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Abstract The yeast Saccharomyces cerevisiae has a
fundamental role in fermenting grape juice to wine. During
alcoholic fermentation its catabolic activity converts sugars
(which in grape juice are a near equal ratio of glucose and
fructose) and other grape compounds into ethanol, carbon
dioxide and sensorily important metabolites. However,
S. cerevisiae typically utilises glucose and fructose with
different efficiency: glucose is preferred and is consumed at
a higher rate than fructose. This results in an increasing
difference between the concentrations of glucose and fruc-
tose during fermentation. In this study 20 commercially
available strains were investigated to determine their rela-
tive abilities to utilise glucose and fructose. Parameters
measured included fermentation duration and the kinetics
of utilisation of fructose when supplied as sole carbon
source or in an equimolar mix with glucose. The data were
then analysed using mathematical calculations in an effort
to identify fermentation attributes which were indicative of
overall fructose utilisation and fermentation performance.
Fermentation durations ranged from 74.6 to over 150 h,
with clear differences in the degree to which glucose utilisa-
tion was preferential. Given this variability we sought to
gain a more holistic indication of strain performance that
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was independent of fermentation rate and therefore utilized
the area under the curve (AUC) of fermentation of individ-
ual or combined sugars. In this way it was possible to rank
the 20 strains for their ability to consume fructose relative
to glucose. Moreover, it was shown that fermentations per-
formed in media containing fructose as sole carbon source
did not predict the fructophilicity of strains in wine-like
conditions (equimolar mixture of glucose and fructose).
This work provides important information for programs
which seek to generate strains that are faster or more
reliable fermenters.

Keywords Glucose - Fructose - Fermentation progress -
Strain comparison - Composite trapezoid rule

Abbreviation
AUC  Area under the curve

Introduction

When exposed to mixtures of glucose and fructose, as
occurs during the fermentation of grape juice into wine,
Saccharomyces cerevisiae utilises these sugars at different
rates [2, 18]. As a result the ratio between the concentration
of glucose and fructose changes, so that late in fermentation
fructose becomes the predominant sugar. This is reported to
be one of the causes of arrested or so-called stuck fermenta-
tion [13]. Attempts to restart the fermentation through
re-inoculation with fresh but nonetheless glucophilic cul-
tures are challenging [7]. Regardless of the cause of stuck
fermentation, excess residual sugar is undesirable, as it puts
the palate of the wine out of balance. Furthermore, the fact
that fructose predominates compounds the problem, since
fructose is sweeter than glucose [20].
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In seeking the precise basis for differences in the rate of
glucose versus fructose utilisation, steps in the metabolism
of hexoses prior to the formation of fructose 1,6-bisphos-
phate are implicated. In particular this includes the systems
for sensing of extracellular sugars, their transport across the
plasma membrane and phosphorylation as part of the first
steps of glycolysis. Plasma membrane sensor proteins have
been identified which show affinity for glucose, with at
least one exhibiting different affinity for glucose and fruc-
tose [30, 31]. The presence of sensors specific for fructose
has not been reported [2]. Phosphorylation of internalised
glucose and fructose occurs via the hexokinases Hxk1 and
Hxk2, albeit at different efficiencies, with glucose addition-
ally being acted upon by glucokinase Glkl1 [2, 15, 34].
Since the phosphorylation capacity of these enzymes
exceeds the amount of sugar transported into the cell, it
would appear that this enzymatic process is not the basis for
differences in the utilisation of glucose compared with
fructose. However, a recent study [3] demonstrated that
over-expression of hexokinases could in fact alter the rate
of fermentation. On the other hand, the hexose transport
system has been clearly shown by many authors to be a crit-
ical point in determining fermentation rate.

In S. cerevisiae, hexose uptake is largely mediated by
facilitated diffusion [5], where 20 genes (HXTI to HXTI7,
GAL2, SFN3 and RGT2) encode the related proteins. Despite
such plurality, only those transporters encoded by HXT1 to
HXT7 appear to be of importance for glucose and fructose
utilisation under fermentation conditions [9, 10, 12, 25, 26,
29]. Some of these latter HXT transporters have relatively
low affinity (high K,,) for hexose, whilst others are consid-
ered high affinity (low K,,), and all have the ability to trans-
port both glucose and fructose. Importantly, whether they are
high- or low-affinity systems, all have a greater affinity for
glucose than for fructose. The expression of each HXT gene
is regulated by environmental factors, especially the extracel-
lular hexose concentration [25]. The high-affinity transport-
ers are induced when the glucose concentration is low
(~1-4 mM or 0.18-0.72 g/1) and are repressed when the con-
centration of glucose is higher [8]. Conversely, low-affinity
carriers are induced by high glucose concentrations (~50—
100 mM or 9-18 g/1) if not constitutively expressed. HXT3, a
low-affinity transporter, is considered key to determining glu-
cose transport and, therefore, could play a fundamental role
in the different rates of glucose and fructose utilisation [15].
Further work is required to define this role.

Beyond affinity differences, other factors such as nitrogen
availability and response to ethanol may be of importance.
Ethanol is known to have protein denaturing properties and
disrupts plasma membrane components [4, 35]. Due to
increases in membrane permeability and passive proton flux
upon ethanol exposure, damage to intracellular enzymes and
structures might also occur. Berthels et al. [2] observed that
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a high ethanol concentration inhibited sugar utilisation, but
to different extents for glucose and fructose. This led them to
hypothesise that the glucose utilisation capability was more
robust than fructose utilisation. Moreover ethanol is able to
shift the tautomeric equilibrium of fructose from the readily
transported pyranose form to the furanose form. Thus,
unlike glucose, which is entirely in the transportable pyra-
nose form, typically only 70% of fructose takes the pyranose
form, and less in the presence of ethanol. Thus, not only is
there a discrepancy between glucose and fructose transport,
but it also changes during the progress of fermentation [2]
and may be part cause and part effect of different ethanol
tolerance of various strains.

A further possibility is linked with nitrogen utilisation
and availability. Sugar transporters have been shown to be
turned over quickly (#;,, = 5 h) compared with other pro-
teins [33], thereby creating a demand for active protein syn-
thesis and assimilable nitrogen. In every case of nitrogen
supplementation to nitrogen-starved cultures, fructose con-
sumption was enhanced to a greater extent than glucose [2].
Different strains have been shown to utilise nitrogen to
different extents [17]. Perhaps therefore, as fermentation
progresses, strains with higher nitrogen demands experi-
ence greater or earlier restrictions on assimilable nitrogen
availability and thus their ability to maintain fructose trans-
port, thereby resulting in a higher rate of glucose transport.

Available evidence affirms that hexose utilisation
depends on numerous environmental and biological param-
eters. Thus determining the precise basis for the glucose/
fructose discrepancy in order to target efforts to reduce such
differences and presumably improve strain performance
and wine composition is difficult. In this study 20 commer-
cially available wine strains were chosen for characterisa-
tion of their fructose utilisation proprieties. Such data were
sought so as to begin to determine the relationship between
abilities regarding utilisation of individual sugars and rela-
tive fermentative performance. Fermentations were con-
ducted in a chemically defined grape juice medium
(CDGJM) [16] with two different sugar compositions.
Either an equimolar mix of glucose and fructose or else a
medium containing fructose as the only sugar were used.
Various parameters related to total fermentation duration
and kinetics of fructose and/or glucose utilisation were
measured and the resulting values compared though mathe-
matical calculations to identify relationships.

Materials and methods

Strains and maintenance

A total of 20 commercial strains of S. cerevisiae were
selected as representative of commonly used wine yeast
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and, where possible, chosen with consideration of pub-
lished information about their ability to consume fructose
compared with glucose [2, 15]. The strains used were: B,
UCD522, CRU-BLANC, PRIMEUR, AWRI 350, AWRI
796, AWRI 1503, ELEGANCE (AB Mauri, Sydney,
Australia); EC1118, V1116, D254, W27, BM45, SYRAH,
BORDEAUX RED, S6U, UVAFERM 43 (Lallemand,
Montreal, Canada); VIN13, NT202 (Anchor Yeast, Cape
Town, South Africa), FERMICHAMP (DSM, The Nether-
lands). Strains were collected aseptically from active dried
commercial preparations, re-hydrated in sterile water (20 min)
and inoculated into YEPD medium (20 g/l p-glucose, 10 g/l
yeast extract, 20 g/l Bacto peptone) in a flask (air:liquid ratio
>60%) before overnight incubation at 28°C with shaking at
180 rpm. Cultures were then streaked onto YEPD agar plates
and grown overnight at 28°C to check for purity. Multiple
representative colonies were inoculated into 25 ml YEPD
broth and grown as above. These served as starter cultures
for the fermentation experiments detailed below or, with the
combination of 1 ml culture with 0.5 ml sterile 80% (v/v)
glycerol, enabled long-term storage at —80°C.

Fermentation experiments

Starter cultures were used to generate pre-cultures, which in
turn were used to inoculate fermentation experiments as
detailed elsewhere [22]. For each of the 20 strains, fermen-
tations were performed in order to define their sugar utilisa-
tion and fermentation kinetics. To do this, two different
formulations of CDGJM were used. The first was represen-
tative of a typical grape juice in that glucose and fructose
were supplied in equimolar amounts to a combined total of
230 g/l. For the second condition an equivalent amount of
sugar was supplied but as fructose only. In each case
600 mg N/ (as amino acids [16]) was used, and triplicate fer-
mentations were incubated at 28°C with shaking at 160 rpm.

Fermentation progress was estimated from the Brix
value of clarified (14,000 rpm, 2 min) culture samples and
fermentation completion (<2.5 g/l) determined using Clini-
test® tablets (Bayer). Supernatants were stored at —20°C
for subsequent determination of residual sugar content by
an enzymatic method [6] adapted for 48-well plates.

Analyses

For every strain, the values obtained from the determination
of individual sugars in each medium were considered sepa-
rately. Four datasets with regard to sugar concentration dur-
ing the progress of fermentation were obtained, i.e. for
glucose, fructose and glucose + fructose in the mixed sugar
condition as well as fructose from the fructose-only media.
These datasets were used to plot the respective sugar utilisa-
tion curves for each strain. In this way, 20 charts were

obtained, each containing four areas delimited by the fer-
mentation curves for the four sugars or combinations
(Fig. 1). The values of these areas were calculated using the
composite trapezoid rule (GraphPad Prism 5; GraphPad
Software Inc., La Jolla, CA, USA), a numerical integration
method for approximating an integral or AUC where the
function of the curve is unknown. The value of the AUC is
returned in units of the X axis times the units of the Y axis.
Statistical analysis of the data [one-way analysis of variance
(ANOVA) with Dunnett and Tukey’s multiple-comparison
post-test analysis] was performed with the same software.

Results
Fermentation duration

The times required for complete utilisation of glucose and/
or fructose were defined for 20 commercial strains of yeast
and are summarised in Table 1. For most strains, fermenta-
tion of each medium was completed (i.e. <2.5 g/l residual
sugar) in less than 150 h. The only exception was Maurivin
strain B, for which the mixed sugar fermentation required
151 h and the fructose-only condition failed to complete
within this preset maximum duration. In every case the util-
isation of fructose lagged behind that of glucose. Similarly,
fermentation of fructose took longer than the fermentation
of an equivalent amount of mixed sugars. Glucose deple-
tion from the mixed sugar condition occurred in between
60 h (UCD 522) and 115 h (B), whereas fructose depletion
occurred within 75 h (UCD 522) and 151 h (B). Since fruc-
tose depletion always took longer than that of glucose, the
time for the former to occur also equated to the total dura-
tion of the mixed sugar fermentations. By comparison,
where complete utilisation of 230 g/l fructose was seen, a
total of between 94 h (UCD 522) and 134 h (BM 45) was
required for this eventuality. Thus the complete fermenta-
tion of the fructose-only medium took longer than the
equivalent mixed sugar fermentation. These observations
confirm the apparent glucophilicity of Saccharomyces
yeast, and suggest that utilisation of fructose is the rate-
limiting step and that the time taken for this defines the total
duration of fermentation.

The inclusion of a medium containing fructose as the
only sugar provided an opportunity to determine whether
this condition was predictive of fructose utilisation capabil-
ities in the mixed sugar medium. The duration of fructose-
only fermentation was not strongly correlated (R* = 0.524)
with the time required for fructose depletion from the
mixed sugar medium. This indicates that the duration of
utilisation of fructose as sole carbon source is not necessar-
ily a good predictor of the duration of fructose utilisation in
the presence of glucose.
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Fig. 1 Composite plots showing sugar utilisation profiles of 20 com-
mercial wine strains in two growth media. Yeast were grown in
CDGIJM containing either 230 g/l fructose only (top curve in each plot)
or 115 g/l each of glucose and fructose (1:1; botrom three curves in
each plot). Curves are derived from the mean of triplicate fermenta-
tions with error bars indicating standard deviation. Moving from top
to bottom, the curves correspond to: (1) fructose fermentation in a fruc-
tose-only medium, (2) combined glucose and fructose fermentation
from the mixed sugar medium, (3) fructose fermentation from the
mixed sugar medium and (4) glucose fermentation from the mixed

Since fermentation duration alone did not fully describe
the performance of individual strains, other features of the
pattern of sugar utilisation were sought by plotting the util-
isation data (Fig. 1). Several points are evident when the
data are presented graphically. Firstly, all fermentations
showed some degree of initial lag, followed by an extended
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sugar medium. The hatched area between the top curve (fructose fer-
mentation in fructose-only medium) and the curve below (combined
glucose and fructose fermentation from the mixed sugar medium)
highlights the difference in total fermentation profile between the two
media. The area corresponding to glucose fermentation from the mixed
sugar medium is highlighted in dark grey, while the extent to which
fructose utilisation from the mixed sugar condition was delayed com-
pared with glucose is highlighted in light grey. £ Standard deviation
indicated as bars

period of rapid fermentation, before a progressive slowing
toward the complete catabolism of sugars. Thus, these peri-
ods would collectively and to different degrees contribute to
the overall times required for catabolism of individual sug-
ars. Secondly, differences existed between strains in terms
of the extent to which the pattern of utilisation of a given
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Table 1 Duration of sugar

catabolism and fermentation for Strain Duration (h)

20 commercial yeast strains dur- Glucose Fructose or total sugars Fructose

ing growth in media containing (mixed sugars) (mixed sugars) (fructose only)

glucose and fructose or only

fructose to total concentration Average SD Average SD Average SD

of 230 g/l ;
B 1153 12.5 151.3 20.2 DNC? -
BORDEAUX RED 73.0 0.0 114.5 5.2 120.3 4.9
AWRI 350 717.2 49 101.0 0.0 115.3 3.7
BM 45 75.5 43 99.2 23 134.3 7.2
UVAFERM 43 80.0 0.0 97.0 2.6 106.3 2.3
W27 73.0 0.0 96.5 0.0 104.5 0.0
D254 71.5 0.0 95.0 0.0 109.5 2.6
PRIMEUR 70.0 0.0 94.3 4.6 101.0 0.0
FERMICHAMP 80.0 0.0 94.0 0.0 99.8 1.1
QA23 80.0 0.0 94.0 0.0 102.8 3.7
VIN 13 72.0 0.0 94.0 0.0 105.0 0.0
NT 202 71.3 4.6 94.0 0.0 112.3 2.9
Seu 73.0 0.0 93.5 5.2 110.0 2.6
SYRAH 64.5 0.0 87.5 0.0 104.5 0.0
V1116 71.5 0.0 86.5 0.0 104.7 32
AWRI 796 67.7 4.0 86.0 1.7 102.3 1.1
CRU-BLANC 66.2 4.6 85.2 23 95.0 0.0

Values are the average AWRI 1503 67.7 4.0 84.0 5.2 99.7 23

aof triplicate fermen.tatlons EC1118 715 00 825 0.0 95.0 00

DNC, fermentations UCD 522 60.3 46 74.6 40 943 46

did not complete

sugar(s) reflected that of another sugar(s). Such differences
are highlighted by shading of the area below each curve
which distinguishes it from the adjacent curves (Fig. 1).
Using this approach and ignoring total fermentation dura-
tion, it is evident that strains differ in the extent to which
they preferentially utilised glucose compared with fructose
in the mixed sugar condition. Consequently, FERMI-
CHAMP has the smallest discrepancy between the two
curves (Fig. 1, light gray area), whereas strains such as
PRIMEUR, AWRI 796 and BORDEAUX RED appear to
have the largest discrepancy. The other key observation is
that the difference between the profile for the combined
catabolism of glucose and fructose compared with the pat-
tern of fructose utilisation from the single sugar medium
also highlights differences between strains (Fig. 1, hatched
area). Accordingly, strains such as AWRI 796, SYRAH and
BM45 have a large discrepancy, while FERMICHAMP,
CRU-BLANC and UVAFERM 43 do not (Fig. 1).

Application of the composite trapezoid rule
Casual observation suggests that there are no examples of

particularly anomalous behaviour amongst the strains; that is,
there are no instances where a given fermentation duration is

in fact not the result of a relatively consistent progression of
fermentation, but instead the result of a protracted com-
mencement followed by a very rapid completion. However,
the validity of this notion was best assessed through a closer,
more quantitative, examination of the data. For this reason
much of the subsequent analysis and strain comparison con-
siders the AUC of utilisation of each sugar as determined
using the composite trapezoid rule (Table 2).

If, in fact, the rate of fermentation was consistent, then
there should be a relationship between the AUC of utilisa-
tion for that particular sugar and the time taken for the
sugar to be depleted. This was not always the case (note
that Maurivin strain B was excluded from this comparison
as it was a clear outlier). Thus a comparison of the AUC of
glucose (Table 2) was somewhat correlated to the time to
glucose depletion (R?=0.715). However, the correlation
for the analogous values for fructose in the mixed sugar
condition yielded an R value of 0.645. These findings are
explained by the fact that, in the latter case, there are exam-
ples of strains (e.g. BORDEAUX RED and NT202) with
similar AUC (i.e. 5,833 and 5,918) but markedly different
times for fructose catabolism (i.e. 115 and 94 h). The
reverse was also evident, that is, similar durations of fruc-
tose utilisation (i.e. 101 and 99 h) but different areas under
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Table 2 Area under the glucose and fructose utilisation curves for fermentations by 20 commercial yeast strains of media containing mixed sugars

(glucose and fructose) or only fructose to total concentration of 230 g/l

Strains Area under the fermentation curve (trapezoid rule)
Glucose Fructose Glucose Total sugars Fructose Total sugars area
(mixed sugars) (mixed sugars) area:fructose (mixed sugars) (fructose only) (mixed sugars):

area fructose area

Average SD Average SD (mixed sugars) Average SD Average SD (fructose only)

B 4,677 384 8,186 828  0.57 12,864 1,211 DNC* - =

AWRI 350 3,861 77 6,015 250  0.64 9,876 324 11,123 252 0.89

NT 202 3,743 180 5,918 303  0.63 9,662 481 11,123 572 0.87

UVAFERM 43 3,732 77 5,731 88  0.65 9,463 159 10,201 468  0.93

QA 23 3,844 111 5,548 261  0.69 9,392 371 10,550 565  0.89

FERMICHAMP 4,047 116 5,317 91 0.76 9,364 184 10,108 184  0.93

BORDEAUX RED 3,336 65 5,833 64 057 9,169 129 10,026 122 091

D 254 3,404 52 5,535 64  0.61 8,939 109 9,937 352 0.90

VIN 13 3,560 77 5,363 68  0.66 8,923 140 10,311 180  0.87

PRIMEUR 3,426 45 5,476 157  0.63 8,902 159 10,082 136 0.88

EC 1118 3,646 73 5,201 216 0.70 8,847 146 9,456 111 0.94

S6uU 3,650 16 5,180 123 0.70 8,830 110 9,857 53 0.90

w27 3,400 55 5,403 84  0.63 8,804 139 9,709 105 091

BM 45 3,385 113 5,405 76 0.63 8,790 127 11,065 330 0.79

V1116 3,410 95 5,201 46  0.66 8,611 98 9,789 289  0.88

CRU-BLANC 3,516 92 5,052 107 0.70 8,568 178 8,946 119  0.96

AWRI 796 3,297 5,135 267  0.64 8,432 272 10,227 495  0.82

AWRI 1503 3,394 5,017 252 0.68 8,411 244 9,944 224 0.85

SYRAH 3,216 25 4,832 20  0.67 8,048 25 9915 27  0.81

UCD 522 3,001 70 4,650 191  0.65 7,651 258 9,067 179  0.84

Values are the average of triplicate fermentations

? DNC, fermentations did not complete

the corresponding fructose utilisation curve (6,016 and
5,404) for AWRI 350 and MB45, respectively. These
examples highlight the complexity of fermentation pheno-
types and the difficulty of comparing strains. When consid-
ering the combined catabolism of glucose and fructose
from the mixed sugar fermentation, a poor correlation
(R*=0.461) between the value for the AUC and the total
duration of catabolism was again observed, as was the case
for the fructose-only condition (R*>=0.482). Given these
obvious complexities, we therefore suggest that, compared
with duration alone, the area under the sugar utilisation
curve provides a more complete account of sugar utilisation,
as it incorporates trends occurring during fermentation.

Utilisation of fructose compared with glucose

Of key interest in this study was the manner in which the
kinetics of fructose utilisation influenced the overall fer-
mentation performance of individual strains. For this reason
we sought to identify a basis for comparison of strains
which was independent of overall fermentation duration.

@ Springer

As such we compared each strain in terms of the ratio
between the areas under each of the glucose and fructose
utilisation curves (Table 2). All strains exhibited a glu-
cose:fructose ratio which was markedly less than 1, clearly
demonstrating the ability of these strains to preferentially
utilise glucose over fructose. The strains ranged in terms of
this ratio, such that BORDEAUX RED exhibited a value of
0.57 compared with 0.76 for FERMICHAMP.

The ratio of AUC of the utilisation of glucose compared
with fructose in the mixed sugar condition is proposed to
give an indication of the relative glucophilicity (increased
fructose or poor glucose consumption) of individual strains.
Based on this concept, we averaged the values of the ratio
between glucose and fructose areas for the 19 strains
(B excluded) and used the resulting average as the reference
ratio (0.66). Thus, it was possible to rank all the strains
based on their individual glucose:fructose ratio deviation
from the mean of all ratios (Fig. 2). Two groups of strains
can be identified: the first represents the more fructose-
efficient strains (negative values), and the second represents
the less fructose-efficient strains (positive values). In this
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way FERMICHAMP appears to be either more fructophilic
or less efficient at utilising glucose. Additionally, all strains
were compared against each other to determine any signifi-
cant differences (Table 3). Most strikingly, FERMICHAMP
and BORDEAUX RED were the two strains with most
significant differences from the other strains.

As was shown for the duration of fermentation, further
evidence for the poor relationship between performances in
one condition (medium) compared with another is provided
by comparison of the ratio of the AUC of utilisation of both
glucose and fructose compared with fructose alone
(Table 2). Such a comparison yielded a correlation of
R*=0.449. Further consideration of strain performance
was therefore limited to a comparison of the relative utilisa-
tion of glucose and fructose in the mixed sugar condition.

Discussion

Developing a valid method to assess glucose and fructose
utilisation during alcoholic fermentation is not a straight-
forward matter. Several authors have proposed criteria for
this, but what is clear, and supported by our data, is that the
method must be independent of the overall rate or duration
of the fermentation. Also, to simplify its application, espe-
cially for comparison of many strains, the approach must
minimise the need for real-time analysis and, given the
dynamic nature of fermentation by different strains, must
incorporate trends from as many stages of the fermentation
as possible. Thus, even if the second half of the fermenta-
tion is the most critical, it is not appropriate to ignore over-
all fermentation performance up to this point. The method

suggested from findings of the present study takes into
account all these considerations.

The analysis of the fermentation performance of the 20
strains revealed differences between some strains to be as
much as twofold, which equates to about 3 days under our
conditions. Such a difference is likely to have dramatic
impacts on winery throughput and juice processing, partic-
ularly at the height of vintage, and no doubt forms an
important criterion in the selection of strains by winemak-
ers. In terms of the profiles of sugar utilisation, some com-
mon trends were seen. Thus, after an initial lag, sugar
utilisation increased markedly, before this phase was fol-
lowed by one of a slowing of utilisation. In addition an
ordered utilisation was evident such that glucose was
removed more rapidly than fructose. Similar reports of
glucophilicity in industrial strains have been made by sev-
eral authors [18, 23, 24, 36, 39]. Whilst the fermentation of
a fructose medium was slower compared with an equivalent
amount of mixed sugars, as reported recently [18], it is
interesting that the relative strain performance in the former
was not an effective predictor of performance in the mixed
sugar condition.

A recent study of the ability of yeast to grow in a fruc-
tose-only medium [1] compared the area under growth
curves to estimate preference or tolerance of different Sac-
charomyces yeast for fructose. This method was suggested
as a possible tool for initial screening of yeast. However,
with the caveat that our study examined sugar utilisation
rather than growth, the mismatch we observed between a
glucose and fructose mixture and that of fructose alone
(R*=0.083) suggests it unlikely that a fructose-only
medium will be useful to screen for performance in an
extended mixed sugar fermentation. The presence of glu-
cose is highly influential on fructose metabolism [14, 18,
19, 21, 27, 28, 32, 37, 38]. At this point it is not possible to
state how glucose influenced fructose consumption. The
effect may be elicited at the level of the membrane (trans-
port and sensing) or phosphorylation during the first steps
of glycolysis, through a higher K, for fructose compared
with glucose. Thus, further work is necessary to better
explain the complex interaction between yeast and the
simultaneous presence of two or more sugars. For the
moment, however, it is possible to affirm that this phenom-
enon is highly strain dependent and that fermentation per-
formance in presence or absence of glucose can vary
considerably between strains.

In attempting to define fermentation curves of different
yeast strains in a mixed sugar medium, others have devel-
oped equations to fit fermentation profiles [39]. We chose
not to do this, given the high frequency of sampling and
good agreement between replicates in our study. Instead,
we used the composite trapezoid rule to determine the AUC
describing the fermentation of each sugar in either medium.

@ Springer
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The result is a bi-dimensional measurement of fermenta-
tion, which relates residual sugar concentration and dura-
tion of fermentation. This would appear to be the most
inclusive approach to defining fermentation performance
used to date. The subsequent comparison of areas under
each of the fructose and glucose curves therefore provides
an overall indication of the sugar affinity of each strain, tak-
ing into account all stages of fermentation. Importantly, the
ratio of values derived using this approach also provides a
convenient means for normalising data for strains that
require different times to complete fermentations.

Other approaches to describe different utilisation rates of
glucose and fructose whilst normalising data for different
fermentation durations have been described. Berthels et al.
[2] calculated the ratio between glucose and fructose at four
points in a fermentation when 20%, 30%, 40% and 50% of
the glucose had been consumed. Over this part of the fer-
mentation they observed a linear increase in the glu-
cose:fructose discrepancy. Moreover they were able to sort
strains according to the slope of the increase in glu-
cose:fructose discrepancy. The reason for selecting four
specific residual glucose concentrations as the points for
comparing all strains is not made clear, but presumably
other points within this window would suffice. If not, fol-
lowing such a prescriptive approach would require a possi-
bly unmanageable high degree of frequent and real-time
glucose quantitation.

As an alternative to such real-time analysis, Guillaume
et al. [15] plotted fermentation according to g/l of residual
sugar normalised against g/l of CO, released, the latter
being easily determine by weight loss measurements. With
this approach they were able to rank two strains graphically
based on their different pattern of fructose and glucose util-
isation and thereby differentiate the strains. A shortcoming
of the work arises from the fact that the curves were mathe-
matically fitted and therefore clearly approximations. In a
similar approach Dumont et al. [11] introduced a fructo-
philic index as a criterion by which to describe the abilities
of yeast to consume fructose compared with glucose. These
workers focussed on the area between the fermentation
curves for glucose versus fructose, in the latter two-thirds
of the fermentation curve (also expressed as g/l of residual
sugars versus g/l of CO, released). Accordingly, strains
showing the lowest value, due to smallest area of differ-
ences between the glucose and fructose curves, were said to
be fructophilic and were presumed to perform better
in situations with high fructose concentrations. Finally,
Tronchoni and colleagues [36] fitted sugar consumption
curves with various mathematical equations and achieved
R? values of 0.95 and higher. This enabled them to confi-
dently estimate the time necessary for different strains to
consume 50% and 100% of glucose and fructose, and, in
turn, the residual fructose concentration at these points.

Thus, ultimately the comparison between strains was at one
or two time points and did not consider the characteristics
of the fermentation beyond these.

From our results, it was encouraging to observe that
FERMICHAMP showed the highest ratio between glucose
and fructose AUC (0.76). This result agrees with the find-
ing described by Guillaume et al. [15] regarding the excep-
tional ability of this strain to consume fructose. Similarly,
Berthels et al. [2] described the discrepancy in glucose and
fructose for several strains, including EC1118, VIN13 and
BORDEAUX RED. Similar results for these three strains
have been found in our study, where BOREAUX RED was
the slowest fructose fermenter, VIN13 medium and
ECI1118 one of the fastest. These similarities with other
studies increase the confidence of considering our glucose/
fructose comparative approach as a valid method in
describing relative sugar consumption profile during fer-
mentation. Moreover, it was possible to rank 19 commer-
cial wine strains according to their ability to consume
fructose in relation to glucose and identify which strain was
significantly different from the others in terms of fructophi-
licity (Table 3; Fig. 2). Therefore, FERMICHAMP and
BORDEAUX RED are located at the opposite ends of the
chart, and they are the only two strains significantly differ-
ent from the mean. Other strains such as S6U and EC1118
are significantly different from most of the strains belong-
ing to the less fructophilic group, while strains such as
D254 and PRIMEUR were significantly different from most
of the strains grouped as the most fructophilic.

In this study, the sampling frequency produced compre-
hensive fermentation curves and obviated the need for
curve fitting and limitations arising out of this means of
approximation. The post-fermentation determination of
residual sugars reduced the analytical burden during the
fermentation, and the calculation of the AUC is the most
comprehensive encapsulation of all aspects of the fermenta-
tion performance of each strain. Finally, the latter benefit
can be said to apply to the ratio of the areas of the glucose
and fructose curves, whilst such ratios also have the advan-
tage of normalising performance of strains with regard to
fermentation duration.

Conclusions

The study proposes a novel approach (AUC) to determine
fermentation performances in wine yeast strains, with par-
ticular attention to identifying a methodology to describe
the fructophilicity of the strains. Although one of the goals
of the study was to use a medium containing fructose as
sole carbon source to predict relative preference for fruc-
tose by strains and to relate this to fermentation perfor-
mance, the complexity of glucose and fructose utilisation
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for individual strains remains too great. Further work is
warranted to ascertain the significance of fructose utilising
capability to overall fermentation behaviour and wine qual-
ity, and thereby to optimize strain development programs.
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