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Abstract

Aims: The main objective of this study was to develop polysaccharide-degrading
wine strains of Saccharomyces cerevisiae, which are able to improve aspects of
wine processing and clarification, as well as colour extraction and stabilization
during winemaking.

Methods and Results: Two yeast expression/secretion gene cassettes were
constructed, namely (i) a pectinase gene cassette (pPPK) consisting of the
endo-polygalacturonase gene (pelE) from Erwinia chrysanthemi and the pectate
lyase gene (pehl) from Erwinia carotovora and (ii) a glucanase/xylanase gene
cassette (pEXS) containing the endo-f-1,4-glucanase gene (endl) from Buty-
rivibrio fibrisolvens and the endo-f-1,4-xylanase gene (xynC) from Aspergillus
niger. The commercial wine yeast strain, VIN13, was transformed separately
with these two gene cassettes and checked for the production of pectinase,
glucanase and xylanase activities. Pinot Noir, Cinsaut and Muscat d’Alexandria
grape juices were fermented using the VINI3[pPPK] pectinase- and the
VINI13[pEXS] glucanase/xylanase-producing transformants. Chemical analyses
of the resultant wines indicated that (i) the pectinase-producing strain caused a
decrease in the concentration of phenolic compounds in Pinot Noir whereas
the glucanase/xylanase-producing strain caused an increase in phenolic
compounds presumably because of the degradation of the grape skins; (ii) the
glucanase/xylanase-producing strain caused a decrease in wine turbidity, espe-
cially in Pinot Noir wine, as well as a clear increase in colour intensity and
(iii) in the Muscat d’Alexandria and Cinsaut wines, the differences between the
control wines (fermented with the untransformed VIN3 strain) and the wines
produced by the two transformed strains were less prominent showing that the
effect of these polysaccharide-degrading enzymes is cultivar-dependent.
Conclusions: The recombinant wine yeasts producing pectinase, glucanase and
xylanase activities during the fermentation of Pinot Noir, Cinsaut and Muscat
d’Alexandria grape juice altered the chemical composition of the resultant
wines in a way that such yeasts could potentially be used to improve the clar-
ity, colour intensity and stability and aroma of wine.

Significance and Impact of the Study: Aspects of commercial-scale wine pro-
cessing and clarification, colour extraction and stabilization, and aroma
enhancement could potentially be improved by the use of polysaccharide-
degrading wine yeasts without the addition of expensive commercial enzyme
preparations. This offers the potential to further improve the price : quality
ratio of wine according to consumer expectations.
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Introduction

Originally, all wines were made by utilizing the natural
microflora present on the grape berries for spontaneous
fermentation. Various yeasts found on the surface of
grape skins and the indigenous microbiota associated with
winery surfaces participate in these natural wine fermen-
tations. While the controlled growth of these indigenous
species might in some circumstances enhance the chem-
ical complexity and sensory quality of wines, there are
other circumstances in which their contribution might
result in spoilage (Fleet 1992). Today, most winemakers
use pure Saccharomyces cerevisiae cultures to produce
wine of reproducible quality. This microbiological simpli-
fication of the wine fermentation process has paved
the way for the development and use of specialized wine
yeasts tailored to achieve better outcomes for producers
and consumers alike.

In wine production, maceration refers to the break-
down of grape solids following crushing of the grape
berries and is always included in the initial phase of red
wine production. The rupture of grape cells and conse-
quent release of enzymes facilitates the liberation and sol-
ubilization of compounds such as phenolic derivatives
and glycosidic precursors bound to the cells of the skin,
flesh and seeds (Fernandez-Zurbano et al. 1999). Properly
conducted maceration can thus enhance wine quality as
phenolic compounds (e.g. anthocyanins and tannins) are
major components of red wine colour (Wightman et al.
1997), and the release of glycosidic precursors increase
wine aroma upon their subsequent hydrolysis by glycosi-
dase activities (Ganga et al. 1999).

Maceration plays a definitive role in the production of
wine (for a review see Van Rensburg and Pretorius 2000).
The enzymes responsible for maceration not only origin-
ate from the grape itself, but also from yeasts and other
grape juice-related micro-organisms. Winemakers also
reinforce and extend the action of these endogenous
enzymes by the use of exogenous, industrial enzyme prep-
arations (Fleet 1993).

Polysaccharides can influence the clarification and sta-
bilization of must and wine. Polysaccharides, found in
wines at levels between 300 and 1000 mg 17!, can originate
in the grape itself, fungi on the grape and/or micro-organ-
isms present during the winemaking process (Whitaker
1990). The main polysaccharides responsible for turbidity,
viscosity and filter stoppages are pectins, f-glucans and, to
a lesser extent, hemicellulose (mainly xylans). Industrial
enzyme preparations used to degrade these polysaccha-
rides play an important role in improving the juice
yields, the release of colour and flavour components,
and improving the clarification and filtration of wine
(Colagrande efal. 1994). Most of the commercial
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pectinase and glucanase preparations currently available
are derived from Aspergillus and Trichoderma strains,
respectively (Canal-Llauberes 1993).

The addition of commercial enzyme preparations dur-
ing winemaking can be quite expensive and could contain
impurities, which might adversely affect the quality of
wine. Therefore, researchers from several laboratories
around the world have searched for natural strains of
S. cerevisiae-producing enzymes with oenological rele-
vance or for genetic mechanisms by which the enzymatic
activities of wine yeasts could be broadened (for reviews
see Pretorius 1997, 2000; Van Rensburg and Pretorius
2000; Pretorius and Bauer 2002; Pretorius and Hej 2005;
Pretorius 2006).

In this paper, we describe the construction of two
recombinant wine yeast strains. In the first instance,
endo-f-1,4-glucanase gene (endl) from Butyrivibrio fibri-
solvens together with the endo-f-1,4-xylanase gene (xynC)
from Aspergillus niger was integrated into the genome of
a commercial wine yeast, S. cerevisiae VIN13. In the sec-
ond instance, the pectate lyase-encoding gene (pelE) from
Erwinia chrysanthemi and the polygalacturonase-encoding
gene (pehl) from Erwinia carotovora subsp. carotovora
was integrated into the genome of VIN13. The glucanase
and pectinase genes were fused in-frame downstream of
the S. cerevisisee ADHI promoter and Mfxl secretion
sequence and upstream of the TRP5 terminator. The xyla-
nase gene, including its native signal sequence, was cloned
between the ADHI promoter and terminator sequences.
The aim of this study was to investigate whether these
polysaccharide-degrading VIN13 wine yeast strains were
able to improve aspects of wine processing and clarifica-
tion, as well as colour extraction and stabilization during
winemaking.

Materials and methods

Microbial strains and growth conditions

The plasmids and microbial strains used in this study are
listed with their sources and relevant genotypes in
Table 1.

Ampicillin-resistance (Ap") transformants of Escherichia
coli were grown in Luria Bertani broth (Sambrook et al.
1989) supplemented with ampicillin at a concentration of
100 ug ml™'. Saccharomyces cerevisiae, transformed with
the plasmid pEXS, containing the SMRI (sulfometuron
methyl resistance; Sm") marker gene and the glucanase
(endl) and xylanase (xynC) genes, were grown in YPD
medium (1% yeast extract, 2% peptone and 2% glucose)
supplemented with concentrations of sulfometuron methyl
ranging between 50 and 100 ug ml™". Saccharomyces cere-
visiae transformed with the plasmid pPPK containing the
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Table 1 Microbial strains and plasmids used in this study

P. van Rensburg et al.

Strain and plasmid

Genotype/description

Source/reference

Escherichia coli

DH50

Saccharomyces cerevisiae
VIN13

VIN13-EXS
VIN13-PPK
Plasmids
Ylp5
pUG6
pDLG31
PARS

pEX
YIp5S
pK
pEXS
pPPK

supE44 placU169 (p80lacZpM15) hsdR17 recAl gyrA96 thi-1 relAl
commercial diploid strain

MATq, ura3 :: ADH1p MFals TRP5r end1 ADH2pr xynC
MATo, ura3 :: ADH1p MFo1s TRP51 pelE ADH1p MFals TRP57 pehl

bla URA3

bla KanMX

bla PGK1p-LKAT-PGK1+~SMR1

bla KanMX ADH1p-MFu1s-end1-TRP57 ADH1-MFa 1 s-pelE-TRP5
ADH1p-MFo.1s-peh1-TRP57 LEU2

bla ADH1MFa1s-end1-TRP57 ADH2p-xynC-ADH2+~URA3

bla SMR1 URA3

bla KanMX URA3

bla ADH1p-MFa1s-end1-TRP5; ADH2-xynC-ADH2-SMR1 URA3

bla ADH1p-MFa1s-pelE-TRP5+ ADH1p-MFo.1s-peh1-TRP57 KanMX URA3

GIBCO/Bethesdat

Anchor Yeast Technologies,
South Africa

This study

This study

Struhl et al. (1979)

Guldener et al. (1996)
Gundllapalli Moses et al. (2002)
Van Rensburg et al. (1994)

Petersen et al. (1998)
This study
This study
This study
This study

+GIBCO/Bethesda Research Laboratories, Life Technologies Ltd., 3 Fountain Drive, Ichinnan Business Park, Paisley PA4 9RF, USA.

KanMX (geneticin resistance; Gt") marker gene and
the pectinase genes (pehl and the pelE) were grown in
YPD with concentrations of geneticin ranging between
100 and 400 mg ml™". Solid media contained 2% agar.
Bacteria and yeast were grown at 37°C and 30°C, respect-
ively.

DNA manipulations and plasmid construction

Standard methods for manipulating and subcloning of
DNA fragments, plasmid DNA isolations, transformation
of E. coli DH50 and yeast cell electroporation were used
(Sambrook et al. 1989; Ausubel et al. 1996). DNA ampli-
fication by the polymerase chain reaction (PCR) tech-

(C))

URA3

ADH2;

SMR1

nique and Southern blot hybridization were performed as
described by Laing and Pretorius (1992) and Sambrook
et al. (1989).

The sulfometuron methyl gene (SMR1) was cloned as a
BamHI DNA fragment from plasmid pDLG31 and ligated
into the BamHI site of the yeast integrating plasmid YIp5.
The SMRI gene was cloned as a 3-2-kb EcoRV DNA frag-
ment from plasmid YIp5(SMR1) and ligated into the
Smal site of plasmid pEX (Petersen et al. 1998), resulting
in plasmid pEXS (Fig. la).

For the construction of plasmid pPPK, the yeast integ-
rating plasmid YIp5 was used as base plasmid. Plasmid,
pUGS6, was digested with Pvull and EcoRV to obtain the
1'5-kb KanMX gene. This Pvull-EcoRV DNA fragment

(b) ADH1,
bla s

\ gy — g PENT
o IN
ori .. /

MFo.1

\ - TRPS;

- ADH1,,
T MFodg

“pelE

KanMX TRP5

Figure 1 Schematic representation of recombinant plasmids pEXS (a) and pPPK (b).
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was then integrated into the Pvull site of YIp5, generating
plasmid pK. The 4-3-kb DNA fragment containing the
pectate lyase gene (pelE) and polygalacturonase gene
(pehl) was cut from plasmid pAR5 with Notl, filled up to
produce blunt ends and ligated into the Smal site of pK,
resulting in plasmid pPPK (Fig. 1b).

Plate assays

Pectinase activity was determined as follows: Saccharomy-
ces cerevisiae transformants were grown in 10 ml YPD for
24 h. Ten microlitre aliquot of the preculture was plated
onto polygalacturonic acid agarose diffusion plates
(0-1 mol I"! citrate, 0-2 mol I"' Na,HPO,, 0-5% ammo-
nium oxalate, 1% type II agarose and 0-01% polygalactu-
ronic acid; pH adjusted to 3-5). After overnight
incubation at 25°C, the plates were stained with 0-02%
(w/v) ruthenium red for 60 min at 37°C and the cells
gently washed off with water. Transformants with pec-
tinase activity showed clear zones around the colony.

Glucanase activity was tested by spotting the transform-
ants onto YPD plates containing 0-1% (w/v) barley f-glu-
can (Sigma-Aldrich, St Louis, MO, USA) or 0-4% (w/v)
lichenan (Sigma-Aldrich) plates. The plates were incuba-
ted for 3-5 days at 37°C before staining with 0-03%
(w/v) Congo red (Teather and Wood 1982). After de-
staining with water, positive transformants showed clear
zones around the colonies.

Transformants were screened for xylanase activity by
spotting the transformants onto YPD plates containing
0-2% 4-O-methyl-p-glucurono-p-xylan-remazol brilliant
blue (RBB)-xylan (Sigma) (Biely 1985). Xylanase cleaves
RBB-xylan into a colourless product.

Microvinification

All fermentations were carried out in triplicate. The vari-
eties used were Pinot Noir, Cinsaut and Muscat d’Alexan-
dria. Grapes of each variety (20 kg) were destemmed and
crushed, 40 p.p.m. of SO, was added, and inoculated with
an actively growing yeast culture to a final concentration
of 1-2 x 10° cells ml™" for each sample. As the grape
must was not sterilized before inoculation with the con-
trol strain (VIN13) and two transformants (VIN13-EXS
and VIN13-PPK), standard procedures were used to ver-
ify the dominance of these strains in the population of
yeast cells at the end of fermentation. These strain verifi-
cation procedures included (i) replica plating of yeast col-
onies (obtained from postfermentation samples) from a
nonselective agar medium (YPD) onto a selective medium
containing either sulfometuron methyl (for VIN13-EXS
identification) or geneticin (for VIN13-PPK) and (ii) the
amplification of the glucanase, xylanase and pectinase
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gene constructs (Fig. 1) from the Sm® (VIN13-EXS) and
Gt® (VIN13-PPK) colonies.

The must of the red varieties (Pinot Noir and Cinsaut)
was fermented at 25°C, and white must (Muscat d’Alex-
andria) at 15°C. Samples (20 ml) were collected at four
stages of fermentation: (i) at the beginning of fermenta-
tion; (ii) at the end of fermentation; (iii) after press and
(iv) after filtration from Cinsaut and Pinot Noir for col-
our and phenolic testing. This was done by measuring the
absorption of the samples at different wavelengths (280,
420 and 520 nm) (Zoecklein et al. 1995). The wines made
from Muscat d’Alexandria were tested after filtration for
total hydroxycinnamates and total phenolics. The total
volumes of free-flow wine and pressed wine were deter-
mined for both Cinsaut and Pinot Noir. Free-flow wine
was collected from the press before any pressure was
applied to the skins; this was followed by the collection of
the press wine when the skins were pressed. The volume
of free-flow and press wine was measured in a measuring
flask and together were measured as total wine yield. The
turbidity of the wine was measured with a turbidimeter
(Nephelometer) in NTU.

Determination of the chemical composition of wines

The concentrations of ethanol (%v/v), reducing sugar,
pH, titratable acidity, volatile acidity, malic acid and lactic
acid in the finished wines were determined by using
standard methods described by Iland et al. (2000).

Gas-liquid chromatography

The following apparatus and chromatographic conditions
were used for the detections: an HP 6890 series gas chro-
matograph fitted with a flame ionization detector (FID),
a split-splitless injector, a 7683 automatic sampler and a
Supelco SPB5 column (60 m X 0-32 mm internal diam-
eter, 0-25-um film thickness). Chromatographic condi-
tions entailed the following: helium as carrier gas, head
pressure of 140 kPa; total flow of 12:5 ml min™'; purge
flow of 7:0 ml min~'; injector and detector temperature
of 250°C; initial column temperature of 50°C, held for
2 min and then raised to 150°C at 10°C min', then to
160°C at 5°C min~' and then to 220°C at 10°C min~'

and held for 10 min; make-up gas N, at 30 ml min~};

detector FID, H, at 40 ml min™'; air, 450 ml min™';
injected volume, 2 pl.

The following method was used: 10 ml of wine was
introduced into the extraction tube, and 200 ul of
Freon 113 (1,1,2-trichloro-1,2,2-trifluoroethane, obtained
from Sigma-Aldrich) was added as an extracting agent, as
well as 2 ul of a solution of 2,6-dimethylheptenol
(400 mg ™! in ethanol as internal standard). NaCl (1-2 2)
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was also added. The tubes were capped and shaken for
30 min in an automatic shaker at maximum speed. The
tubes were centrifuged (5 min at 3950 g) and the organic
phase was recovered with a Pasteur pipette, then trans-
ferred over 50 mg Na,SO, into an HP 2-ml vial with a
200-ul glass insert, and analysed under the chromato-
graphic conditions described above. After the chromato-
graphic analysis, the relative areas or heights of the
calibrated peaks were interpolated from calibration graphs
created with synthetic wine solutions (ethanol 12% for
white wine, 16% for red wine; tartaric acid 6 gl7';
pH 3-2) having an alcohol content similar to that of the
analysed wine.

ANova was performed to compare the measured chem-
ical composition of the Pinot Noir, Cinsaut and Muscat
d’Alexandria wines. For significance tests, a critical level
of 5% was used and 95% CI was calculated. This was
done using the sTATISTICA processing package.

Results

Genetic transformation of the industrial wine yeast strain
VIN13

Plasmid pEXS containing the pectinase (ADHIp-MFols-
endl-TRP57) and xylanase (ADHIp-xynC-ADH27) gene
cassettes and SMRI marker gene, and plasmid pPPK,
containing the pectinase (ADHIp-MFolg-pehl-TRP51 and
ADHI1p-MFulg-pelE-TRP57) gene cassettes and KanMX
marker gene were transformed separately into S. cerevisiae
VIN13. Plasmid pEXS was integrated into the Ncol site of
the genomic copy of URA3 and plasmid pPPK was integ-
rated into the Stul site of the same gene. Integration of
these plasmids in these VIN13 transformants was con-
firmed with Southern blotting (data not shown). The
expression of the glucanase/xylanase and pectinase gene

Table 2 Chemical analysis of wines

P. van Rensburg et al.

cassettes, and production of biologically active glucanase,
xylanase and pectinases were confirmed by screening on
selective agar plates. Positive transformants were also con-
firmed by PCR (data not shown).

Microvinification

Microvinification experiments were carried out with the
transformed VIN13 vyeast strains, VIN13[pEXS] and
VIN13[pPPK], and the VIN13 host strain as control. The
standard chemical analyses of the wines are shown in
Table 2. Spectrophotometric tests were performed at dif-
ferent stages during the fermentation for the determin-
ation of the effects of the recombinant yeast on wine
colour and phenolic composition of the wine (Table 3).
In the case of Pinot Noir, it is known that the extrac-
tion of sufficient colour pigments from the skins tends to
be a problem. The VIN13[pEXS] transformant caused an
increase in colour density in Pinot Noir wine. Colour
density values below six are generally considered to be
light-coloured wines; colour densities from six to ten are
considered to be medium-coloured wines. Using these
general benchmarks, in the first three stages of measure-
ments, the wines made with the VIN13[pEXS] transform-
ant were considered to be medium-coloured wines while
the wines made with the VIN13 control strain and the
VIN13[pPPK] transformant were considered to be light-
coloured wines. Interestingly, more than half of the col-
our density (50-55%) and total red pigments (50 to
60%) was lost due to filtration. The same effect of filtra-
tion was observed with Cinsaut (data not shown). The
increase in colour density was nearly double with trans-
formant VIN13[pEXS] compared to the control and
VIN13[pPPK] transformant in all four stages tested. This
is presumably because of better degradation of the
grape skins leading to a higher concentration of colour

Ethanol Reducing sugar Volatile acid Total acid Malic acid Lactic acid

Wine/strain (%, V/V) (g™ pH (g™ (g™ (g™ (g™
Cinsaut

VIN13 1162 + 0-06 057 + 0-04 3-08 + 0-02 0-23 + 0:02 643 + 0-09 2:85 + 021 014 + 0-03

VIN13[PPK] 11-87 + 036 048 + 001 316 + 0-02 017 £ 0-03 562 + 0-01 2:01 £ 0:07 024 + 001

VIN13[EXS] 12:36 + 0-06 0-59 + 0-01 316 + 0-01 018 + 0-02 6:15 + 0-06 2:79 + 001 0-26 + 0-03
Pinot Noir

VIN13 1098 + 0-13 046 + 0-01 295 + 0-02 021 + 0:02 7-07 £ 0-03 416 = 0-19 01 + 0:01

VIN13[PPK] 1022 + 0-06 0-37 £ 0-05 296 + 0-04 02 £ 001 711 £ 021 451 £ 03 0-07 + 0-01

VIN13[EXS] 1166 + 0-11 062 + 01 295 + 0-01 019 + 0-02 696 + 0-05 335 + 0-05 014 + 0-01
Muscat d'Alexandria

VIN13 12:17 + 0-02 1-83 £ 1-21 319 + 0-02 0-06 + 0-02 4-9 + 0-08 2:34 £ 0:02 0-2 + 0-07

VIN13[PPK] 12:07 + 0-03 0:36 + 001 312 + 0-01 0-05 + 001 511 + 0-01 2:15 + 001 026 + 0-01

VIN13[EXS] 12:16 = 0-01 0-52 + 0-01 315 + 0-01 0-04 + 0-02 504 + 0-02 2:32 £ 001 025 + 001
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Table 3 Red wine colour and phenolic measurements of Pinot Noir wines tested at different stages in the winemaking process

Yeast Colour Total red Degree of red Modified wine  Modified wine
Stage strain density Colour hue pigments pigment colour  Total phenolics  colour density colour hue
Beginning of VIN13 532 + 0-59 05+003 2434+114 14:57 = 1-99 41-85 + 4:86 372 + 0-03 072 £ 0:02
fermentation pEXS 823 + 027 05+ 002 3490 + 293 1579 = 2:10 53-87 + 043 5-24 + 0-52 0-83 + 0-08
pPPK 446 £ 076 089 +£ 003  24-09 + 4-21 10-06 + 3-26 3852 + 4-00 4-04 £ 017 120 £ 017
Before press VIN13 664 + 0-21 04 +002 3247 +032 14:52 + 0-79 261 + 271 4-65 + 0-08 0510
pEXS 923 +054 038 = 0-01 3314+ 073 2015 + 064 3165 + 1-29 6:19 + 0-15 05+0
pPPK 514 £ 014 047 + 0-01 3235+ 030 1081 £ 043 21-81 + 093 371 £ 001 0-56 + 0-04
After press VIN13 548 +0-15 041 =x0 3767 + 1-58 10-30 = 0-71 20-19 = 0-50 369 + 0-07 0-53 + 0-03
pEXS 811 + 001 037+0 38:57 + 2:04 15:35 + 0-86 26-40 = 1-00 5:26 + 0-07 0-49 + 0-02
pPPK 410 £ 012 041 + 001 29-30 + 476 10-10 = 1-86 1534 + 121 2:84 £ 0-12 0-54 = 0-01
After filtration ~ VIN13 2442 + 026 0460 10-15 + 0-64 16:31 = 0-74 16:65 + 0-07 320 + 0-05 047 + 001
pEXS 426 + 0-57 042 = 0-01 1470 +£ 0-07 2039 £ 294 25-24 + 0-07 468 + 0-05 0-44 + 001
pPPK 1-82 + 0-07 05 + 0-01 813 + 064 14-88 + 0-70 1474 + 0-50 2-57 + 0-20 047 £ 0
pigments in the wine. Surprisingly, the VINI3[pPPK] (a)100
transformant gave less colour than was expected. Some
pectinases are capable of reducing red wine colour g 90
through pigment modification and subsequent degrada- g sol T +
tion (Wightman et al. 1997); this might be the case for 5 | T I I
VIN13[pPPK] as well. The effect on colour was much E 70k I I
lower in Cinsaut (data not shown), from which enough
colour pigments are usually extracted under normal wine- 60 VIN13 VINT3-EXS VIN13-PPK
making conditions. Strains
Because of the increased degradation of the grape skins
(b) 60
by the endo-glucanase and endo-xylanase produced by — 5 2
the VIN13[pEXS] transformant, a higher concentration of g 40 ¥
phenolics was released into the Pinot Noir wine. About > 30 -
30% more phenolics than the reference wine were g 20 £
obtained after filtration. In Cinsaut, the same transform- é 10
ant seemed to cause no significant difference in the [ I — ==
amount of phenolics (data not shown). It might be VIN13 Vlg: 3-EXS VIN13-PPK
rains

that the phenolics are bound differently in Cinsaut than
in Pinot Noir or that there are some differences in the
grape skin of these cultivars. In both varieties, a decrease
in phenolics was observed towards the end of fermenta-
tion. This can be because of the binding and precipitation
of the phenols. The greater amount of extracted phenolics
could help stabilize the colour and prove interesting to
observe when measuring the colour levels after 1-2 years
of maturation.

The amounts of free-flow and pressed Pinot Noir and
Cinsaut wine are compared in Fig. 2a. In both varieties,
the two transformants (VIN13[pEXS] and VIN13[pPPK])
gave more free-flow wine than the control (VIN13) pre-
sumably because of the enzymatic degradation of the
polysaccharides in the grape skins, although only pectin-
ases produced by VIN13[pPPK] seem to have had a signi-
ficant effect. Here, the VINI13[pPPK] transformant gave
about 5% more free-flow wine by degrading the pectins
in the cell walls. In this experiment, the polysaccharases

© 2007 The Authors
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Figure 2 (a) Wine yield trial. (b) Wine turbidity of Pinot Noir (empty
bars) and Cinsaut (filled bars). The values represented are from three
independent experiments plus/minus the deviation of the samples
from the average.

produced by the yeast transformants again showed a
stronger effect in Pinot Noir than in Cinsaut wine. This
indicates that enzymes secreted by the wine yeasts do not
always have the same effects on juice from all different
grape cultivars.

In terms of turbidity, the wines fermented with the
VINI13[pEXS] transformant generally showed less turbid-
ity whereas the wines fermented with the VIN13[pPPK]
transformant showed higher turbidity than the control
wine fermented with the VIN13 host strain (Fig. 2b). The
turbidity of the wine control was 2-55 (Pinot Noir) and
33-5 (Cinsaut) compared with turbidity readings 1-61
(Pinot Noir) and 22:91 (Cinsaut) of wines fermented with

2253
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Figure 3 (a) The total phenolics in the Muscat d’Alexandria wines
made with the three different wine yeasts. (b) The total hydroxycinna-
mates in the Muscat d'Alexandria wines made with the control and
the two recombinant wine yeasts.

VIN13[pEXS]. It seems that VIN13[pPPK] either released
more pectic particles leading to an increase in turbidity
or it degraded the pectin only partially causing one mole-
cule to be degraded into a number of smaller particles
and thereby increasing the degree of turbidity.

Experiments were also done on a white variety, Muscat
d’Alexandria, with both transformants. This variety is very
fleecy, making it very difficult to press the juice from the
skins. The continuous pressing of the grapes resulted in
the extraction of a large amount of phenolics and other
components, typically resulting in a bitter taste in the
juice. From the results presented in Fig. 3, it is clear that
fermentation with VIN13[pEXS] resulted in a wine with
less phenolics and hydroxycinnamates than the control
wine fermented with the untransformed VIN13 strain.
Wines made with the VINI3[pEXS] transformant will
probably be less astringent compared with the control
wine. Fermentation with VIN13[pPPK] showed no signi-
ficant differences relative to the control.

Finally, the gas-liquid chromatography results showed
only minor differences in the wine composition profiles
of the two transformants and the control. By comparing
the concentrations of ethanol and residual sugar in the
various wines, it appears that the VIN13[pEXS] trans-
formant, in both the Cinsaut and Pinot Noir, consistently
produced slightly higher ethanol concentrations, as well
as marginally higher residual sugar concentrations than
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the control (Table 2). It might be that the secreted
enzymes degraded the grape-derived polysaccharides, and
therefore there was more sugar in the fermenting must.
In both Pinot Noir and Muscat d’Alexandria wines, the
VINI13[pPPK] transformant showed lower alcohol con-
centration than both the VIN13[pEXS] transformant and
the VIN13 control strain.

VIN13[pPPK] seemed to produce greater concentra-
tions of higher alcohols than the VIN13 control in Pinot
Noir and Cinsaut, with mainly higher amounts of buta-
nol-3-methyl and butanol-2-methyl (Table 4). In Muscat
d’Alexandria, the use of VINI3[pPPK] also resulted in
greater quantities of higher alcohols and short- to med-
ium-chain ethyl esters, aldehydes and terpenes. Both trans-
formants produced less long-chain ethylesters than the
control. When ANovA testing was carried out on the
chemical composition (as measured by GC analysis) of
the wines, it was found that the only significant differ-
ences observed were with butanoic acid-3-methylethylester
in Pinot Noir and decanoic acid ethylester in Muscat
d’Alexandria (results not shown).

Discussion

Until the early 1990s, studies directed towards the
improvement of wine quality were mainly concentrated
on the selection of new grape varieties and viticultural
practices, or on fermentation and winemaking practices.
However, over the last decade or so, an ever-increasing
number of studies have been undertaken with regard to
the genetic improvement of the organisms that play a
vital role in the whole winemaking process, namely, the
wine yeasts (Pretorius et al. 2003, 2006).

It is generally believed that the use of genes from fun-
gal origin in recombinant yeast has advantages because
their encoded enzymes are normally not inhibited by the
pH and temperature ranges of must and wine or by the
SO, added to the wine to protect it against oxidation and
other micro-organisms. Genes of bacterial origin are often
inhibited by the aforementioned factors; however, in this
study, the B. fibrisolvens endo-f3-1,4-xylanase, the E. chry-
santhemi pectate lyase and the E. carotovora endo-polygal-
acturonase appeared to be tolerant of these parameters
encountered in winemaking.

Collectively, the results obtained in this study showed
that enzymes directly secreted by the wine yeast can play
a significant role in the end product of fermentation.
They also showed that the same enzyme could have quite
different effects on different grape cultivars. This can be
attributed to inherent differences in the composition of
different cultivars. These differences include skins that are
naturally more difficult to press, skins that are thicker, or
cultivars having berries with higher juice content than

© 2007 The Authors
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Table 4 Gas-liquid chromatography analysis of volatile components formed by the engineered strains in different wines

Cinsaut Muscat d’Alexandria Pinot Noir

Volatile compound (mg (! VIN13  VIN13-EXS  VIN13-PPK  VIN13  VIN13-EXS  VIN13-PPK  VIN13  VIN13-EXS  VIN13-PPK
Butanol-3-methyl 92-25 102-39 112-40 812 7357 122-82 8213 ND ND
Butanol-2-methyl 29-03 2973 3677 2893 2561 3474 36-54 ND ND
Acetic acid-2-phenyl ester 0-48 0-42 063 137 1-58 1-83 003 007 0-09
Butanoic acid-3-methylethyl ester ~ ND ND ND ND ND ND 004 005 ND
Hexanol ND ND ND 1-20 1-31 1-28 1-55 1-65 1-75
Decanoic acid ethyl ester ND ND ND 03 0-29 026 0-04 009 0-08
Furfural ND ND ND 0-02 0-25 0-03 ND ND ND
Linalool ND ND ND 042 0-44 0-47 ND ND ND
Nonaldehyde ND ND ND 0-04 0-04 0-05 ND ND ND
Octanoic acid ethyl ester ND ND ND 1-04 096 1-00 ND ND ND
Terpineol ND ND ND 014 014 0-16 ND ND ND
Citronellol ND ND ND 0-02 0-02 0-02 ND ND ND

The numbers represent mean values from the mean of three independent fermentations. Measurements varied <10%.

ND, not detected.

others. There are numerous reasons why the effect of the
same enzyme differs between cultivars. Glucanases and
xylanases clearly decreased turbidity; this is especially true
in Pinot Noir. Pectinases seemed to increase turbidity in
both red -cultivars. However, in the case of Muscat
d’Alexandria, the wines produced by the glucanase-xyla-
nase-producing yeast transformants were similar to the
wine produced by the control yeast strain. The pectinase-
degrading yeast transformants, on the other hand, resul-
ted in the extraction of more juice from all three cultivars
tested. Although more phenolic compounds were extrac-
ted by the yeast-producing glucanase and xylanase
enzymes, the phenolic compounds had no effect on the
yeast fermentation performance. Fermentation with the
glucanase- and xylanase-secreting strains resulted in an
increase in free-flow wine. These results are consistent
with the information in other related publications, which
have reported increased free-run juice yield when treated
with commercial macerating enzymes (Haight and Gump
1994). Louw et al. (2006) also found a significant increase
in free-run wine when Ruby Cabernet was fermented with
different polysaccharide-degrading yeast strains.

The results of the gas-chromatographic analysis of the
wines indicated that the secretion of the pectinase, gluca-
nase and xylanase enzymes into the must during fermen-
tation caused alterations in the chemical composition of
the musts and wines. Some of these chemical changes in
the wines are believed to have effects on their fruity aro-
mas; however, no formal sensory analyses of these wines
were undertaken during the cause of this study. Such ana-
lyses will most certainly be done in follow-up studies.

In conclusion, the wine yeasts producing pectinases,
glucanases and xylanases had positive effects on various
aspects of the three varietal wines tested. It was also clear
that the results these yeast-derived enzymes gave differed

© 2007 The Authors
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depending on the grape variety, and it is therefore
important to conduct similar experiments on a wider
selection of grape varieties.

Based on the promising preliminary findings of this
study, it appears that several aspects of commercial-scale
wine processing and clarification, colour extraction and
stabilization and perhaps even aroma enhancement could
potentially be improved by the use of polysaccharide-
degrading wine yeasts without the addition of expensive
commercial enzyme preparations. However, it is import-
ant to note that the widespread use of genetically modi-
fied (GM) wine yeasts in commercial wine production
has not yet occurred; so far, only a few wineries in North
America have applied two recently commercialized GM
yeasts, i.e. (i) a yeast that has the capacity to conduct the
malolactic fermentation during the alcoholic fermentation
and thereby reducing the risk of biogenic amine forma-
tion by bacteria (Husnik ef al. 2006) and (ii) a yeast that
secretes much less urea, which, in turn, limits the produc-
tion of ethyl carbamate (Coulon et al. 2006). Both these
GM wine yeasts have been granted GRAS (Generally
Regarded As Safe) status by the Food and Drug Adminis-
tration in the USA. However, while the strong anti-GM
sentiment prevails in key European and other export mar-
kets, the positions of the South African and Australian
wine industries remain that no GMOs will be used in the
production of commercial wines. When this situation
changes, the yeasts developed in this study could offer the
potential to further improve the price : quality ratio of
wine according to consumer expectations.

Acknowledgements
This work was funded by South Africa’s grape growers

and winemakers through their investment body, Wine-

2255



Polysaccharidase-encoding genes in Saccharomyces cerevisiae

tech, as well as by the National Research Foundation of
South Africa.

References

Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D., Seid-
man, J.G., Smith, J.A. and Strul, K. (1996) Current Proto-
cols in Molecular Biology. New York: Wiley.

Biely, P. (1985) Microbial xylanolytic systems. Trends Biotech-
nol 3, 286-290.

Canal-Llauberes, R.-M. (1993) Enzymes in winemaking. In
Wine Microbiology and Biotechnology ed. Fleet, G.H. pp.
447-506 Chur, Switzerland: Harwood Academic Publish-
ers.

Colagrande, O., Silva, A. and Fumi, M.D. (1994) Recent appli-
cations of biotechnology in wine productions. Biotechnol
Prog 10, 2-18.

Coulon, J., Husnik, J.I., Inglis, D.L., Van der Merwe, G.K.,
Lonvaud-Funel, A., Erasmus, D.]J. and Van Vuuren, H.].J.
(2006) Metabolic engineering of Saccharomyces cerevisiae
to minimize the prduction of ethylcarbamate in wine. Am
J Enol Vitic 57, 113-124.

Fernandez-Zurbano, P., Ferreira, V., Pena, C., Escudero, A.
and Cacho, J. (1999) Effects on maceration time and pec-
tolytic enzymes added during on the phenolic composition
of must. Food Sci Technol Int 5, 319-325.

Fleet, G.H. (1992) Spoilage yeast. CRC Crit Rev Biotechnol 12,
1-44.

Fleet, G.H. (1993) The microorganisms of winemaking — isola-
tion, enumeration and identification. In Wine Microbiology
and Biotechnology ed. Fleet, G.H. pp. 1-25 Chur, Switzer-
land: Harwood Academic Publishers.

Ganga, M.A., Pinaga, F., Vallés, S., Ramoén, D. and Querol, A.
(1999) Aroma improving in microvinification processes by
the use of a recombinant wine yeast expressing the Asperg-
illus nidulans xInA gene. Int ] Food Microbiol 47, 171-178.

Giildener, U., Heck, S., Fiedler, T., Beinhauer, J. and Heg-
emann, H. (1996) A new efficient gene disruption cassette
for repeated use in budding yeast. Nucleic Acid Res 24,
2519-2524.

Gundllapalli Moses, S.B., Cordero Otero, R.R., La Grange,
D.C., Van Rensburg, P. and Pretorius, I.S. (2002) Different
genetic backgrounds influence the secretory expression of
the LKAI-encoded Lipomyces kononenkoae a-amylase in
industrial strains of Saccharomyces cerevisiae. Biotechnol
Lett 651, 651-656.

Haight, K.G. and Gump, B.H. (1994) The use of macerating
enzymes in grape juice processing. Am J Enol Vitic 45,
113-116.

Husnik, J.I., Volschenk, H., Bauer, J., Colavizza, D., Luoa, Z.
and Van Vuuren, H.J.J. (2006) Metabolic engineering of
malolactic wine yeast. Metab Eng 8, 315-323.

Iland, P., Edward, A., Sitters, J., Markides, A. and Bruer, N
(2000) Techniques for Chemical Analysis and Quality Mon-

2256

P. van Rensburg et al.

itoring During Winemaking. Adelaide, Australia: Patrick
Iland Wine Promotions.

Laing, E. and Pretorius, 1.S. (1992) Synthesis and secretion of
an Erwinia chrysanthemi pectate lyase in Saccharomyces
cerevisiae regulated by different combinations of bacterial
and yeast promoter and signal sequences. Gene 121, 35-45.

Louw, C., La Grange, D.C., Pretorius, 1.S. and Van Rensburg,
P. (2006) The effect of polysaccharide-degrading wine
yeast transformants on the efficiency of wine processing
and wine flavour. | Biotechnol 125, 447-461.

Petersen, S.H., Van Zyl, W.H. and Pretorius, L.S. (1998) Devel-
opment of a polysaccharide-degrading strain of Saccharo-
myces cerevisiae. Biotechnol Technol 12, 615-619.

Pretorius, 1.S. (1997) Utilization of polysaccharides by Sacch-
romyces cerevisiae. In Yeast Sugar Metabolism ed. Zimmer-
man, F.X. and Entian, K-D. pp. 459-205. Lancaster, PA,
USA: Technomic Publishing.

Pretorius, 1.S. (2000) Tailoring wine yeast for the new millen-
nium: novel approaches to the ancient art of winemaking.
Yeast 16, 675-729.

Pretorius, 1.S. (2006) Grape and wine biotechnology: setting
new goals for the design of improved grapevines, wine
yeast and malolactic bacteria. In Handbook of Fruits Pro-
cessing Science and Technology ed. Hui, H.Y., Barta, J.,
Cano, M.P., Gusek, T., Sidhu, J.S. and Sinha, N. pp. 453—
489 Ames, IA, USA: Blackwell Professional.

Pretorius, 1.S. and Bauer, F.F. (2002) Meeting the consumer
challenge through genetically customised wine yeast
strains. Trends Biotechnol 20, 426—432.

Pretorius, 1.S. and Hej, P.B. (2005) Grape and wine biotechno-
logy: challenges, opportunities and potential benefits. Aust
] Grape Wine Res 11, 83-108.

Pretorius, 1.S., Du Toit, M. and Van Rensburg, P. (2003)
Designer yeasts for the fermentation industry of the 21st
century. Food Technol Biotechnol 41, 3-10.

Pretorius, 1.S., Bartowsky, E.J., Bauer, F.F., de Barros Lopes,
M.A., du Toit, M., van Rensburg, P. and Vivier, M.A.
(2006) The tailoring of designer grapevines and microbial
starter strains for a market-directed and quality-focussed
wine industry. In Handbook of Food Science, Technology
and Engineering; Volume 4 — Food Technology and Food
Processing ed. Hui, H.Y., Castell-Perez, E., Cunha, L.M.,
Guerrero-Legarreta, I., Liang, H.H., Lo, Y.M, Marshall,
D.L., Nip, W.K. et al. pp. 174-1-174-24. New York, NY,
USA: CRC Taylor & Francis.

Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular
Cloning. A Laboratory Manual, 2nd edn. Cold Spring Har-
bor, New York: Cold Spring Harbor Laboratory Press.

Struhl, K., Stincomb, D.T., Scherer, S. and Davis, RW. (1979)
High-frequency transformation of yeast: autonomous repli-
cation of hybrid DNA molecules. Proc Nat Acad Sci USA
76, 1035-1039.

Teather, R.M. and Wood, P.J. (1982) Use of Congo red-poly-
saccharide interactions in enumeration and characteriza-

© 2007 The Authors

Journal compilation © 2007 The Society for Applied Microbiology, Journal of Applied Microbiology 103 (2007) 2248-2257



P. van Rensburg et al.

tion of cellulolytic bacteria from the bovine rumen. Appl
Environ Microbiol 53, 41-46.

Van Rensburg, P. and Pretorius, L.S. (2000) Enzymes in wine-
making: harnessing natural catalysts for efficient biotrans-
formations — a review. S Afr J Enol Vitic 21, 52-73.

Van Rensburg, P., Van Zyl, W.H. and Pretorius, L.S. (1994)
Expression of the Butyrivibrio fibrisolvens endo-f-1,4-gluca-
nase gene together with the Erwinia pectate lyase and
polygalacturonase genes in Saccharomyces cerevisiae. Curr
Genet 27, 17-22.

© 2007 The Authors

Polysaccharidase-encoding genes in Saccharomyces cerevisiae

Whitaker, J.R. (1990) Microbial pectolytic enzymes. In Micro-
bial Enzymes and Biotechnology ed. Fogarty, W.M. and
Kelley, C.T. pp. 133176 London: Elsevier Applied Science.

Wightman, J.C., Price, S.F., Watson, B.T. and Wrolstad, R.E.
(1997) Some effects of processing enzymes on anthocyanin
and phenolics in Pinot noir and Cabernet Sauvignon
wines. Am ] Enol Vitic 48, 39-48.

Zoecklein, B.W., Fugelsang, K.C., Gunp, B.N. and Nury, E.S.
(1995) Wine Analysis and Production. New York: Chapman
& Hall.

Journal compilation © 2007 The Society for Applied Microbiology, Journal of Applied Microbiology 103 (2007) 2248-2257 2257



