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Unsaturated fatty acids and sterols are essential constituents of the yeast plasma membrane. Recently, 
their contribution to modulating the production of yeast-derived volatile compounds has received signifi-
cant attention. The objective of this study was to determine how sterol and lipid supplementation, includ-
ing ergosterol, plant sterols or oleic acid, differentially influenced yeast growth as well as the production 
of fermentative aromas when added individually or in combinations. Oleic acid significantly altered the 
volatile profiles produced and lowered yeast growth. Generally, phytosterol (β-sitosterol) and ergosterol 
supplementation resulted in similar responses regarding the production of aromas, however, they differed 
in the magnitude of the response in the case of medium chain fatty acids and acetate esters synthesis. The 
combinations of sterols with oleic acid resulted in a response more closely associated with the oleic acid 
control treatment, showing lower levels of acetate ester production. 

INTRODUCTION
Plasma membrane composition plays an essential role in cell 
growth and survival (Daum et al., 1998). Its continuous ad-
aptation to changing environmental conditions is essential 
for cellular growth and stress resistance, including in bio-
technologically relevant processes such as anaerobic batch 
fermentation. Changes in plasma membrane composition 
maintain membrane integrity and function in response to 
fermentation stresses such as high sugar concentrations and 
increasing levels of ethanol (Daum et al., 1998). 

One of the mechanisms of adaptation is the modulation 
of membrane fluidity by adjusting the concentrations of ster-
ols and unsaturated fatty acids found in phospholipids (You 
et al., 2003; Mannazzu et al., 2008). Changes in fluidity may 
counter the deleterious effect of compounds such as ethanol 
which increase membrane permeability and negatively im-
pact the transport or retention of protons and of essential nu-
trients including amino acids (Piper, 1995; Ma & Liu, 2010). 
There are however conflicting reports regarding the impor-
tance of ergosterol content on ethanol tolerance, as high er-
gosterol content is not always correlated with improved tol-
erance (You et al., 2003; Aguilera et al., 2006; Mannazzu 
et al., 2008; Redón et al., 2011). In contrast, ethanol toler-
ant yeast cells generally contain higher levels of unsaturated 
fatty acids (You et al., 2003).

Oxygen is essential for both ergosterol formation and 
the desaturation of fatty acids (Snoek & Steensma, 2007). 
Saccharomyces cerevisiae only produces monounsaturated 
fatty acids via the action of a delta-9 fatty acid desaturase, 
and the most prevalent fatty acids in yeast cells are palmitic 
acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), 
and oleic acid (C18:1) (Daum et al., 1998). A mutation in the 
OLE1 gene encoding this desaturase results in mutants dis-
playing limited growth in the absence of exogenous unsatu-
rated fatty acids due to their re-distribution across daughter 
cells (Stukey et al., 1989). Interestingly, this growth limiting 
effect is mitigated by supplementation with exogenous un-
saturated fatty acids. During alcoholic fermentation, oxygen 
is rapidly depleted, and the cell can no longer manufacture 
these protective compounds. However, cells continue to as-
similate sterols and fatty acids from the environment, and a 
significant number of studies have evaluated the impact of 
ergosterol, the only sterol produced by yeast, phytosterols 
(b-sitosterol, campesterol and stigmasterol (Delfini et al., 
1993; Luparia et al., 2004; Rollero et al., 2014; Ochando 
et al., 2017) and unsaturated fatty acids (Thurston et al., 
1981; Duan et al., 2015).

Relatively few quantitative surveys of free sterol and 
unsaturated fatty acid levels in grape must are available (Ar-
ita et al., 2017). Data show that the levels of both types of 
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compounds vary significantly and are strongly affected by 
the winemaking practices. In particular, levels may decrease 
dramatically after clarification (Delfini et al., 1993; Cocito & 
Delfini, 1997; Varela et al., 1999), as clarification removes 
the lipid-containing grape solids (Casalta et al., 2016) None-
theless, after clarification, phytosterols have been reported at 
levels ranging between 6 mg/L and 50 mg/L (Delfini et al., 
1993; Cocito & Delfini, 1997) and free fatty acids ranging 
from 0 to 28.45 mg/L (Varela et al., 1999; Tumanov et al., 
2015). 

Previous studies evaluating the impact of lipids have re-
ported that lipid supplementation, both as a direct addition 
(Lafon-Lafourcade et al., 1979; Taylor et al., 1979; Luparia 
et al., 2004; Ochando et al., 2017) or in the form of grape 
solids (Casalta et al., 2013), may improve yeast growth and 
consequently fermentation kinetics, and directly triggers 
changes in the plasma membrane composition (Thurston 
et al., 1981; Mauricio et al., 1998; Luparia et al., 2004). In 
addition, impacts on the production of volatile compounds 
have been reported (Thurston et al., 1981; Mauricio et al., 
1997; Rollero et al., 2014; Duan et al., 2015; Rollero et al., 
2016). These data show that unsaturated fatty acid supple-
mentation can result in an increase in higher alcohol and a 
decrease in acetate ester production. This reduction can be 
alleviated by the supplementation of higher concentrations 
of more complex unsaturated fatty acid mixtures (oleic > 
50 mg/L, linoleic acid >150 mg/L and a-linolenic acid > 
40mg/L) (Duan et al., 2015). Similarly, supplementation 
with sterols increased the production of volatile aroma com-
pounds from most volatile aroma families (Mauricio et al., 
1997; Varela et al., 2012). However, the complex interac-
tions between these growth-supporting or stress-resistance 
inducing compounds, fermentation kinetics and secondary 
metabolism remains not fully understood. Understanding 
these connections better is of significant relevance to wine 
production, as lipid additions may only be made in the form 
of grape solids (Casalta et al., 2013, 2016) or various prod-
ucts such as inactive dried yeast which are specifically for-
mulated to significantly impact on sterol and fatty acid com-
position (Sablayrolles, 2009). As the cell is able to assimilate 
exogenous sterols and unsaturated fatty acids in addition to 
synthesizing ergosterol during winemaking, this study ex-
plores whether combinations of yeast (ergosterol) and plant 
(β-sitosterol) derived sterols together with oleic acid differ-
ently affect yeast growth and volatile aroma production. The 
aroma profiles were evaluated using targeted chemical anal-
yses. Fermentations were conducted in synthetic grape must 
supplemented with ergosterol, phytosterol (b-sitosterol), and 
oleic acid independently as well as in combination with each 
other. 

MATERIALS AND METHODS
Fermentation media, conditions, and treatments
Saccharomyces cerevisiae yeast strain, VIN13 (Anchor 
Yeast, Cape Town, South Africa), was rehydrated (20 g/hL) 
according to the supplier’s instructions. Briefly, VIN13 was 
rehydrated for 20 min at 37 °C in warm water and subse-
quently cooled to within 10°C of the media’s temperature 
before inoculation.

Fermentations (200 mL) were conducted in triplicate us-

ing synthetic grape must (100 g/L glucose and 100 g/L fruc-
tose), as previously described (Henschke & Jiranek, 1993). 
The nitrogen sources (amino acids and ammonium) were 
added at a concentration of 200 mg/L of fermentable nitro-
gen (Bely et al., 1990). Fermentations were treated from a 
ten times stock with anaerobic factors (20 mg/L): phytoster-
ol (β-sitosterol, campesterol, stigmasterol), ergosterol, and 
oleic acid, and contained 10 mg/L of each constituent when 
used in combinations. In subsequent sections, this phytos-
terol treatment is referred to as b-sitosterol (PHY) (85451, 
Sigma Aldrich), as it is the primary constituent. The sterols 
were provided at, at least, twice the proposed minimum con-
centration required for maximal fermentation and population 
development at 10 mg/L, (Luparia et al., 2004), which falls 
within levels reported in natural grape juice (Delfini et al., 
1993; Cocito & Delfini, 1997). Oleic acid was provided 
within average levels reported in grape juice (Tumanov et al., 
2015) and also at a dosage great enough to detect treatment 
effects. Anaerobic factors were dissolved in ethanol and the 
untreated control received an addition of the same volume of 
ethanol only (2 mL). 

Self-generated anaerobiosis was supported by replacing 
the oxygen in the headspace with sterile nitrogen, and fer-
mentations conducted in modified Erlenmeyer flasks fitted 
with a sample port and sealed with a septum. The flasks were 
sealed with rubber stoppers and a CO2 outlet was provided. 
Static fermentation took place at 20°C, and fermentation 
progress was monitored twice a day for the first week and 
daily thereafter by weight loss, and growth by OD (600 nm) 
and plate counts (CFU/mL) in addition to residual sugar lev-
els (ATR FT-MIR). Fermentations were considered complete 
with the residual sugars were below 4 g/L.

ATR FT-MIR spectra collection 
Spectra, from triplicate fermentation samples, were col-
lected on an Alpha-P FT-MIR ATR instrument fitted with a 
heatable diamond crystal sample plate (Bruker Optics, Et-
tlingen, Germany). The absorbance spectrum of each sample 
was obtained at 40 °C by averaging 128 repeated scans at 
a resolution of 4 cm−1 and in the range 4000 to 600 cm−1, 
with a scanner velocity of 7.5 KHz. Prior to scanning, a ref-
erence background measurement was taken against water. 
The instrument was operated using OPUS software version 
7 (Bruker Optics, Ettlingen, Germany). In-house prediction 
models established for synthetic grape must were used to 
quantify the glucose, fructose, glycerol and ethanol levels as 
a means to monitor alcoholic fermentation. 

Gas chromatography-flame ionization detector (GC-
FID)
At the end of alcoholic fermentation, samples underwent a 
liquid-liquid extraction as previously described for analysis 
by gas chromatography (Louw et al., 2009). A 5-mL sample 
of the fermented media, 100 μl of internal standard (4-me-
thyl-2-pentanol, 0.5 mg/L) and 1-mL of solvent (diethyl 
ether) were combined and this mixture was placed in an ul-
trasonic bath for 5 minutes to facilitate extraction. The mix-
ture was centrifuged for 3 min at 4000 rpm after which 
Na

2
SO

4 was added to remove any water from the non-polar 
layer and the sample was again centrifuged for another 3 
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min at 4000 rpm. A Hewlett Packard 6890 Plus GC-FID 
instrument (Agilent, Little Falls, Wilmington, USA) with a 
split/splitless injector was used for major volatiles quantifi-
cation. The split flow rate was set at 49.4 ml/min and the split 
ratio was set to 15:1 at a temperature of 200°C. The separa-
tion of compounds was done using a J and B DBFFAP cap-
illary GC column (Agilent, Little Falls, Wilmington, USA) 
with the dimensions of 60 m x 0.32 mm and a 0.5 μl coating 
film thickness with the flow rate of the hydrogen carrier gas 
set at 3.3 ml/min. An initial oven temperature of 33°C was 
held for 8 min; the temperature was then increased by 21°C/
min to 130°C and then held for 7 min; increased by 12°C/
min to 170°C and held for 5 min; increased by 21°C/min to 
240°C and held for 2.5 min. Once the FID oven temperature 
reached the temperature of 240°C, three microliters of the 
extracted sample was injected into the gas chromatograph. 
A post-run step at the end of each sample was carried out at 
240°C for 5 min. The column was cleaned with an injection 
of hexane after every 10 samples. Authentic reference stand-
ards (Merck, Cape Town) were used to calibrate for each of 
the compounds using the internal standard compound 4-me-
thyl-2-pentanol (10 mg/L). Manual data collection and peak 
integration were done using the HP ChemStation software 
(Rev. B01.03 [204]). 

Data analyses
Analysis of variance (ANOVA) was performed using XL-
STAT 2017 (Addinsoft, Paris, France), using Fisher’s LSD 
for the post-hoc testing (p < 0.05). ANOVA was performed 
on the primary metabolite concentrations (glucose, fructose, 
glycerol and ethanol), of 3 biological replicates, measured 
throughout fermentation, as well as the GC-FID volatile 
chemical data determined at the end of alcoholic fermenta-
tion. Those volatile compounds identified as not being sig-
nificantly (p < 0.05) influenced by the lipid treatments were 
omitted from the subsequent principal component analyses 
(PCA). This PCA was also performed with the XLSTAT 
2017 (Addinsoft, Paris, France). The GC-FID volatile chem-
ical data was also normalised by the average maximum opti-
cal density measured before undergoing PCA analyses. 

The heatmaps were used to compare the overall changes 
in the production of volatile aromas in response to lipid sup-
plementation both before and after normalization by yeast 
growth (OD). Cluster analysis was also performed on the 
heatmaps, using the Ward method to determine the linkage 
between treatments and Pearson’s correlation coefficient was 
used as the distance measure. For the heatmap, the volatile 
acidity (ethyl acetate and acetic acid), total higher alcohols, 
acetate esters, short chain fatty acids (SFA), SFA ethyl es-
ters, medium chain fatty acids (MFA) and MFA ethyl esters 
concentrations were autoscaled and the heatmap was con-
structed using the package Complex Heatmap in R studio

RESULTS AND DISCUSSION
Fermentation and growth kinetics
Figure 1 illustrates the sugar consumption and biomass pro-
duction for the different lipid treatments. Supplementation 
with ergosterol (Erg) and β-sitosterol (Phy), independently 
(20 mg/L) or in combination with each other (Erg+Phy) or 
oleic acid (Erg+Ole and Phy+Ole) (10 mg/L each) signifi-

cantly improved sugar consumption and yeast growth rela-
tive to the untreated control. Interestingly, during the first 2 
days, fermentations supplemented with both the sterol and 
oleic acid (Erg+Ole and Phy+Ole) displayed an improve-
ment in sugar consumption compared to the sterol alone, 
however, this competitive advantage was subsequently lost 
by the fermentation mid-point. Nonetheless, this suggests 
that the oleic acid addition improved the initial rates of sugar 
consumption even though sterol levels alone were sufficient 
to support growth. Luparia and colleagues have shown that 
as little as 5 mg/L of phytosterol or ergosterol were able to 
result in similar maximal fermentation rates and biomass siz-
es in the absence of oxygen (Luparia et al., 2004). However, 
they also found that the fermentations treated only with phy-
tosterol displayed a comparative loss in cell viability towards 
the end of alcoholic fermentation. As shown in figure 1, no 
such loss in viability is apparent which is possibly due to the 
lower sugar content of the synthetic grape must used here 
(200 compared to 240 g/L) as well as their more stringent 
anaerobic conditions (Luparia et al., 2004). Nonetheless, all 
sterol treatments completed fermentation in 11 days whereas 
the untreated control and the oleic acid treatment required 
additional time.

Generally, data trends suggest that oleic acid supple-
mentation lowered the initial yeast growth, however, the 
oleic acid only treatments resulted in a population size simi-
lar to that of the untreated control during the latter stages of 
fermentation (Fig. 1). Moreover, at the end of alcoholic fer-
mentation, the data suggests that oleic acid supplementation 
improved yeast viability. Interestingly, as seen in combina-
tion with sterols, the addition of oleic acid and phytosterol 
significantly improved the rate of sugar consumption during 
the first third of alcoholic fermentation. This affirms that the 
addition of unsaturated fatty acids provides a competitive 
advantage to cells (Taylor et al., 1979; Varela et al., 2012; 
Duan et al., 2015), possibly allowing them to adapt to the en-
vironment more rapidly resulting in a more effective initial 
consumption of sugar.

Limited growth in the presence of oleic acid was appar-
ent at even low ethanol levels (2.5 to 3% (vol/vol) ethanol), 
suggesting that at this concentration unsaturated fatty acids 
alone cannot compensate for a sterol deficiency. Indeed, the 
absence of oxygen means that the limited amount of sterols 
and unsaturated fatty acids were influential in determining 
the number of cell divisions possible (Henry, 1982; Rosen-
feld et al., 2003; Zara et al., 2008). Nonetheless, at the end 
of alcoholic fermentation, all treatments resulted in similar 
glycerol (5.26 ± 0.11 g/L) and ethanol (12.78 ± 0.12%) lev-
els.

Volatile aroma profiles
At the end of alcoholic fermentation, the fermented media 
underwent chemical analysis by GC FID (Table 1). Principal 
component analysis (PCA) was performed on the chemical 
data to evaluate whether the lipid treatments had a repro-
ducible impact on the production of aromatic compounds 
(Fig. 2A). The PCA suggests that relative to the untreated 
control, both the oleic acid and sterol treatments may be in-
fluential in determining the volatile aromas produced. The 
first PC differentiates between treatments (47.8%) based on 
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 3 

FIGURE 1
The impact of anaerobic factors on residual sugar concentrations (g/L) (A), as well as CFU/mL (B) of VIN13. The anaerobic 
factor treatments were as follows: ergosterol (Erg), b-sitosterol (Phy), and oleic acid (Ole) used independently in addition to 

their use in combinations with each other, relative to an untreated control. 

 3 

the absence or presence of sterols, which is at least in part 
due to the relative improvement in growth observed in the 
sterol supplemented media, as the factors which alter yeast 
growth also influence the production of volatile compounds 
(Dufour et al., 2003). The second principal component 
(25.2%) separates those fermentations treated with oleic 
acid from the remaining treatments, suggesting that oleic 
acid alters the metabolic flux in a manner independent of 
the oleic acid treatment composition. Overall, the absence 
of supplementation or supplementation with only oleic acid 

led to low levels of volatile compounds, with some subtle 
differences between the two treatments (Fig. 2A). The fer-
mentations treated with oleic acid had comparatively lower 
levels of acetate esters, volatile fatty acids, and their ethyl 
esters (Table 1). This trend was also observed when oleic 
acid was paired with sterols, as these treatments displayed 
a similar reduction in acetate esters, volatile fatty acids, and 
their ethyl esters.

In a winemaking context, the concentrations of aromatic 
compounds at the end of alcoholic fermentation is of prima-

FIGURE 2
Principal component analyses of the volatile data (GC-FID) in response to various anaerobic factor treatments before (A) and 
after normalization with the average maximum optical density (B). The treatments include ergosterol (Erg), b-sitosterol (Phy), 
and oleic acid (Ole) added independently, in addition to their use in combinations with each other, as well as a no addition 

(No ADD) control.
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ry interest. However, the impact of the treatments was also 
normalized for biomass as determined by O.D.600 measure-
ments, to determine the impact of these treatments on the 
cell. In this case, and similar to figure 2, the first PC differ-
entiates between treatments (54.1%) based on the absence or 
presence of sterols (Fig. 2B), whereas the second principal 
component (27.8%) separates the fermentations treated with 
oleic acid from the remaining treatments. However, the rela-
tive positioning of treatments in Figure 2B have swapped in 
PC1, with the untreated control showing a greater associa-
tion with volatile fatty acids and their ethyl esters, whereas, 
the oleic acid showed an association with higher alcohols. 
This suggests that the untreated control activated fatty acid 
production to improve stress tolerance but this was limited 
by a shortage of oxygen.

Higher alcohols and acetate esters
In subsequent sections, the volatile aroma data collected at 
the end of alcoholic fermentation as well as after normalisa-
tion with yeast biomass will be discussed. When consider-
ing the concentrations of the volatile compounds determined 
at the end of alcoholic fermentation, the data suggests that, 
oleic acid had a profound impact on the production of aro-
matic compounds. When added on its own, it resulted in a 
23% increase in propanol and a 52% increase in 2-phenyl 
ethanol compared to the untreated fermentations (Table 1). 
Generally, fermentations supplemented with sterols, depend-
ing on the composition, increased the production of pro-
panol between 31 to 52%, isoamyl alcohol between 20 and 
38%, and 2-phenyl ethanol between 111 to 170% (Fig. 3A, 
Table 1). This positive correlation between higher alcohol 
production and sterol content has been observed before for 
both ergosterol and phytosterol (Varela et al., 2012; Rollero 
et al., 2014). 

However, when comparing yields after endpoint data 
has been normalised by biomass, data show that yeast 
cells treated with oleic acid as well as the no addition con-
trol produced comparatively more higher alcohols than the 
sterol treatments (Fig. 4B). As in the case of isoamyl alco-
hol, which showed a comparative decrease ranging between 
18 and 30% depending on sterol treatment (Fig. 3C, 4B). 
This suggests that the positive impact of sterols is primarily 
linked to biomass production, and not because of metabolic 
regulatory impacts. A possible explanation for the higher 
yield in the control and the presence of oleic acid is that the 
yeast also produced comparatively more acetic acid per cell 
(Fig. 4B) and that higher alcohol production was favoured to 
restore the redox balance.

The fact that β-sitosterol and ergosterol similarly im-
pacted these metabolic pathways suggests that they are in-
corporated into cell membranes similarly (Luparia et al., 
2004). However, phytosterol has been shown to disrupt cell 
membranes when it is the dominant sterol in high sugar 
musts resulting in poor viability during the latter stages of 
alcoholic fermentation. Nonetheless, it is possible that the 
presence of these sterols aid in amino acid retention follow-
ing exposure to ethanol (Piper, 1995).

Amino acids or alpha-keto acids are metabolized via 
the Ehrlich pathway, resulting in the formation of either 
higher alcohols or fusel acids, depending on the redox state 

of the cell (Hazelwood et al., 2008). Subsequently, the higher 
alcohol may react with acetyl-CoA to produce an acetate es-
ter. The availability of these substrates, acetyl-CoA, and an 
alcohol group, in addition to the activity of alcohol acetyl 
transferase (ATF1 and ATF2) enzymes, influence acetate es-
ter formation (Yoshioka & Hashimoto, 1981; Saerens et al., 
2010). Furthermore, the expression of ATF1 is repressed by 
the presence of unsaturated fatty acids and oxygen (Fujii 
et al., 1997). The end of alcoholic fermentation data shown 
here (Table 1) clearly indicates that the addition of oleic acid, 
when used independently or in combination with sterols, re-
sulted in a relative decrease in the production of ethyl acetate 
and isoamyl acetate. This decrease in acetate ester formation 
may be due to the repression of ATF1. As the formation of 
acetate esters is hindered by the presence of unsaturated fatty 
acids, an accumulation of higher alcohols would be expect-
ed. It is important to keep in mind that a significant change 
in acetate ester levels, such as isoamyl acetate present at 
0.65 mg/L in the oleic acid treatment, would not necessarily 
translate to significant changes in its corresponding higher 
alcohol, isoamyl alcohol, which has a concentration of 88.62 
mg/L, due to their relative abundance (Table 1). Fermenta-
tions treated with only sterols resulted in higher levels of 
acetate esters, with the β-sitosterol treatments having the 
highest concentrations (Table 1, Fig. 4A). This is illustrated 
by isoamyl acetate which showed a 100% increase, relative 
to the untreated control, when treated with β-sitosterol com-
pared to the 70% increase with ergosterol. It is possible that 
the abundance of sterols may also contribute to an increased 
number of lipid particles in which alcohol acetyl transferase 
is localised (Verstrepen et al., 2004), further contributing to 
this positive response. 

Medium-chain fatty acids (MFA) and their ethyl esters
Medium-chain fatty acid (hexanoic acid, octanoic acid, and 
decanoic acid) concentrations at the end of alcoholic fer-
mentation (Fig. 3E, Table 1) also displayed responsiveness 
to oleic acid supplementation. This resulted in two distinct 
profiles, namely, elevated levels of medium chain fatty acids 
in the case of the sterols (Erg, Phy and ErgPhy) and lower 
levels in response to any dosage of oleic acid (Fig. 4A). For 
example, hexanoic acid levels were higher, compared to the 
untreated control, when treated with β-sitosterol (15%), er-
gosterol (33%) and ergosterol with β-sitosterol (23%) (Fig. 
3E), whereas, hexanoic acid levels were lower when treated 
with oleic acid (45%) and β-sitosterol with oleic acid (17%). 
This response can be explained, as medium chain fatty acid 
synthesis is repressed by the presence of extracellular un-
saturated fatty acids (Saerens et al., 2010). In the absence 
of exogenous lipids, fatty acid biosynthesis is activated and 
once oxygen has been depleted, the accumulation of satu-
rated fatty acids results in the release of medium chain fatty 
acids from the fatty acid synthase complex (Dufour et al., 
2003).

Although the ethyl ester concentrations were below the 
limit of quantification, their production trends mirror that of 
the medium chain fatty acids (Fig. 3F), as its production is 
limited by the precursor concentrations, medium chain fat-
ty acid (acyl-CoA) and ethanol, as well as enzyme activity 
(Saerens et al., 2008). 
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Following normalization with yeast biomass, the un-
treated control showed elevated levels of medium chain fatty 
acids and their ethyl esters (Fig. 3G and H, Fig. 4B), which is 
possibly indicative of an attempt to enhance the unsaturated 
fatty acid content of the cell to bolster its stress tolerance 
before oxygen is depleted. Additionally, the application of 

oleic acid, regardless of the combination, resulted in similar 
lower levels of medium chain fatty acids (Fig. 3G). 

The most notable difference between the ergosterol and 
β-sitosterol treatments is the significant reduction in acetic 
acid levels observed due to β-sitosterol (Phy and PhyOle) ad-
dition (Fig. 4A), which has been reported previously by other 

FIGURE 3
The impact of anaerobic factors, as determined by GC-FID (dark grey) and after normalization with OD measurements (light 
grey), respectively, on a subset of volatile aromas. This includes the production of (A and C) isoamyl alcohol, (B and D) isoamyl 
acetate, (E and G) hexanoic acid, and (F and H) ethyl hexanoate. The anaerobic factors contain ergosterol (Erg), b-sitosterol 
(Phy), and oleic acid (Ole) added independently, in addition to their use in combinations with each other. The error bars denote 
the standard deviation between triplicate treatments, and the letters the significant differences as calculated by Fisher’s LSD 

(P < 0.05).
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authors (Rollero et al., 2014; Ochando et al., 2017). Here we 
show that this reduction in volatile acidity is lost when ergos-
terol is paired with β-sitosterol. It has already been reported 
that phytosterol additions also promote the production of 
succinic acid (Rollero et al., 2014; Ochando et al., 2017), 
rather than acetic acid, potentially as a means to regener-
ate NADH. Additionally, when compared to β-sitosterol, er-
gosterol resulted in a significant increase in the production 
of hexanoic acid and decanoic acid (Table 1, Fig. 5A). In 
part, this may be due to differences in acetyl-CoA metabo-
lism: Phytosterol supplementation has been shown to divert 
acetyl-CoA to the TCA cycle (succinic acid synthesis) (Rol-
lero et al., 2014; Ochando et al., 2017) and our data sug-
gest that ergosterol may direct acetyl CoA towards fatty acid 
synthesis. Furthermore, the data trends suggest that the com-
bined use of β-sitosterol and ergosterol resulted in profiles 
more similar to ergosterol than β-sitosterol (Fig. 4A). It is 
possible that the cell preferentially incorporates ergosterol 
into the cell membranes and stores the phytosterol (Luparia 
et al., 2004) for later use. The sterols paired with unsaturated 
fatty acids were more similar to the untreated control and the 
oleic acid only treatments (Fig. 4A). This is primarily due 
to the comparative decrease in acetate ester, medium chain 
fatty acid and ethyl ester synthesis due to oleic acid supple-
mentation. 

CONCLUSIONS
To our knowledge, this is the first time that the impact of 
combinations of sterols and unsaturated fatty acids have been 
compared in this manner. Irrespective of application, oleic 
acid lowered the production of medium chain fatty acids, as 
well as ethyl and acetate esters, whereas the specific sterol 
used altered the production of volatile fatty acids or organic 
acids. The data illustrates the profound impact that the lipid 

composition has on fermentation kinetics and aroma produc-
tion. Moreover, it highlights the importance of managing the 
lipid composition through the addition of inactivated dried 
yeast (yeast hulls) or the retention of grape solids, as it may 
potentially have an unpredictable impact on aroma. This 
study provides a preliminary data-set highlighting the poten-
tial of a more in-depth exploration of the impact of sterol and 
fatty acid interactions on cell compositional changes. Future 
work could certainly use chemical filiation experiments to 
track these compositional changes and their subsequent sen-
sory impact. 
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