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Lact), 2% (wt/vol) succinic acid (YNB-Succ), or 2% (vol/vol)
ethyl acetate (YNB-EtAc). All YNB-based media were adjusted to pH 5.4. Four replicate 1-ml/well cultures were grown
in a 24-well polystyrene microtiter plate (Becton Dickinson
Labware, NJ). Biofilms were harvested by aspiration after 5
days of static incubation at 30°C by collecting the 1-ml cultures
and an additional 1 ml of sterile distilled water used to rinse
each well. The 2-ml samples were transferred to a cuvette and
read at A600. Biofilm biomass (dry weight) was determined
from a standard curve that related A600 values to dry weights of
biofilm formed by 3238-32 grown in an independent 200-ml
culture of YNB-EtOH from which the biofilm had been collected, washed with sterile distilled water, and dried under
vacuum. The standard curve was generated by suspending
about 60 mg of dried biofilm in 10 ml of distilled water from
which a number of dilutions were prepared and read at A600.
The mean slope of two such curves (coefficient of variation,
⬍20%) was used as the conversion factor.
Biofilm formation not limited to growth on ethanol. Figure
1A is a representative photograph of air-liquid interfacial biofilms formed in a 24-well microtiter plate containing 2 or 3 ml
of medium per well. Biofilms consistently formed in YNBEtOH, YNB-Glyc, and YNB-EtAc but were not always observed in YNB-Succ, YNB-Lact, or YNB-Acet, in spite of
subsurface growth in the latter three media. The greatest
amount of biofilm formed in YNB-Glyc, followed by YNBEtAc and then by YNB-EtOH (Table 1). Per mg of available
carbon, the amounts of biofilm formed in YNB-Glyc and in
YNB-EtAc were about 3.8 and 2.7 times greater, respectively,
than in YNB-EtOH. Per ml of medium, the amounts formed in
YNB-Glyc and in YNB-EtAc were about 3.4 and 1.8 times
greater, respectively, than in YNB-EtOH. Consistent with
catabolism of glycerol and ethyl acetate by flor yeasts, a decrease in both compounds during biological aging of sherry
wine has been reported (2). While biofilm formation in the
other media was inconsistent, subsurface growth was always
observed. Cell yields in YNB-Succ, YNB-Lact, and YNB-Acet
were mostly from bulk growth (Table 1). One interpretation of
these data is that biofilm formation requires an energy input
not needed for growth in bulk culture and growth on the more
reduced substrates—glycerol, ethyl acetate, and ethanol—provided this additional energy.

Flor or velum formation by certain wine strains of Saccharomyces cerevisiae (flor strains) is a form of cellular aggregation
observed as an air-liquid interfacial biofilm at the end of the
alcoholic fermentation. Formation of the biofilm appears to be
an adaptive mechanism because it ensures access to oxygen
and therefore permits continued growth on nonfermentable
ethanol. In general, nonbuoyant cells cease growth at the end
of completed wine fermentations not for lack of carbon but for
lack of oxygen. Biofilm cells have been found to have an elevated and/or altered lipid content and increased surface hydrophobicity (3, 5, 8, 9, 11). While both Hsp12, a small heat
shock protein (13), and Muc1 (also known as Flo11), a hydrophobic cell wall mannoprotein (4, 6), have been shown to be
required for the flor biofilm (10, 12, 14), other genetic or
environmental requirements, other than an absence of glucose
and the presence of ethanol and oxygen, have not been demonstrated. Here, we asked whether flor formation could be
induced during growth on nonfermentable substrates other
than ethanol. On the basis of dry weight of biofilm formed per
mg of available carbon, the best carbon sources were found to
be glycerol, ethyl acetate, and ethanol, in descending order.
While subsurface growth occurred on acetic, DL-lactic, and
succinic acids, an air-liquid interfacial biofilm did not always
form. Microarray analysis of cells shifted from growth on glucose to growth on ethanol did not detect significant changes in
expression of known biofilm formation-associated genes.
Yeast strain, growth conditions, and quantitation of biofilm.
A flor strain of S. cerevisiae, 3238-32 MATa leu2-⌬1 lys2-801
ura3-52 (12), was grown for 24 h in YEPD (2% Bacto peptone,
1% yeast extract, 2% glucose) at 30°C and 200 rpm. Cells were
harvested and washed twice in sterile distilled water by centrifugation, resuspended in sterile distilled water, and diluted
500-fold into sterile-filtered YNB (Bacto yeast nitrogen base
without amino acids) plus 30 g/ml Leu, 30 g/ml Lys, and 10
g/ml Ura and supplemented with 4% (vol/vol) ethanol (YNBEtOH), 3% (vol/vol) glycerol (YNB-Glyc), 1% (wt/vol) potassium acetate (YNB-Acet), 2% (wt/vol) DL-lactic acid (YNB* Corresponding author. Mailing address: Department of Food Science and Technology, Oregon State University, Corvallis, OR 973316602. Phone: (541) 737-6510. Fax: (541) 737-1877. E-mail: alan
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Flor strains of Saccharomyces cerevisiae form a biofilm on the surface of wine at the end of fermentation, when
sugar is depleted and growth on ethanol becomes dependent on oxygen. Here, we report greater biofilm
formation on glycerol and ethyl acetate and inconsistent formation on succinic, lactic, and acetic acids.
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Microarray analysis. To determine if biofilm-specific changes
in gene expression accompanied the shift from growth in bulk
culture in YNB plus 2% glucose to growth as a biofilm in
YNB-EtOH, a microarray analysis was undertaken. We exploited a previous observation made when growing 3238-32.
Namely, when a large inoculum (⬃10%) of glucose-grown cells
was shifted to YNB-EtOH, cells initially settled to the bottom

TABLE 1. Biofilms formed as a function of carbon sourcea
Yield (mean ⫾ SD) of biofilmsb
expressed as:
Medium

YNB-EtOH
YNB-EtAc
YNB-Glyc

g dry wt/
ml medium

g dry wt/mg
available C

114 ⫾ 10 †
205 ⫾ 25 ‡
385 ⫾ 40 §

6.9 ⫾ 1 ¶
18.8 ⫾ 2 $
26 ⫾ 3 #

a
While subsurface growth occurred in YNB-Succ, YNB-Lact, and YNB-Acet,
a substantial air-liquid interfacial biofilm was not consistently observed. Cell
yields in YNB-Succ, YNB-Lact, and YNB-Acet were 185 ⫾ 25, 107 ⫾ 11, and
29 ⫾ 5 g dry weight cells/ml medium, respectively, and 22.8 ⫾ 3, 13.4 ⫾ 1, and
12.1 ⫾ 2 g dry weight cells/mg available C, respectively. Yields were based on
harvest of nonbiofilm cells and cells in a biofilm when present.
b
A one-way analysis of variance (ANOVA) was performed to assess the effect
of carbon source on biofilm formation using Tukey’s honestly significant difference (HSD) test as a post-hoc comparison of means (P ⬍ 0.05). The analysis was
performed independently for the data in columns one and two. Means within the
same column that are followed by different symbols are significantly different
(Statgraphics Centurion XV; StatPoint Technologies, Inc., Warrenton, VA).

of the vessel to form a visible layer that remained qualitatively
unchanged in thickness over the course of 2 to 3 days while a
biofilm became evident at the air-liquid interface after about 1
to 2 days. We reasoned that at a first approximation, the
biofilm and nonbiofilm populations should have been genetically identical and that environmental factors were likely to
explain the differential growth response. Briefly, cells grown
24 h at 30°C in YEPD to a density of 5 ⫻ 108 cells/ml were
pelleted, washed twice in distilled water, diluted 10-fold into
100 ml of YNB-EtOH in triplicate 250-ml beakers, and grown
statically at 27°C. After 48 h, the visible biofilm covering the
entire liquid surface was collected by aspiration. Once removed, cells at the bottom were collected similarly. Cells from
both populations were washed once in sterile distilled water
prior to RNA isolation and microarray analysis (GEO series
accession number GSE19156 [http://www.ncbi.nlm.nih.gov/geo
/query/acc.cgi?acc⫽GSE19156]).
Initially, a gene ontology (GO) process analysis was performed on genes upregulated in both biofilm and nonbiofilm
cells (data not shown). Categories for which gene frequencies
differed ⱖ2-fold between the two populations are listed in
Table 2. Based on the centrality of these processes to cell
growth (e.g., ribosome biogenesis and assembly, translation,
cytokinesis), these data suggest that cells in the biofilm were
growing faster than the nonbiofilm cells or that the latter had
stopped growing. In support of the no-growth possibility, half
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FIG. 1. Representative air-liquid interfacial biofilms formed by 3238-32 in a 24-well microtiter plate. (A) YNB-EtOH (columns 1 and 2),
YNB-Glyc (columns 3 and 4), and YNB-EtAc (columns 5 and 6). Wells in the odd-numbered columns contained 3 ml of medium, and wells in
the even-numbered columns contained 2 ml. (B) Photomicrographs of unfixed biofilm cells taken at ⫻1,000 using differential interference contrast
microscopy and an Olympus BX61 microscope. Images were acquired with a XM10 high-resolution CCD camera using CELL software.
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TABLE 2. Ratios of GO process frequencies for genes expressed
in biofilm vs nonbiofilm cellsa
GO process category

Ratio of GO process
frequencies for
biofilm vs
nonbiofilm cells

a
Initially, a GO process analysis was performed on genes upregulated in both
biofilm and nonbiofilm cells. The GO process categories listed here are those for
which the frequency for biofilm cells was at least 2-fold higher than the frequency
for nonbiofilm cells. The GO category of known biofilm formation-related genes
(FLO8, MUC1, NRG1, NRG2, SNF1) was not a category for which the frequency
of expression for biofilm cells was at least 2-fold higher than for nonbiofilm cells.

of the 653 genes found to be upregulated in a stationary-phase
yeast culture harvested after 5 days in YEPD (7) were also
upregulated ⱖ2-fold in the nonbiofilm cells. Three genes
whose overexpression was associated with the “quiescent” fraction of stationary-phase cells (1) were found to be highly overexpressed in the nonbiofilm cells: SIP18, 37.7-fold; GRE1,
10.7-fold; BCY1, 8.1-fold. A significant increase in expression
of known biofilm formation-associated genes (FLO8, MUC1,
NRG1, NRG2, SNF1, HSP12) was not observed. Expression of
agglutinin-encoding genes (AGA1, AGA2, FIG2, FLO1, FLO5,
FLO10, SAG1) in the biofilm cells was either the same or
⬎2-fold greater than in the nonbiofilm cells. While expression
of two genes involved in protein mannosylation was ⬎2-fold
greater than in the biofilm cells (MNN11 and MNN9), expression of others was either the same or ⬎2-fold greater than in
nonbiofilm cells (CSG2, PMI40, DPM1, VAN1, OCH1, ALG3).
It is possible that because RNA was harvested well after the
biofilm began to form, the primary biofilm-specific transcriptional response was missed. Alternatively, the shift to biofilm
growth may not be accompanied by major shifts in transcrip-

tion of known biofilm formation-related genes, or the key
genes in the process may be unrecognized.
In summary, formation of an air-liquid interfacial biofilm by
S. cerevisiae is not limited to aerobic growth on ethanol but
occurs on other reduced nonfermentable carbon sources, glycerol and ethyl acetate. Its variable formation on less reduced
substrates (succinic, acetic, and lactic acids) is consistent with
an additional energy input that is not needed for growth in
bulk culture.
We thank Anne-Marie Girard for technical support for the microarray analysis and Lynn G. Ketchum for photographic assistance
(Fig. 1A).
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