguent decrease thereafter as 
this parameter appears to be important in overcoming the 
fructose block. SUicose and ea!ioM utilization, and 
ethanol production during tha time course of 
fermentation are also included in the model. The 
varfabte in the arodal is time, A computer program 
of the aodet written in BASIC calculates fructose 
utilization for small time Increments of 2 hours for the 
duration of fermentation, comparison of the rates of 
fructose utilisation predicted by the model with 
experimental data, revest that a cl«s» correlation

growth of s. eareyisSee 2026 under aerobic conditions 
using maltose with either glucose or fructose do not 
show typical diaunlc growth pattern. HPLC analysis



reveals "at maltose and either glucose or fructose are 
utilized simultaneously W i eating that cetabollte 
repression exerted by glucose on maltose transport and 
•its subsequent catabolism to jtucsse di>ps not occur In 
this yeast strain. This was further confirmed by 
aemhrene transport studies In which glucose and fructose 
grown cetls exhibited strong proton signals when induced 
ulth maltose. Analysis of fermentation data reveals that 
maltose utilization Is not affected by the 
concentrations of fructose or glucose adjuncts. If  
cetabollte repression did occur, the leg phase for 
maltose utilization uauld increase with increasing 
concentration of the two sugars. Only once the cut-off 
concentration for either glucose or fructose I t  reached
i.e. the concentration below uhlch cetebolite repression 
does not exert its effect, uculd maltose then begin to 
be utilised et a euch faster rate thert before. However 
this situation does not occur in S. cerevisiae HB6. 
These data confim that this strain is da-repressed. 
Catabolite repression by glucose ot maltose transport 
and its subsequent catabolism to glucose appears to be a 
common occurrence in S. cerevisiae 167). oe-repressed 
yeast strains have an economic advantege In a brewery as 
glucose and maitosR would be used sioulteneously, rather 
than sequentially as i"n repressed strains, vSich implies 
faster tementation times.

Fermentations see vp vit» glucose, fructose, and equal 
mixtures of glucose and fructose as adjuncts, showed 
that the rate of utilization of each sugar increased 
wit)) an Increase in the sugar adjunct concentration. 
However, the increased rate of utilization of the sugars 
did not sufficiently compensate for the Higher sugar 
adjunct concentrations and consequently with increased 
sugar concentrations In wort, the fermentations took 
longer to attenuate to the point where glucose was 
completely utilized and fructose remained In the beer at



residual concentrations of below 500 ng/titre. Thus for 
the floraet fereentstfan tiee ef approiioately 240 hours 
110 days), the residual fructose concentrations In 
samples taken at this tfeie Increased vith increaiinp 
adSunct concentrations. This phenomenon has important 
consequences tof the brewery bs the premise for using 
higher gravity wort is that more beer can be produced 
from existing plant. If  this is not true, and the higher 
gravity w»rt» take longer to ferment -  as shown here 
using present temperatures and pitching rates - then the 
raison d'etre for higher gravity worts Is negated. The 
longer fermentation times would be offset against the 
increased beer production from tfi» b igkrr gravity 
worts, and the net increase In the quantity of the beer 
produced maybe insignificant. I f  higher gravity worts 
are to be used in fermentation, then techniques will 
have to be devised to keep the length of fermentation to 
the present period of approximately 240 hours 110 days).

The problem of reducing the concentrations of residual 
fructose in the wort at the and of fermentation can be 
approached in several different ueys. The pitching rate 
is Inversely proportional to the concentrations of 
residual fructose for the last three days of 
fermentation. Increased pitching rates will result In 
decreased residual fructose concentrations and vita 
versa. The addition of growth stimulants such as 
nutromix, a commercial preparation of nitrogen sources 
plus vitamins, or pulses of oxygen during the Initia l 
stages of fermentation which Is used In the production 
of sterols, chiefly ergosteroi, hath caused increased 
fructose utilization and consequently decreased fructose 
concentrations at the end of fermentation. The addition 
of a single nitrogen source, in the fora of either a 
salt, ammonium sulphate, or a readily utitlzeble amino 
acid, serine, or yeast nitrogen base, exhibited only



aodest reduotions in residual fructose concentration) 
utien compared to the effects produced by mtrmlx. It  
appears tfiat ths nitrogen and vitamins contained In 
nutromix act in a synergistic trey, end i t  is unlikely 
that fructose utilization can be draflstically stimulated 
by a single factor irrespective ot whether i t  be a 
nitrogen or vitamin source. The addition of 3 hour 
bursts of oxygen for the first 3 days of fermentation 
produced the most dramatic reductions In resttfusf 
fructose. By 168 hours (day 7) at the fermentation ell 
the frtMtOie in the wort had been utilized. Oxygen is 
known to be essential in the biosynthesis of sterols 
(9„99>, and bursts of oxygen added to the fermenting 
wort probably cause an Increase in sterol production. 
Sterelt are components of the yeast cell aerbrane and 
they have a physiological function in that they add 
fluidity to the cell leahrane by preventing newbi-ene 
lipids from undergoing sa/er chase transitions, which

DBtobolically ertive to a small degree at the end of 
fermentation, me extension of the fersentetion ties 
from 240 to 536 hours produces fructose utilization in 
this period and reduces residual fructose concentrations 
in the wort. The above nethods nay be used singly or In 
combination to ameliorate the "fructose block". However 
the economics ot extended fermentation times; the 
application of oxygen and nutrient sources to fermention 
vessels and the elevation of pitching rates must be 
determined in each brewery system. The eathea/itical 
model developed should help to ascertain these facts as 
biomass Is an important variable in the model.
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