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S U M M A R Y  

Maltotriose transport was studied in two brewer's yeast strains, an ale strain 3001 and a lager strain 3021, using laboratory-synthesized 14C-maltotriose. 
The maltotriose transport systems preferred a lower pH (pH 4.3) to a higher pH (pH 6.6). Two maltotriose transport affinity systems have been identified. 
The high affinity system has Km values of 1.3 mM for strain 3021 and 1.4 mM for strain 3001. The low affinity system has Km values of 46 mM for strain 
3021 and 74 mM for strain 3001. The high affinity system was competitively inhibited by maltose and glucose with Ki values of 58 mM and 177 mM, 
respectively, for strain 3021, and 55 mM and 147 mM, respectively, for strain 3001. Cells grown in maltotriose and maltose had higher maltotriose and maltose 
transport rates, and cells grown in glucose had lower maltotriose and maltose transport rates. Early-logarithmic phase cells transported glucose faster than 
either maltose or maltotriose. Cells harvested later in the growth phase had increased maltotriose and maltose transport activity. Neither strain exhibited 
significant differences with respect to maltose and maltotriose transport activity. 

I N T R O D U C T I O N  

The utilization of wort  sugars is one of the major  
determinants that control fermentat ion efficiency during the 

brewing process [21]. The rate and extent of sugar utilization 
is in turn controlled by the fermentat ion environment  [17], 
the ability of yeast to transport sugars [6,8,18], and the rate 
of subsequent metabol ism [14-16]. A common problem 

encountered by a number  of breweries is the incomplete 

utilization of wort maltotriose,  a trisaccharide composed of 

three glucose moieties.  Since maltotriose is the second most 

abundant fermentable  sugar in brewery wort,  its incomplete 

fermentat ion results in a loss of fermentat ion material  and 
atypical beer  flavors [19]. To solve this problem, an 
understanding of both the influencing environmental  factors 

and of the biochemical regulation of maltotriose uptake are 
important.  This paper  reports on the transport kinetics of 
maltotriose in two brewing strains of  Saccharomyces and its 
relationship with maltose and glucose. 

M A T E R I A L S  A N D  M E T H O D S  

Yeast strains. The yeast strains employed in this study were,  

with their Labatt  Culture Collection numbers,  Saccharomyces 
uvarum (carlsbergensis) brewing lager strain 3021, and 
Saccharomyces cerevisiae brewing ale strain 3001. 

Fermentation. Yeast cells were inoculated into 100 ml of 
fresh wort  or peptone-yeas t  extract-sugar media as indicated 
in the Results and Discussion section. Fermentat ions were 
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conducted in 300-ml Er lenmeyer  flasks, with shaking at 
150 r.p.m, at 21 ~ [10]. 

Synthesis of 14C-maltotriose. The synthesis of t4C-maltotriose 

was conducted according to the method  of Pazur and Ando  

[20] with some modifications. A culture of Bacillus macerans 
(American Type Culture Collection 7069) was grown in 

sterilized medium containing the following materials per  

100 ml: 10 mg potato slices, 3 g calcium carbonate,  and 

0.4 g ammonium sulfate. At  the end of a two-week incubation 

period at 40 ~ the culture solution was centrifuged at 

4000 x g for 10 rain and the amylase activity was detected 

with starch and 0.1 N iodine/potass ium iodide complex.  

One  ml of this enzyme solut ion conver ted  60 mg starch 

to the end point  (colorless) in 45 min. Samples  of 50 mg 

D-[U-14C]-glucose (1.5 mCi)  and 300 mg c~-cyclodextrin 

were  dissolved in 2.5 ml of  water  and mixed with 2.5 ml 

B. macerans amylase solution.  Af t e r  three  days incubat ion 

at 37 ~ the reaction was stopped by heating in a boiling 

water bath for 5 min. The samples were loaded as spots 

onto chromatography paper (20 x 20 cm, Whatman no. 3) 

and developed,  in an ascending mode,  in 1-butanol-pyridine- 

water (6:4:3, v/v) for 4 h. For  satisfactory separation, four 

repeated runs were required. To determine the position of 
x4C-maltotriose, pure maltotriose was loaded as a separate 

spot. At  the end of the chromatography,  a small piece of 

paper containing the pure maltotriose and some of the 

sample was cut and stained with silver nitrate/sodium 
hydroxide [12]. 14C-maltotriose was located by reference to 

pure maltotriose,  eluted from the paper with water,  and 
identified by HPLC.  Approximately  10 mg of 14C-maltotriose 
was obtained and the specific radioactivity was 1.5/~Ci mg -~. 
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Sugar transport studies. Transport studies were conducted 
as described previously [10]. For maltotriose and maltose 
transport, cells were harvested at specified times during 
fermentation, washed twice with ice-cold distilled water and 
suspended in 100 mM tris-tartaric acid buffer (pH 4.3) or 
100 mM potassium-phosphate buffer (pH 6.6) to a cell 
density of 40 mg wet weight ml 1. For glucose transport, 
cells were washed twice with ice-cold water and suspended 
in 100 mM potassium-phosphate buffer (pH 6.6) to a cell 
density of 40 mg wet weight m1-1. Transport was initiated by 
the addition of 0.1 ml of radioactive substrate (0.1 IxCi m1-1, 
with the desired concentration of the different sugars as 
described in the Results and Discussion section) to 0.9 ml 
of cell suspension and carried out at room temperature. At  
30-s intervals, 0.2 ml of cell suspension was withdrawn, 
filtered through 0.45-txm pore size nitrocellulose filters, and 
washed twice with ice-cold buffer. The filters were solubilized 
in 10 ml scintillation fluid and the radioactivity determined 
using a liquid scintillation counter (Beckman 5000). In the 
studies of the low affinity transport system, employing high 
concentrations of substrate and sugar competition, where 50 
or 100 mM inhibiting sugar was used, sorbitol was employed 
at equivalent concentrations as an osmotic control since 
sorbitol is an unfermentabte sugar for both types of yeast 
strains studied. For the determination of biomass, 5-ml cell 
suspensions were sampled at the desired times and centrifuged 
at 4000 • g for 10 rain. The pellets were washed twice with 
distilled water and dried in aluminum dishes at 80 ~ 
overnight. 

Calculations. The Km and Vmax values for maltotriose 
transport were determined by Lineweaver-Burke double 
reciprocal plots [7,13]. The Ki values for maltose and glucose 
were determined by replotting the Km/Vmax versus [I]. The 
data represent the average of three experiments with 
duplicates conducted on different days. The significant 
differences were tested at the P = 0.05 level. 

RESULTS AND DISCUSSION 

Determination of kinetic constants for maltotriose transport 
Glucose and maltose are transported by two systems, a 

high affinity system with Km values of 1.6 mM and 1.6 raM, 
respectively, and a low affinity system with Km values of 
21.2 mM and 40.4 mM, respectively [4,8]. Due to the 
lack of the availability of commercial 14C-maltotriose, no 
information has been published on the kinetic constants for 
maltotriose transport. 14C-maltotriose was synthesized in 
this laboratory using cyclohexamylose and 14C-I-D-glucose 
through the coupling and redistribution activities of the B. 
macerans amylase [20]. Maltotriose transport was studied in 
both tris-tartaric acid (pH 4.3) and potassium-phosphate 
(pH 6.6) buffer. Approximately 2-3 times higher transport 
rates were observed in tris-tartaric acid buffer compared to 
potassium-phosphate buffer (Fig. 1), which demonstrates 
the relationship of maltotriose transport to proton uptake, 
as in the case for maltose transport [5,18]. All subsequent 
maltotriose transport studies were conducted in tris-tartaric 
acid buffer. Using various concentrations of maltotriose 
(0.025, 0.05, 0.1, 0.2, 5, 10, 20, 40 and 80 mM), two affinity 
systems were identified for maltotriose transport (Table 1). 
The Km values of both strains for the high affinity system 
did not show significant differences and were similar to 
those for the high affinity maltose transport system. The Km 
value of strain 3021 for the low affinity system was also 
similar to that for the low affinity maltose transport system, 
but was lower than that of strain 3001. The Vmax values of 
both strains for the two affinity systems were similar. 

In order to study the possibility that the low affinity 
transport is due to trapping of sugar in the periplasmic space 
as described by Benito and Lagunas [1], the cells of strain 
3021 were treated with either 2 mM HgC12 or by boiling for 
5 rain, and then studied for their ability to transport 
maltotriose or maltose. As is shown in Fig. 2, 80 mM 
maltotriose or maltose could be accumulated by the untreated 
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Fig. 1. Maltotriose (0.5 mM) transport in tris-tartaric acid buffer pH 4.3 (B) and potassium-phosphate buffer pH 6.6 (D). (A) Lager strain 
3021; (B) ale strain 3001. 



TABLE 1 

Kinetic constants for maltotriose transport 

Strains Constants (mean _+ SE) 

High affinity Low affinity 

Km (mM) Vma. (nmol min -1 Km (mM) Vmax (nmol min -1 
mg-X dry weight) mg l dry weight) 

3021 1.3 4- 0.1 43.8 _+ 2.8 45.6 -+ 2.1 1049.5 4- 22.2 
3001 1.4 4- 0.1 47.6 4- 5.2 73.9 -+ 3.8 1138.2 _+ 19.4 
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Fig. 2. Maltotriose (11) and maltose ([~) transport by control cells 
and maltotriose (O) and maltose transport (�9 by mercuric chloride- 

treated cells. 

cells almost at a linearly increasing rate for up to 6 rain. 
On the other hand, the HgClz-treated cells did not show 
obvious sugar transporting activity even though the trans- 
porting time had been extended to 8 rain. Boiled cells (data 
not shown) were similar to the HgClz-treated cells. HgC12 
disrupted the yeast cells within 20 s. Therefore, it was only 
added to the transport buffer and washing buffer. This 
treatment has an advantage over the boiling procedure. 
Boiling (usually takes about 5 min) may not only kill the 
cells but also destroy the physical structure of the cells. 
Changes in cellular structure !may cause trapping of sugar 
in the periplasmic space and: other artifacts. Our results 
demonstrated no evidence of significant maltotriose and 
maltose transport by the cells inactivated either with HgCl2 
or as a result of boiling. It 'appears that the low affinity 
transport activity discussed above is real in the strains 
studied, and is not due to an experimental artifact reported 
by Benito and Lagunas [1]. The fact that protein synthesis 
inhibitors affect both low and high affinity uptake provides 
insight into the fact that similar to the high affinity transporter 
the low affinity transporter includes a protein carrier [3]. 

Maltotriose transport by cells grown in maltotriose, maltose 
and glucose 

It is generally accepted that sugar transport by yeast 
cells involves plasma membrane-bound proteins, which are 
referred to as 'permeases' [5,21]. Two permease systems, a 
constitutive system and an inducible system (for maltose) 
and a phosphorylating enzyme related system (for glucose), 
have been reported [2,5,18]. After maltotriose and maltose 
enter the cells, they are rapidly cleaved by c~-glucosidase 
into glucose [21]. It was expected that cells grown in a 
medium with maltotriose as sole sugar source would have 
enhanced maltotriose-transporting activity as a result of two 
possibilities. Maltotriose may induce maltotriose permease 
activity. Besides the induction of the permease, maltotriose 
may also induce the activity of c~-glucosidase, which rapidly 
metabolizes maltotriose following its entry into the cells, 
thereby preventing 'feed-back inhibition' of the transport 
system by the accumulated intracellular maltotriose [10,11]. 
On the other hand, cells grown in medium with glucose as 
a sole sugar would have low maltotriose-transporting activity 
for the following reasons. One would be the repression of 
maltotriose permease by glucose [9,16,21]. Another,  the 
inhibition of a-glucosidase, which results in the accumulation 
of maltotriose inside the cells and thereby tending to have 
a 'feed-back inhibition' on maltotriose transport. Maltose 
might act as an inducer similar to maltotriose or a repressor 
similar to glucose for maltotriose transport. As expected, 
maltotriose-grown cells had a significantly higher rate of 
maltotriose transport than cells grown in glucose (Table 2). 
The maltose-grown cells showed almost the same velocity 
of maltotriose transport as the maltotriose-grown cells. The 
similar action of maltotriose and maltose on the increase of 
maltotriose-transporting activity indicates two possibilities: 
maltose and maltotriose share the same permease and c~- 
glucosidase, or maltose activates the maltotriose permease 
and a-glucosidase while it also activates its own. The data 
in Table 3 and the previous report [11] show that cells 
grown in maltotriose have maltose transport rates comparable 
to that of maltose-grown cells, which provides further 
evidence for the possibilities discussed above. Even though 
maltose-grown cells did not exhibit reduced maltotriose 
transport activity, cells cultured in wort with added maltose 
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TABLE 2 

Maltotriose (0.5 mM) transport by lager strain 
medium with 3% (w/v) maltotriose or maltose 

3021 and ale strain 3001 pro-grown in peptone-yeast extract 
or glucose 

Growth phase" Strains Velocity (nmol min-1 mg ~ dry weight, mean -+ SE) 

Cells grown Cells grown Cells grown 
in maltotriose in maltose in glucose 

Late-log (24 h) 3021 41.3 -+ 0.7 39.2 -+ 4.0 6.2 -+ 0.3 
3001 40.0 -+ 6.3 34.6 -+ 5.6 7.9 --+ 1.1 

Stationary (48 h) 3021 19.3 -+ 2.4 17.0 +- 1.1 11.8 -+ 1.8 
3001 51.4 -+ 3.9 48.6 -+ 1.1 8_9 -+ 0.6 

Late-stationary (72 h) 3021 18.7 -+ 2.2 17.0 -+ 2.0 9.0 -+ 1.3 
3001 34.4 -+ 3.9 24.7 -+ 3.0 11.4 -+ 1.7 

a Fermentations were conducted in 300-ml flasks at 21 ~ with shaking and cells were harvested at indicated 
times for transport experiments. 

TABLE 3 

Maltose (0.5 raM) transport by lager strain 3021 and ale strain 3001 pro-grown in peptone-yeast extract 
medium with 3% (w/v) maltotriose or maltose or glucose 

Growth phase ~ Strains Velocity (nmol min - l m g  -~ dry weight, mean -+ SE) 

Cells grown Cells grown Cells grown 
in maltotriose in maltose in glucose 

Late-log (24 h) 3021 67.8 -+ 5.6 58.5 -+ 3.5 6.2 -+ 0.5 
3001 60.0 -+ 6.0 53.2 + 4.2 12.2 -+ 0.9 

Stationary (48 h) 3021 21.6 +- 1.4 9.8 -+ 0.1 2.2 -+ 0.1 
3001 96.6 -+ 7.5 57.5 -+ 4.7 9.0 -+ 1.0 

Late-stationary (72 h) 3021 11.2 -+ 0.8 7.1 -+ 0.7 2.2 -+ 6.0 
3001 28.8 -+ 1.9 24.1 -+ 2.0 9.2 -+ 0.9 

Fermentations were conducted in 300-ml flasks at 21 ~ with shaking and cells were harvested at indicated 
times for transport experiments. 

had a decreased maltotr iose-ut i l iz ing ability which was similar 

to the  s i tuat ion with cells cul tured in g lucose-supplemented  

wort  (Fig. 3). Sorbi tol  (8%)  (a sugar not  utilized by 

Saccharomyces) was added to a control  wor t  in an a t t empt  

to 'mimic '  the  initial osmotic  pressure .  The  explanat ion  for 

the observat ions  could be tha t  mal to t r iose  t r anspor t  depends  

on bo th  the  absence  or p resence  of o the r  t ranspor t - inhib i t ing  

sugars, and the  activity of the  pe rmease ,  which in turn  
depends  on the action of an inducer  and  an inhibi tor .  While  

maltose is an inducer  of mal to t r iose  pe rmease ,  it might  also 

be an inhibi tor  for mal to t r iose  t r anspor t  (discussed in the  

next section).  The  mal to t r iose -consuming  ability during a 

brewery wort  f e rmen ta t ion  is, the re fore ,  control led  by a 

ba lance  of the inducing act ion of mal tose  to the  mal tot r iose  

permease  and an inhibi t ing act ion of mal tose  on  mal to t r iose  

t ransport .  
Similar t ranspor t  activit ies were  observed  for bo th  s t rains  

3021 and 3001 grown in different  med ia  and  harves ted  

in la te- logar i thmic growth phase.  Never the less ,  as cells 

progressed  fur ther  into s ta t ionary and  la te -s ta t ionary  phase ,  

strain 3021, grown in mal to t r iose  and  mal tose  had  a 

significantly reduced mal to t r iose  t r anspor t  ra te ,  but  s train 
3001 did not  change its ra te  significantly. This p h e n o m e n o n  

indicates  tha t  strain 3021 could not  ma in ta in  its adap ted  

high ability for mal tot r iose  t r anspor t  as long as s train 3001. 

Sugar  analysis demons t r a t ed  tha t  all th ree  sugars in the  
med ium had  been  deple ted by la te- logar i thmic growth phase  

(da ta  no t  shown).  

Maltose and glucose inhibition of the high affinity maltotriose 
transport system 

The  previous  section discussed mal to t r iose  t r anspor t  
repress ion  by glucose and induct ion by maltose.  It  did not  
provide  in format ion  on  how these  two sugars compe te  with 
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Fig. 3. Maltotriose utilization from wort containing added: 8% sorbitol (C)), 8% glucose ([~), or 8% maltose (0) .  (A) Lager strain 3021; 
(B) ale strain 3001. 
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Fig. 4. Inhibition of maltotriose transport by glucose and maltose determined by Lineweaver-Burke double reciprocal plots. Maltotriose 
(0.025, 0.05, 0.1, 0.2 mM) transport was carried out in the presence of 50 mM (ff]) or 100 mM (�9 maltose or glucose, or no sugar 
addition (0 )  by (A) lager strain 3021 and (B) ale strain 3001. The values in the plot (0 )  represent the average of the values for two plots 

in which 50 mM and 100 mM sorbitol were used as osmotic controls. 
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strain 3021 and (B) ale strain 3001. The values in the plot (&) represent the average of the values for two plots in which 50 mM and 

100 mM sorbitol were used as osmotic controls. 

maltotriose for the permease. In order to investigate this, 
late-logarithmic phase cells grown in wort were examined 
for their maltotriose transport, with or without the presence 
of 50 or 100 mM glucose or maltose. As shown in Fig. 4, 
maltose and glucose inhibited the high affinity maltotriose 
transport system in an almost competitive manner although 
they are not typical competitive inhibitors of maltotriose 
transport. The Ki values of strain 3021 are 58.0 + 3.2 mM 
for maltose and 167.2-+ 5.7 mM for glucose. The Ki 
values of strain 3001 are 55.0 -+ 5.1 mM for maltose and 
147 + 8.1 mM for glucose. These values suggest a higher 
affinity of maltotriose permease for maltose than for 
glucose, i.e. higher competition of maltose than glucose for 
maltotriose. These results also explain the data discussed in 
the previous section, that is, cells fermenting a maltose- 
supplemented wort had lower maltotriose-consuming 
capacity. This is because of the competition of maltose with 
maltotriose for the permease and the greater maltose 
concentration in the wort (494.4 mM) than the Ki values of 
maltose. The result of approximately 40 times greater 
maltose K~ values than maltotriose Km values may rule out 
the possibility that maltotriose and maltose share the same 
permease. The Ki values (70.4 +-2.3 mM for strain 3021 
and 71.5 +-1.9 mM for strain 3001) of maltotriose for 
maltose transport (Fig. 5) and the Km value (1.3 -+ 0.1 mM 
for strain 3021 and 0.5 -+ 0.1 mM for strain 3001) of maltose 
transport gives further evidence to this conclusion. In 
addition, it is also shown in Fig. 5 that maltotriose is a 
competitive inhibitor for maltose transport. Studies on a 
maltotriose-negative and maltose-positive yeast strain are 
currently ongoing in this laboratory. As a result, more 
information about the permease and c~-glucosidase systems 
of maltotriose and maltose will be obtained. 

Comparison of mahotriose transport with maltose and glucose 
transport 

In order to compare the transport rates of maltotriose, 
maltose and glucose of cells grown for different time periods, 
both strains were grown in brewery wort and harvested in 
early-logarithmic, late-logarithmic and stationary growth 
phase. As shown in Fig. 6, glucose was transported faster 
than maltotriose and maltose in cells harvested in early- 
logarithmic phase. As the cells grew further to late- 
logarithmic phase, the maltotriose and maltose transport 
rates increased, with a higher transport rate of maltose than 
of maltotriose. The glucose transport rate remained similar 
to that in ceils harvested in early-logarithmic phase. The 
cells harvested in stationary phase did not change their 
maltotriose transport velocities significantly, but had a lower 
maltose transport velocity compared to the cells harvested 
earlier. The glucose transport rate for the lager strain also 
decreased. These data agree with the sugar utilization profiles 
during a brewery wort fermentation where the glucose is 
completely utilized in early logarithmic phase, followed by 
maltose and then maltotriose [18,21]. There were no 
obvious differences between the strains with regard to their 
maltotriose and maltose transport. On the other hand, strain 
3001 had higher glucose-transporting activity than strain 3021. 
We have found that strain 3021 utilized more maltotriose than 
strain 3001 from wort during fermentation. It was anticipated 
that strain 3021 might have a higher affinity and maximum 
velocity for maltotriose transport than strain 3001. However 
the data in Table 1 do not show any significant difference 
with respect to their Km and Vmax values. Furthermore, as 
discussed above, the cells of both strains from different 
growth phases displayed similar maltotriose transport rates 
(Table 2). In addition, the subsequent maltotriose hydrolysis 
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Fig. 6. Comparison of maltotriose, maltose and glucose (0.5 mM) 
transport by lager strain 3021 (B) and ale strain 3001 ([]), grown 
in wort at 21 ~ with shaking, and harvested in different growth 
phases. (A) Early-logarithmic phase - 7 h; (B) late-logarithmic 

phase - 24 h; (C) stationary phase - 48 h. 

by a-glucosidase also plays a role in contributing to the 

cell's capacity to utilize maltotriose. Experiments on this are 
currently ongoing in this laboratory. 

CONCLUSIONS 

Similar to maltose and glucose, maltotriose has both low 

and high affinity transport systems. The Km values of the 
two maltotriose transport systems are similar to those of the 
two maltose transport systems. Maltose competitively inhibits 
the high affinity maltotriose transport system. The higher 
Ki value of maltose over the Km value of maltotriose suggests 
that maltotriose and maltose probably do not share the same 

permease system. On the other hand, the results indicate 
that cells grown in maltotriose and maltose have similar 
maltotriose- and maltose-transporting activity and that the 
two sugars are the inducers of each other's permease and/ 

or a-glucosidase. The two strains do not have significant 
differences in maltotriose transport rate except that the ale 
strain (3001) could maintain the high maltotriose transport 

activity longer than the lager strain (3021) when they were 
pre-grown in maltotriose or maltose. The kinetic constants 

for maltotriose transport have not given the answer to the 

question: 'Why does the lager strain utilize more maltotriose 

than the ale strain during a brewery wort fermentation?'. 

ACKNOWLEDGEMENTS 

The authors thank Mr Ian Hancock for his expert 

technical assistance in the HPLC analysis and Mrs Karen 

Ross for graphics design. The authors also acknowledge the 
management of Labatt Breweries of Canada for their support 
and permission to publish this manuscript. X. Zheng is the 

recipient of a Natural Sciences and Engineering Research 
Council of Canada (NSERC) Industrial Post-Doctoral Fel- 

lowship. 

REFERENCES 

1 Benito, B. and R. Lagunas. 1992. The low-affinity component 
of Saccharomyces cerevisiae maltose transport is an artifact. J. 
Bacteriol. 174: 3065--3069. 

2 Bisson, L.F. and D.G. Fraenkel. 1983. Involvement of kinases 
in glucose and fructose uptake by Saccharomyces cerevisiae. 
Proc. Natl. Acad. Sci. USA 80: 1730-1734. 

3 Bisson, L.F., D.M. Coons, A.L. Krackeberg and D.A. Lewis. 
1993. Yeast sugar transporters. Crit. Rev. Biochem. & Mol. 
Biol. 28: 259-308. 

4 Busturia, A. and R. Lagunas. 1985. Identification of two forms 
of maltose transport systems in Saccharomyces cerevisiae and 
their regulation by catabolite inactivation. Bioehem. Biophys. 
Acta 820: 324-326. 

5 Cartwright, C.P., A.H. Rose, J. Calderbank and M.H.J. Keenan. 
1989. Solute transport. In: The Yeasts (Rose, A.H. and J.S. 
Harrison, eds), Vol. 3, pp. 5-56, Academic Press, New York. 

6 Cason, D.T. and G.C. Reid. 1987. On the differing rates of 
fructose and glucose utilization in Saccharomyces cerevisiae. J. 
Inst. Brew. 93: 23-25. 

7 Cason, D.T., I. Spencer-Martins and N. van Uden. 1987. The 
kinetics of fructose utilization by S. cerevisiae IGC 4261 in 
sucrose adjunct brewers' wort fermentations. Biotech. Lett. 9: 
777-782. 

8 D'Amore, T., I. Russell and G.G. Stewart. 1989. Sugar utilization 
by yeast during fermentation. J. Ind. Microbiol. 4: 315-324. 

9 Ernandes, J.R., T. D'Amore, I. Russell and G.G. Stewart. 
1992. Regulation of glucose and maltose transport in strains of 
Saccharomyces. J. Ind. Microbiol. 9: 127-130. 

10 Ernandes, J.R., J.W. Williams and G.G. Stewart. 1992. Simul- 
taneous utilization of galactose and glucose by Saccharomyces 
spp. Biotechnol. Techniques 6: 233-238. 

11 Ernandes, J.R., J.W. Williams, I. Russell and G.G. Stewart. 
1993. Effect of yeast adaptation to maltose utilization on sugar 
uptake during the fermentations of brewer's wort. J. Inst. Brew. 
99: 67-71. 

12 Fry, S.C. 1988. The Grown Plant Cell Wall: Chemical and 
Metabolic Analysis (Wilkins, M., ed.), p. 166, Longman Scientific 
& Technical, New York. 

13 Goswitz, V.C. and R.J. Brooker. 1993. Isolation of lactose 
permease mutants which recognize arabinose. Membrane 
Biochem. 10: 61-70. 

14 Griffin, S.R. 1969. Maltose activity in Saecharomyces cerevisiae 
during fermentation of synthetic media. J. Inst. Brew. 75: 
342-346. 



166 

15 Griffin, S.R. 1970. Fast and slow fermentations of brewer's wort 
by strains of Saccharomyces cerevisiae. J. Inst. Brew. 83: 139-143. 

16 Hautera, P. and T. L6vgren. 1975. c~-Glucosidase, c~-glucoside 
permease, maltose fermentation and leavening ability of baker's 
yeast. J. Inst. Brew. 81: 309-313. 

17 Jones, R.P., N. Pamment and P.F. Breenfield. 1981. Alcohol 
fermentations by yeasts - the effect of environmental and other 
variables. Process Biochem. 16: 42-49. 

18 Lagunas, R. 1993. Sugar transport in Saccharomyces cerevisiae. 
FEMS Microbiol. Rev. 104: 229-242. 

19 Panchal, C.J. and G.G. Stewart. 1979. Utilization of wort 

carbohydrates. Brew. Dig. 54: 26-48. 
20 Pazur, J.H. and T. Ando. 1962. Enzymatic preparation of 

maltotriose-l-C ~4 from cyclohexamylose and D-glucose-l-C TM. In: 
Methods in Carbohydrate Chemistry (Whister, R.L. and M.L. 
Wolfrom, eds), Vol. 1, pp. 285-288, Academic Press, New 
York. 

21 Stewart, G.G. 1989. Factors influencing yeast performance 
during ethanol production. In: Distilled Beverage Flavor (Piggott, 
J.R. and A. Paterson, eds), pp. 271-297, Ellis Horwood, 
Chichester (England). 


