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ABSTRACT Protein haze formation in bottled wines is a significant concern for the
global wine industry, and wine clarification before bottling is therefore a common
but expensive practice. Previous studies have shown that wine yeast strains can re-
duce haze formation through the secretion of certain mannoproteins, but it has
been suggested that other yeast-dependent haze protective mechanisms exist. On
the other hand, the addition of chitin has been shown to reduce haze formation,
likely because grape chitinases have been shown to be the major contributors to
haze. In this study, Chardonnay grape must fermented by various yeast strains re-
sulted in wines with different protein haze levels, indicating differences in haze-
protective capacities of the strains. The cell wall chitin levels of these strains were
determined, and a strong correlation between cell wall chitin levels and haze protec-
tion capability was observed. To further evaluate the mechanism of haze protection,
Escherichia coli-produced green fluorescent protein (GFP)-tagged grape chitinase was
shown to bind efficiently to yeast cell walls in a cell wall chitin concentration-
dependent manner, while commercial chitinase was removed from synthetic wine in
quantities that also correlated with the cell wall chitin levels of the strains. Our find-
ings suggest a new mechanism of reducing wine haze, and we propose a strategy
for optimizing wine yeast strains to improve wine clarification.

IMPORTANCE In this study, we establish a new mechanism by which wine yeast
strains can impact the protein haze formation of wines, and we demonstrate that
yeast cell wall chitin binds grape chitinase in a chitin concentration-dependent man-
ner. We also show that yeast can remove this haze-forming protein from wine. Chi-
tin has in the past been shown to efficiently reduce wine haze formation when
added to the wine in high concentration as a clarifying agent. Our data suggest that
the selection of yeast strains with high levels of cell wall chitin can reduce protein
haze. We also investigate how yeast cell wall chitin levels are affected by environ-
mental conditions.
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Bottled white wines can develop haze due to the precipitation of grape pathogenesis-
related (PR) proteins that “survive” the fermentation process due to their stability

under high ethanol conditions, low pH levels, and the proteolytic activities of grape and
yeast proteases. While some contradictory findings have been made in the past
regarding the exact causes of wine protein haze formation (1–3), several recent
publications convincingly demonstrate that grape chitinases, and to a lesser degree
thaumatin-like proteins, are the major contributors to the phenomenon (4–7). Other
proteins, such as �-1,3-glucanases and the ripening-related protein Grip22 (5), have
also been identified in wine haze particles but appear not to be causally responsible for
its formation, or to be minor contributors at most (8).

The evidence for chitinases as a primary causative agent of protein wine haze is
based on thermal unfolding studies of grape thaumatin-like protein and chitinase and
on using differential scanning calorimetry. Falconer et al. (6) demonstrated that grape
chitinases were the major players in heat-induced haze in unfined wines, as they have
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a low melting temperature. Studies by Marangon et al. (3) in simple model solutions
further suggested that chitinases have a half-life in wine of 6 min at 55°C, thus
extrapolating down to a half-life of 3 days at 35°C or 2 years at 25°C compared to the
thaumatin-like protein, which had a melting temperature (Tm) of 62°C, with a calculated
half-life of 300 years at 25°C. Moreover, the last stage of chitinase aggregation was
demonstrated to be irreversible and strongly associated with visible haze compared to
invertase and thaumatin-like protein. A linear correlation was also found to exist
between chitinase content in wine and haze intensity (7, 9). Moreover, Palmisano et al.
(10) observed that the glycoproteins identified in wine haze had hydrolase activity
(38%) and chitinase activity (13%).

Several data sets have demonstrated that specific mannoproteins secreted or
passively released by yeast during or after fermentation can reduce the formation of
haze (10–13). Such proteins include the haze protection factors Hpf1 and Hpf2, as well
as invertase and other extracellular enzymes. However, the quantities of mannoproteins
released by current wine strains during wine making have been shown to be too low
to have a significant impact on the technological and organoleptic properties of wine.
Consequently, several strategies to increase mannoprotein production by wine yeast
strains have been investigated (11–13).

Furthermore, several reports also suggest that factors other than mannoproteins
may contribute to haze reduction by yeast. Indeed, the deletion of the haze protection
factor genes, such as HPF1, HPF2, and HPF1=, results in strains with a barely reduced
ability to impact wine haze formation (11). In addition, studies on wine aging have
shown that a significant reduction in protein haze formation is observed in the
presence of yeast lees, without noticeable increases in mannan levels (14, 15) or only
a slight increase of up to 30 mg/liter in mannoproteins (15, 16). Dupin et al. (16)
demonstrated that in order to reduce wine haze by 40%, 400 mg/liter of invertase
would be required. This concentration is far beyond what is found in wine, even when
aged on lees, thus demonstrating that the observed small increase in mannoproteins
during aging may not be the sole cause for the observed haze reduction. Finally,
Gonzalez-Ramos and Gonzalez (12) and Gonzalez-Ramos et al. (13) also observed no
direct correlation between the amount of mannan polysaccharides released and the
level of stabilization obtained, strongly suggesting the need to explore other possible
protein haze-stabilizing factors. In line with this concept, Vincenzi et al. (17) observed
that the addition of 20 g/liter chitin to unfined wine reduced wine haze by up to 80%
of the total haze, while the addition of 1 g/liter chitin reduced wine haze by almost 50%
with respect to the unfined wine. This haze reduction was directly connected to the
removal of the class IV grape chitinase, which is a major contributor to wine haze.

In this study, we investigated the possibility that yeast cell wall chitin is involved in
haze reduction through the binding of grape chitinases to the yeast cell wall. Yeast cell
wall binding assays of grape chitinases and commercial chitinases were carried out. In
addition, the cell walls of Saccharomyces cerevisiae BY4742 Δace2, BY4742 Δtus1,
BY4742 Δygp1, and BY4742 Δirc8 mutants were observed to contain higher levels of
chitin than those of the wild type, and the abilities of these strains to eliminate
chitinases from solution were also evaluated concurrently with the commonly used S.
cerevisiae wine yeast strains. Chitin evolution in yeast strains with responses to different
environmental parameters was further explored in this study. The expression levels of
genes involved in chitin biogenesis were evaluated under conditions that resulted in
high chitin levels, such as exposure to elevated temperature and calcium addition into
the growth media. Our findings indeed suggest a novel strategy not only for reducing
wine haze employing yeast strains with higher cell wall chitin levels but also a strategy
for producing wine yeast strains with high chitin levels for wine clarification purposes.

RESULTS
Protein stability. Heat tests were carried out in Chardonnay fermented grape must

fermented to dryness using various wine yeast strains. Significant differences (P � 0.05)
were observed in protein haze formed between the strains, with RO88, P01-167, and
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P01-146 showing strong haze-protective activities (Fig. 1). Similar differences were also
observed between yeast strains when the experiment was repeated in Sauvignon Blanc
grape must (data not shown).

Chitin levels of yeast strains. To assess the differences in cell wall chitin levels
between the various yeast strains, cells grown under fermentative conditions were
stained with calcofluor white. A visual inspection under the confocal fluorescence
microscope suggested higher levels of fluorescence in yeast strains belonging to the
Saccharomyces paradoxus species than in S. cerevisiae cells (Fig. 2). To confirm this
observation, flow cytometry was used to quantify the chitin levels, and Fig. 3a shows
the differences in chitin levels between various yeast strains measured using flow
cytometry. RO88, P01-146, and P02-208 had significantly higher (P � 0.05) chitin levels
than the S. cerevisiae wine strains used in the study. Figure 3b shows the correlation
between the chitin levels and haze formation. A negative Pearson’s r value of �0.832

FIG 1 Wine haze levels in fermented Chardonnay must using S. cerevisiae and S. paradoxus wine yeast
strains. Differences in haze levels (mean difference in absorbance before and after heating � standard
deviation of triplicate measurements) between S. cerevisiae, S. cerevisiae-S. paradoxus hybrid, and S.
paradoxus yeast strains formed in fermented Chardonnay grape must juice at the end of fermentation
are indicated.

FIG 2 S. cerevisiae (BM45) (a) and S. paradoxus (P02-208) (b) cells stained with calcofluor white stain. Cells
were grown in YPD, as described by de Groot et al. (43), and washed in PBS buffer before staining and
viewing under a Zeiss LSM 780 Elyra S1 confocal microscope.
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(P � 0.05) was obtained, indicating that the higher the chitin levels are, the lower the
protein haze level that was observed.

GFP-tagged Vitis vinifera chitinase binds to yeast cell walls in a chitin-
dependent manner. In order to demonstrate the possibility that the high chitin levels
found in cell walls of S. paradoxus strains could be responsible for the reduction of
protein instability in wine, we developed a grape chitinase-yeast cell wall binding assay.
V. vinifera chitinase class IVD (ChiivD) fused to the green fluorescent protein (GFP) was
cloned in the pET14b vector and transformed in Escherichia coli Rosetta 2(DE3) pLysS. To
characterize the expressed grape chitinase protein, the extracted crude protein extract was
evaluated for chitinase enzyme activity. The data show that chitinase activity in the extract
was the strongest when 4-nitrophenyl �-D-N,N=,N�-triacetylchitotriose was used as the
substrate (Fig. 4), indicating that the overexpressed protein had the expected endochitinase
activity (18). Three biological repeats were used for the assays. A chitinase-binding assay
was carried out using this GFP-tagged grape chitinase. Figure 5 shows the differences in the
fluorescence intensity as quantified by flow cytometry. These data clearly show that strains
RO88, P01-167, P01-146, and P02-208 bound between 20 and 100% more GFP-tagged
chitinase than the S. cerevisiae strains.

FIG 3 (a) Chitin levels quantified using flow cytometry after staining the cells with calcofluor white stain.
Cells were grown overnight in YPD medium and a tenth of the overnight culture was preinoculated into
fresh medium and grown for 5 h (43), reaching an OD of �7. Cells were stained with calcofluor white
and further subjected to flow cytometry. Fluorescence intensity is expressed in arbitrary units (a.u.).
(b) Scatter plot showing the correlation between wine haze levels and total cell wall chitin levels.
Pearson’s r value � �0.832 (P � 0.05). The data used for plotting were obtained from the haze formation
of the 7 yeast strains appearing in Fig. 1 and the chitin level data from panel a.
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To evaluate the association between chitin levels and the amount of GFP-chitinase
bound to cells, and to eliminate the possibility that the impact on chitinase binding was
a species-specific feature of S. paradoxus, S. cerevisiae mutants exhibiting various chitin
levels were used. A high-throughput selection screen for S. cerevisiae mutant strains
with high cell wall chitin content was developed, and the yeast mutant deletion library
(EUROSCARF [19]) was screened for mutants with high chitin levels. Mutant strains that
showed higher chitin levels than the wild type encoded proteins linked to chitin
synthesis or associated with cell wall biogenesis, morphogenesis, and signal transduc-
tion. Four such mutants (BY4742 Δace2, BY4742 Δtus1, BY4742 Δygp1, and BY4742
Δirc8) were selected for further analysis. Ace2p is a transcriptional activator of the CTS1
gene encoding chitinase, which is required for the degradation of the chitin ring that
exists at the septum between mother and daughter cells (20, 21), and its deletion
results in cells remaining attached at the chitin bud neck site (22). Tus1p, on the other
hand, is a Rho1p exchange factor that contributes to the cell wall integrity-mediated

FIG 4 GFP-tagged chitinase activity from crude protein concentrate assayed in 3 different substrates
suitable for exochitinase (substrate A), endochitinase (substrate B), and chitobiosidase (substrate C)
activity detection supplied with the chitinase assay kit (catalog no. CS0980; Sigma-Aldrich), according to
the manufacturer’s instructions.

FIG 5 GFP-chitinase levels bound to different yeast strains, quantified using a BD FACSAria flow
cytometer. Fluorescence levels shown are a result of subtracting the value corresponding to the control
GFP protein bound to the cell walls from the total GFP-chitinase fluorescence levels. Cells were grown
in YPD, as described by de Groot et al. (43), and equal amounts of cells based on the OD measurement
at 600 nm were washed and resuspended in PBS buffer before adding GFP-tagged chitinase. Cells were
further incubated for 2 h at room temperature with shaking before washing and resuspending in PBS
buffer in preparation for quantification using a flow cytometer. Fluorescence intensity is expressed in
arbitrary units (a.u.).
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modulation of Rho1p activity (23). Ygp1p is a highly glycosylated cell wall protein, and
its synthesis is induced in response to cell wall disruptions and nutrient limitation (24).
IRC8 has unknown function, and its product localizes in bud tips during cell division
(25). An increase in chitin deposition has been observed as a compensation mechanism
that mutants defective in cell wall synthesis or assembly activate to maintain cell
integrity (26).

A positive correlation of 0.94 was observed between yeast cell wall chitin levels of
S. cerevisiae mutant strains BY4742 Δace2, BY4742 Δtus1, BY4742 Δygp1, and BY4742
Δirc8 and wild-type strain BY4742 (Fig. 6). Figure 6b shows the fold changes observed
for the mutant strains for both GFP-chitinase and chitin levels relative to the wild-type
strain BY4742.

Yeast cells and cell wall extracts efficiently remove chitinases from model wine
solutions. To further evaluate the abilities of different yeast strains to eliminate
chitinases from solution, a commercial chitinase was used to assess the ability of yeast
cells to reduce chitinase activity in a model wine solution. Commercial chitinase was
dissolved in model wine solution containing 4 g/liter tartaric acid and 12% ethanol at
pH 3.3 to a final concentration of 250 mg/liter. The chitinase-model wine solution was
added to equal amounts of S. cerevisiae and S. paradoxus cells, mixed, and incubated

FIG 6 (a) Bound GFP-chitinase levels and chitin levels of wild-type strain BY4742 and BY4742 Δygp1 and
BY4742 Δtus1 mutant strains. GFP-chitinase levels bound to yeast strains and amount of cell wall chitin
were quantified using a BD FACSAria flow cytometer. Cells were grown in YPD, as described by de Groot
et al. (43), and equal amounts of cells based on OD measurement at 600 nm were washed and
resuspended in PBS buffer before adding GFP-tagged chitinase or before staining with calcofluor white
for chitin quantification. Fluorescence intensity is expressed in arbitrary units (a.u.). (b) Fold change of the
deletion mutant strains relative to the wild-type strain BY4742. A correlation of 0.98 was obtained
between the amount of yeast cell wall chitin and the amount of GFP-chitinase bound to the cell wall.
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with shaking. After centrifugation and elimination of the yeast cells, the activity in the
supernatant was measured. The data showed that chitinase activity was reduced by
99.99% when P02-208 and RO88 live cells were used (Fig. 7a), while S. cerevisiae strains
reduced chitinase levels by 46%, 41%, 58%, and 40%, for BM45, N96, VIN13, and
Fermicru XL, respectively.

To evaluate the possible use of cell wall material of protein haze-protecting strains,
the chitinase-binding ability of cell wall extract was evaluated. Similar to live cells, cell
wall extracts from the S. paradoxus strains, especially RO88, revealed highly selective
chitinase binding compared to S. cerevisiae strains (Fig. 7b). However, yeast cell wall
extract generally bound less chitinase than live cells, suggesting that the dynamic cell
wall of live cells appears to be better able to bind chitinases.

To rule out the possibility of cells releasing an enzyme inhibitor during incubation
with chitinases, an investigation was carried out where commercial chitinase enzyme
was added after removing the cells from the model wine solution following the
incubation step. There were no significant differences in chitinase activity levels (P �

0.05) in all the strains used, including the control where no cells were added prior to
incubation (see Fig. S2 in the supplemental material). These results strongly nullify the
possibility of an enzyme inhibitor being released by the yeast cells during incubation.

Evaluation of the level of cell wall chitin in different wine yeast strains
according to various environmental growth conditions. The level of cell wall chitin
in different wine yeast strains was investigated under various environmental growth
conditions. As stated previously, RO88, P01-146, and P02-208 displayed significantly
higher chitin levels than S. cerevisiae wine strains (Fig. 3). When investigating different
environmental growth conditions, including growth of cells at 37°C, addition of calcium
into the media, and changes in osmolarity, differences in chitin levels were observed
and shown to be strain dependent. An increase in chitin levels was observed in all the
wine yeast strains, with the S. paradoxus yeast strain P02-208 showing high chitin levels
under all the different conditions investigated. Surprisingly, the domesticated strain
BY4742 did not show a significant increase in chitin levels under all the growth
conditions investigated in this study.

Gene expression. In order to assess whether the above-described observed phe-
notype was genetically determined, the expression levels of specific genes encoding
proteins involved in chitin biosynthesis were investigated under the same conditions as
those described above. The selected genes encode enzymes that are part of the chitin

FIG 7 (a) Chitinase activity levels of chitinase remaining in model wine solution (12% ethanol, 4 g/liter tartaric acid [pH 3.3]) not bound to the yeast cell wall
after incubation with cells. (b) Chitinase activity levels of chitinase not bound to the yeast cell wall after incubation with live whole cells (L) and boiled cell wall
extract (CW) from S. paradoxus and S. cerevisiae cells. Chitinase levels were quantified using the chitinase assay kit, according to the manufacturer’s instructions.
Commercial chitinase was used for the yeast cell wall binding assay in this experiment.
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biosynthesis pathway from the precursor fructose-6-phosphate, including GFA1 and
CHS1 to CHS3, as well as the CHS4 to CHS7 genes, which aid in the transportation of
Chs1 to Chs3p. The GFA1 gene encodes glutamine:fructose-6-phosphate amidotrans-
ferase (glucosamine-6-phosphate synthase) catalyzing the first step of the hexosamine
pathway required for the biosynthesis of cell wall precursors. No changes in the
expression levels of the CHS1, CHS2, CHS3, CHS4, CHS5, CHS6, or CHS7 genes were
observed despite the increase in chitin levels under different growth conditions, which
were exposure of cells to 37°C and the addition of calcium to the growth medium.
However, an increase in the expression levels of GFA1 was observed in both strains
EC1118 and P02-208 (Fig. 8) under growth conditions shown to result in increased
chitin levels, as described above.

DISCUSSION

Considering the negative impact of fining agents on wine quality, alternative haze
protection methods, such as selection of yeast strains capable of reducing protein haze,
are actively being sought after. Yeast strains had previously been shown to be able to
impact the haze formation potential of wine. However, the data suggested that the
mechanisms that had been proposed could not account for the full impact of these
strains (11–13, 16).

Our data reveal a clear correlation between cell wall chitin levels and haze-
protective capability. Interestingly, S. paradoxus strains contained significantly higher
cell wall chitin levels than S. cerevisiae strains. To ensure that the correlation was not
dependent on species-specific differences, the correlation was verified by using a set of
S. cerevisiae mutants with known differences in chitin levels. Indeed, the industrial
strains of S. cerevisiae evaluated in our laboratory tended to contain similar levels of cell
wall chitin.

Since chitinases have been proposed as the major proteinaceous contributor to
haze formation, two independent assays were designed to evaluate whether the cell
wall chitin would impact levels of grape chitinases. Both assays suggest undeniably that
yeast cells can bind chitinases in a chitin concentration-dependent manner, and that
this ability can be used to reduce the levels of chitinases in liquid media. The data
clearly support the hypothesis that this mechanism may indeed be a primary factor of
yeast strain-dependent wine haze reduction.

The reduced wine haze levels and high chitinase levels bound by the RO88, P01-146,
and P01-167 strains also concur with observations made by Manteau et al. (27). These
authors observed the disappearance of chitinase from Champagne wine and attributed
this observation to the likelihood that the chitinase was fixed on the cell wall of S.
cerevisiae and that of the bacterium Oenococcus oeni during the aging period on lees.
Furthermore, the grape chitinases have been demonstrated to maintain their activity in

FIG 8 Quantitative real-time PCR (qRT-PCR) relative expression levels of chitin synthesis-related genes in S. cerevisiae EC1118 and S. paradoxus
P02-208, after 0.1 M calcium was added to cells (a) and after cells were incubated at 37°C (b). Expression data were normalized to the expression
levels of PDA1. Error bars indicate the standard deviation between three biological repeats.
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wine for at least a few months after the end of alcoholic fermentation (27, 28), thereby
explaining the reduced haze levels observed during aging on lees with no observed
increase in mannoprotein levels (data not shown).

In order to assess whether yeast cell wall extracts of strains displaying high chitin
levels can be used as fining agents in cases where alcoholic fermentation is carried out
using a strain with low chitin levels, yeast cell wall binding assays were carried out using
yeast cell wall extracts. It was observed that similarly to live cells, RO88 and P02-208 cell
wall extracts bound higher levels of chitinase than S. cerevisiae strains. These results
further eliminate the possibility of S. paradoxus strains used in the study producing
yeast acid proteases that may have hydrolyzed the grape chitinase (27). The differences
in the amount of chitin bound to live and boiled yeast cells can be further explained
by reduced cell surface or modified cell wall architectural structure of boiled yeast.
Boiling cells results in a large number of wrinkles or folds on the cell walls. This is a cell
structure similar to that of cells undergoing autolysis, as observed by Martínez-
Rodríguez et al. (28). The reduced cell surface area in boiled cells may have conse-
quently resulted in the slight reduction in the amount of chitinases bound to the
cell wall.

It can also be further argued that in many wine haze studies where cell wall deletion
mutants are used for haze assays (11–13), the observed wine haze reduction may not
only be due to the greater release of mannoproteins but may also be due to increases
in chitin levels in at least some of these mutants. Deletion studies of certain genes
involved in cell wall structure and composition, such as GAS1, were indeed shown to
result in high cell wall chitin levels (29). Differences in chitin levels have been reported
for certain cell wall mutants, as is also seen in this study for BY4742 Δace2, BY4742
Δtus1, BY4742 Δygp1, and BY4742 Δirc8.

In this study, higher chitin levels were observed when cells were incubated at 15°C,
which corroborates the results of studies by Gasch et al. (30) and Sahara et al. (31), who
observed increased expression levels of CHS1, CHS3, and GNA1 at 10°C versus 25°C, thus
indicating a potential increase in chitin levels at low temperatures. Surprisingly, no
increases in the CHS1, CHS3, and GNA1 gene expression levels were observed in our
study despite the increased chitin levels. Our results under hypo-osmotic conditions
also correlate with those from a study conducted by Deshpande et al. (32), who
observed a clear relationship between hypo-osmolarity and elevated extracellular chitin
levels. The addition of calcium resulted in increased chitin levels, concurring with data
obtained by Munro et al. (33), who also observed that elevated extracellular calcium
levels increased cell wall chitin levels in Candida albicans and also stimulated chitin
synthase (CHS) promoters.

Increases in chitin levels have been attributed to the spatial and temporal regulation
of enzymes involved in chitin synthesis (34, 35). However, an increase in GFA1 expres-
sion levels observed in this study possibly indicates that the transcriptional regulation
of this gene is directly correlated with an increase in chitin synthesis. An increase in
GFA1 expression levels was also observed by Lagorce et al. (36) in cell wall mutants
showing increased cell wall chitin levels. Furthermore, the same authors showed that
overexpression of the GFA1 gene resulted in a 3-fold increase in cell wall chitin levels.

In conclusion, our findings strongly support the possibility of using yeast strains
displaying high chitin levels to reduce wine haze formation. S. paradoxus has been
evaluated under winemaking conditions and was found to possess good enological
properties. For example, RO88 has been shown to have high polygalacturonase activity
(37), influence the production of certain aroma compounds, and contribute positively
to the final quality of wine (38, 39). S. paradoxus strains or specifically selected S.
cerevisiae strains with high chitin levels may therefore be considered for use as starter
cultures in wine fermentations and/or may be used for future yeast breeding projects
with the aim of reducing wine haze formation. Alternatively, yeast cells showing high
chitin levels should be investigated for use as clarifying agents and can be used in the
form of yeast hulls.
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MATERIALS AND METHODS
Fermentation. Fermentations were carried out in triplicate at 21°C in either 120-ml or 2-liter bottles

with a working volume of either 50 ml or 1.7 liters, respectively, without agitation, and fitted with air
traps. Commercial wine strains (Table 1) were used to ferment chemically defined synthetic MS300
medium (40) and Sauvignon Blanc and Chardonnay grape juices to dryness. Residual glucose and
fructose concentrations at the end of all fermentations were less than 5 g/liter, as measured using a
D-glucose–D-fructose enzymatic kit (Amersham Biosciences, Freiburg, Germany).

Heat stability test. The heat stability of wine samples was determined as described by Pocock and
Waters (41), with all measurements made in triplicate with the appropriate controls. Briefly, the assay was
carried out by centrifuging fermented Chardonnay grape must at 3,250 	 g for 5 min to remove cells.
After taking readings of the absorbance at 520 nm, the wine sample was heated at 80°C for 2 h and then
cooled to 4°C for 16 h. The A520 was measured after acclimatization at room temperature for 30 min. Haze
was measured by calculating the difference in absorbance before and after heating of the wine sample
(42). Bentonite (0.5 g/liter) and S. cerevisiae and S. paradoxus yeast strains were added at the end of
alcoholic fermentation in wines fermented using S. cerevisiae EC1118 after cell removal as a treatment.

Calcofluor white staining, fluorescence microscopy, and flow cytometry. Cell staining with
calcofluor white and fluorescence microscopy were adapted from de Groot et al. (43). Cells grown
overnight at 30°C in yeast-peptone-dextrose (YPD) were either directly used for microscopy or inoculated
into fresh YPD medium. To enhance the detection of cell wall-related phenotypes, the cells inoculated
in the fresh medium were further incubated for 5 h at 37°C. About 200 �l of the cell culture was
centrifuged, and the cells were washed with phosphate-buffered saline (PBS) (pH 7.4; Na2HPO4). Cells
were stained with 10 �l calcofluor white after the addition of 10 �l of 10% KOH, according to the
manufacturer’s instructions (18909-100 ml; Fluka Analytical, Sigma-Aldrich). Z-sectioning image acquisi-
tion was performed on a Carl Zeiss confocal laser scanning microscope (LSM) 780 Elyra S1 with
superresolution structured illumination microscopy (SR-SIM superresolution) platform. Z-series images
were taken at 0.5-�m intervals through the specimens. The excitation laser used was the violet laser with
407-nm wavelength, and the emission filter used was the Pacific Blue channel with a 450/40 band-pass
filter for calcofluor white-stained cells. Images were processed and background subtracted using the
Zeiss Zen lite 2011 software and presented in a maximum-intensity projection.

For the quantification of chitin levels using flow cytometry, a BD FACSAria flow cytometer was used.
The BD FACSDiva version 6.1.3 software was used for the data capture. The excitation and emission filter
lasers used were the same as those described above. A total of 50,000 cells were used for the
quantification of chitin levels.

High-throughput genome-wide screening. For enrichment of deletion strains, a pooled EURO-
SCARF deletion mutant library (EUROSCARF, Frankfurt, Germany [19; http://web.uni-frankfurt.de/fb15/
mikro/euroscarf/]) was labeled with calcofluor white, and chitin-rich mutants were selected using a BD
FACSAria cell sorter. The cells with high cell wall chitin levels were enriched in 10 cycles through the
selection of 5% of the cell population with highest chitin level and growing the selected population

TABLE 1 S. cerevisiae, S. paradoxus, and hybrid yeast strains used in this study

Strain Description Source or reference

S. cerevisiae
BM45 Industrial wine yeast strain Lallemand, Inc. (Montreal, Canada)
VIN13 Commercial yeast strain Anchor Yeast (Cape Town, South Africa)
L2323 Industrial wine yeast strain Lallemand, Inc.
WE372 Industrial wine yeast strain Anchor Yeast
N96 Commercial yeast strain Anchor Yeast
NT50 Commercial yeast strain Anchor Yeast
L2226 Commercial yeast strain Lallemand, Inc.
Fermicru XL Commercial yeast strain DSM Food Specialties B.V. (Flemingham, The Netherlands)
NT112 Commercial yeast strain Anchor Yeast
SC22 Commercial yeast strain University of California (Davis, CA, USA)
D254 Commercial yeast strain Lallemand, Inc. (Montreal, Canada)
EC1118 Commercial yeast strain Lallemand, Inc. (Montreal, Canada)
BY4742 MAT� his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 29
BY4742 Δirc8 BY4742 irc8::kanMX4 EUROSCARF deletion mutant library
BY4742 Δtus1 BY4742 tus1::kanMX4 EUROSCARF deletion mutant library
BY4742 Δygp1 BY4742 ygp1::kanMX4 EUROSCARF deletion mutant library
BY4742 Δace2 BY4742 ace2::kanMX4 EUROSCARF deletion mutant library

S. cerevisiae-S. paradoxus
Exotics SPH Commercial yeast strain VIN13 	 RO88 hybrid 37

S. paradoxus
P01-167 Industrial wine yeast strain Phaff Yeast Collection (University of California, Davis, CA)
P02-208 Isolated from olive brine Phaff Yeast Collection
P01-146 Unspecified Phaff Yeast Collection
RO88 Industrial wine yeast strain 48

Ndlovu et al. Applied and Environmental Microbiology

July 2018 Volume 84 Issue 13 e00668-18 aem.asm.org 10

http://web.uni-frankfurt.de/fb15/mikro/euroscarf/
http://web.uni-frankfurt.de/fb15/mikro/euroscarf/
http://aem.asm.org


before a subsequent sorting round. The deletion mutant strains were identified and verified by sequenc-
ing the unique uptags and downtags coded in each deletion strain, as detailed by the Saccharomyces
Genome Deletion project.

Impact of different environmental growth conditions on yeast cell wall chitin levels. To assess
chitin level at different temperatures, yeast cells were grown as described by de Groot et al. (43).
Overnight precultures in YPD broth were cultured for 5 h at 15°C, 30°C, and 37°C.

In order to assess the impact of hypo-osmotic growth conditions on yeast cell wall chitin levels,
changes in nutrient content after medium transfers were taken into account. An overnight YPD
preculture of cells was transferred to 20% YPD diluted with 1 M sorbitol. In order to create hypo-osmotic
stress, the cells were further transferred into 20% YPD after 5 h. For the controls, cells were grown
continuously without transfers either in high-osmolarity medium containing 20% YPD with 1 M sorbitol
or low-osmolarity medium in 20% YPD.

Quantitative PCR. Quantitative PCRs (qPCRs) were performed in duplicate in a 7500 cycler (Applied
Biosystems, Carlsbad, CA). The primers used are listed in Table 2 and were designed using Primer Express
software version 3 (Applied Biosystems). Open reading frames of S. paradoxus P02-208 genes were
sequenced prior to designing qPCR primers. Approximately 1 �g total RNA was used as the template for
cDNA synthesis using the ImProm-II reverse transcriptase system (Promega, Madison, WI). RNA was
treated with DNase I (Roche Diagnostics, Basel, Switzerland). The dye SYBR green was used for amplicon
detection, and primers were diluted to a final concentration of 100 nM for the qPCR.

TABLE 2 Sequences of primers used in quantitative real-time PCR analysis of both
S. cerevisiae EC1118 and S. paradoxus P02-208

Primer name Sequence 5= to 3=
CHS1_F_Spar_seq ACCAATCAAACCGAGAGGAC
CHS1_R_Spar_seq CTCTTTGATCGATGTAACCGC
CHS2_F_Spar_seq CGAGAAATCCATTCATGGTGG
CHS2_R_Spar_seq GGCAAGTCTGAGACCATTCT
CHS3_F_Spar_seq GACCGGTTTGAATGGAGATG
CHS3_R_Spar_seq CCAAATGTCAGGAAAGCCAC
CHS5_F_Spar_seq CAGTAGGTAAGTTGGATGCC
CHS5_R_Spar_seq GTGCTTTGCCTTTATCAGCTC
CHS6_F_Spar_seq CACCTGGTGGCGATTATAC
CHS6_R_Spar_seq GTAGAATCCCATCCGCAGTC
CHS7_F_Spar_seq CCATATGCTCGAAGACTCCG
CHS7_R_Spar_seq GCCCACAAGTTTCGAACTAC
GFA1_F_Spar_seq CTGGTGGAAAGATCCAGAGG
GFA1_R_Spar_seq GGCCCAAGCCAAATGATTTG
GNA1_F_Scer_seq GGATTTGGAACAGGTCACTGAG
GNA1_R_Spar_seq CACGCCTGCATTACTAAACC
PCM1_F_Spar_seq GCTATTGCGCAAACTCTACG
PCM1_R_Spar_seq CGGACCACCGATACCATTAG
QRI1_F_Spar_seq GGAAAGCTTGTCTAGCCAAG
QRI1_R_Spar_seq TCCACCATTTCCATCTGGAG
SKT5_F_Spar_seq CAAGTTCACCGCAGATACATC
SKT5_R_Spar_seq CGTACTGGAACAACACCTCC
CHS1_F_QPCR CGTCCCCCACCAGCAA
CHS1_R_QPCR CGACGGTAGCTGTTGACTATTCG
CHS2_F_QPCR AGTTGCTCCGAACAGGTATGCT
CHS2_R_QPCR ACAGCCTCGCCTGCTCTTT
CHS3_F_QPCR TCACCTGGATGTTTTACCATCAAG
CHS3_R_QPCR CCACTCCGACGAGTTGCAT
CHS5_F_QPCR GGTAATTCCAAATCCATTCAAAGTG
CHS5_R_QPCR GTATGGCGTATCAACGGAAAGAC
CHS6_F_QPCR ACGATGCTGACGATACTTTCCA
CHS6_R_QPCR CAGGTCAGTGGTTTCCTTGTTACA
CHS7_F_QPCR_2 CATGCTAGGATTCATAGCCAATTTT
CHS7_R_QPCR_2 TGGTCGGTGATCCATGCTT
GFA1_F_QPCR_3 CAATCCAGGGCTTTCCTATCA
GFA1_R_QPCR_3 CGCATCCGAAGAAACAAAAAA
GNA1_F_QPCR_2 CGCACCGAGACGATTGC
GNA1_R_QPCR_2 CCACATAGCCCCAATTCATGA
PCM1_F_QPCR TCACGGCGTCGCACAA
PCM1_R_QPCR TCCGGTTCCACGATCTTGAC
QRI1_F_QPCR ACTGGCGTTTAGGCCTTGAA
QRI1_R_QPCR CCGCCAGCCATTAAAATCAC
SKT5_F_QPCR GGAAAACAGGGACAATGAAGACTT
SKT5_R_QPCR TGGTTTGCCGACCGCTTA
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The conditions for the qPCR runs were 50°C for 2 min, 95°C for 10 min, 95°C for 15 s repeated for 40
cycles, and 60°C for 1 min; a dissociation curve analysis was added for confirmation of primer specificity.
The Signal Detection Software (SDS) version 1.3.1 (Applied Biosystems) was used for initial analysis of
data, where the relative expression value for each sample was defined as 2�CT(target), with CT

(target)

representing the cycle number at which a sample reaches a decided threshold value for the specific gene.
The relative expression data were normalized to the value of the normalization gene PDA1 in each
respective sample, thus giving normalized relative expression for a target gene as 2�CT

(target)/2�CT
(PDA1).

Overexpression of GFP-tagged Vitis vinifera chitinase in Escherichia coli. General molecular
biology techniques used in this study were as described by Sambrook et al. (44). E. coli DH5� (Gibco
BRL/Life Technologies, Rockville, MD) was used as a host for all plasmid amplifications. Total grape berry
RNA was isolated, as previously described by Schmitt et al. (45), and DNase I (Roche Diagnostics)
treatment was used to eliminate DNA contamination. One microgram of the extracted RNA was used as
the template for cDNA synthesis using the ImProm-II reverse transcription system, according to the
manufacturer’s instructions (Promega). Highly expressed grape chitinase gene was amplified from grape
berry cDNA using chitinase forward primer 5=-CATATGGCAGCCAAGCTACTAACAGTC-3= (NdeI) and chiti-
nase reverse primer 5=-CTCGAGGCAAGTGAGGTTGTCACCA-3= (XhoI) (where the underlining indicates
restriction enzyme sites). The amplified chitinase class IVD fragment (accession number AF532966.1) was
cloned into a shuttle vector pJet1.2/blunt (CloneJET PCR cloning kit; Thermo Fisher Scientific), according
to the protocol described by the manufacturer, before subcloning into the pET14b vector (Novagen,
Madison, WI, USA), also using the pET system manual. Green fluorescent protein was PCR amplified from
pKEN mut 2 vector (Addgene, Cambridge, MA) using 5=-CTCGAGATGAGTAAAGGAGAAGAACTTTTCAC-3=
(XhoI) as the forward primer and 5=-GATCGGATCCTTATTTGTATAGTTCATCCATGCC-3= (BamHI) as the
reverse primer, cloned first in pJet1.2 vector (catalog no. K1232; Fermentas), according to the CloneJET
PCR cloning kit instruction manual for further sequencing. The cassettes were then released from the
pJet1.2/blunt cloning vector using Ndel and Xhol for the grape chitinase cassette and Xhol and BamHl
for the GFP cassette into a shuttle vector before subcloning into the pET14b vector. The chitinase gene
was cloned upstream of the GFP gene. Phusion high-fidelity DNA polymerase (catalog no. F530L;
Finnzymes) was used for all the PCRs. The Finnzymes Phusion high-fidelity DNA polymerase manual was
followed for the PCR program, and an annealing temperature of 60°C was used for all the primers. The
final cassette in pET14b vector (pET-GFP-Chi) was sequenced to confirm the sequence.

A protocol described by Lee and Coleman (46) was used to overexpress the grape chitinase protein
in E. coli Rosetta 2(DE3) pLysS. For the overexpression of GFP-tagged grape Vitis vinifera chitinase in E.
coli, pET-GFP-Chi vector was transformed into E. coli Rosetta 2(DE3) pLysS. E. coli Rosetta 2(DE3) pLysS
containing pET-GFP-Chi was grown in LB broth at 37°C until a cell density of �0.6 (optical density at 600
nm [OD600]) was reached. The cell culture was cooled to 25°C, and the grape chitinase expression was
induced with 0.4 mM isopropyl-�-D-thiogalactopyranoside (IPTG) at 25°C overnight. The cell pellet from
the overnight culture was freeze-thawed once to rupture the bacterial cell membrane and allow the
lysozyme, produced by E. coli Rosetta 2(DE3) pLysS, to degrade the bacterial cell wall. Lysozyme (10
mg/ml) was added to further lyse the cells. The cell pellet was resuspended in 50 mM potassium
phosphate cell lysis buffer (pH 8.0) containing 300 mM KCl and 10% glycerol, based on 7 ml of lysis buffer
per gram of wet cell pellet. DNase (0.1% [vol/vol]) and 0.1% (vol/vol) RNase were added to reduce the
viscosity of the cell lysate. The soluble protein fraction (crude cell lysate) was separated from the cell
debris by centrifugation at 9,500 	 g. The crude protein extract was concentrated using Amicon Ultra-15
centrifugal filter columns (catalog no. UFC901096; Millipore, Merck, Ireland) with a cutoff of 10 kDa. The
concentrated enzyme was dissolved in enzyme storage buffer (50 mM potassium phosphate buffer [pH
7.0] containing 150 mM KCl, 1 mM dithiothreitol [DTT], 1 mM EDTA, and 10% glycerol).

Chitinase assay. A chitinase activity assay kit (catalog no. CS0980; Sigma-Aldrich, MO, USA) was used
with 4-nitrophenyl N-acetyl-�-D-glucosaminide (a substrate suitable for exochitinase activity detection),
4-nitrophenyl �-D-N,N=,N�-triacetylchitotriose (a substrate suitable for endochitinase activity detection), and
4-nitrophenyl N,N=-diacetyl-�-D-chitobioside (a substrate suitable for exochitinase activity detection and
chitobiosidase activity), as instructed by the manufacturer.

GFP-tagged grape chitinase-yeast cell wall binding assays. Yeast cells were cultured in accor-
dance with a method described by de Groot et al. (43). Equal amounts of cells based on a measurement
of the OD at 600 nm were washed using 1	 PBS buffer. One hundred microliters of crude GFP-tagged
chitinase protein was added to the cells suspended in 200 �l PBS buffer. These were incubated for 2 h at
either room temperature or 37°C with shacking. The cells were centrifuged at 3,250 	 g, washed twice with
PBS buffer, and visualized under a fluorescence microscope. In order to make sure that the yeast cell surfaces
are not binding GFP, a control was run where GFP was used instead of GFP-chitinase. The excitation laser
used was a solid-state sapphire laser at a wavelength of 488 nm, and the emission filters used consisted
of a fluorescein isothiocyanate (FITC) channel, with 502 long-pass and 530/30 band-pass filters. To
quantify the GFP-tagged grape chitinase bound to the yeast cell wall, flow cytometry (BD FACSAria flow)
was performed using the above-described excitation and emission wavelengths. For the data analysis,
the FITC-area geometric mean of fluorescence intensity was used for the quantification of fluorescence
produced by 50,000 cells.

Yeast culturing and yeast cell wall extract preparation. S. cerevisiae yeast strains VIN13, BM45,
EC1118, N96, L2323, D254, and Fermicru XL and S. paradoxus strains P01-161, RO88, P01-167, and
P02-208 (Table 1) were grown in synthetic medium MS300, and equal amounts of cells were centrifuged
at 3,250 	 g and washed with saline solution (0.9% NaCl). For the cell wall extract, yeast cells were grown
in YPD broth overnight for 16 h, reaching an OD at 600 nm of �7. Equal amounts of cells of each strain
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were centrifuged at 3,250 	 g, washed with saline water, and then boiled for 15 min at 100°C before
washing again with saline solution.

Yeast cell wall binding assays. Chitinase (Trichoderma viride; catalog no. C8241; Sigma-Aldrich) was
dissolved in model wine solution of pH 3.3 containing 12% ethanol and 4 g/liter tartaric acid to a final
concentration of 0.5 mg/ml. Yeast cells were suspended in 1 ml of this solution and incubated for 30 min
with shaking at 37°C or for 2 h at room temperature. A negative control where no cells were added was
also incubated. The suspension was centrifuged at 3,250 	 g, and 30 �l of the supernatant was used for
further chitinase activity analysis. The chitinase assay kit (catalog no. CS0980; Sigma-Aldrich) was used to
assay for the remaining chitinase activity, as per the manufacturer’s instructions.

A correlation was also determined between the levels of chitin and the amount of GFP-chitinase
bound to the S. cerevisiae BY4742 Δtus1 and BY4742 Δygp1 mutant strains and the wild-type BY4742
strain. The BY4742 Δtus1 and BY4742 Δygp1 mutant strains were chosen, as they have various amounts
of cell wall chitin levels. Lesage et al. (47) reported high levels of chitin deposition in the BY4742 Δtus1
mutant relative to the wild-type BY4742 strain. However, no increase/decrease in chitin levels has been
reported for the BY4742 Δygp1 mutant strain relative to the wild-type strain BY4742.

In order to ensure that there were no enzyme inhibitors released by the cells, an assay was carried
out where cells were incubated in a model wine solution for 2 h, after which they were removed through
centrifugation. Chitinase was then added to the model wine without the cells, after which the level of
chitinase activity was assayed.

Statistical analysis. The data are expressed as the mean � standard deviation from three biological
repeats, while in the case of the heat test, the mean � standard deviation were calculated from three
biological and technical replicates. Statistical comparisons between values were performed with a
multifactorial analysis of variance (ANOVA) using STATISTICA 10 (P � 0.05).
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